
Aging alters the aortic proteome in health and thoracic aortic 
aneurysm

Daniel J. Tyrrell1, Judy Chen1,2, Benjamin Y. Li1, Sherri C. Wood1, Wendy Rosebury-Smith3, 
Henriette A. Remmer4, Longtan Jiang5, Min Zhang6, Morgan Salmon5, Gorav Ailawadi5, Bo 
Yang5, Daniel R. Goldstein1,2,7

1:Department of Internal Medicine, University of Michigan, USA

2:Program on Immunology, University of Michigan, USA

3:Unit for Laboratory Animal Management, University of Michigan, USA

4:Proteomics & Peptide Synthesis Core, University of Michigan, USA

5:Department of Cardiac Surgery, University of Michigan, USA

6:Department of Biostatistics, University of Michigan, USA

7:Department of Microbiology and Immunology, University of Michigan, USA

Abstract

Background: Aging enhances most chronic diseases but its impact on human aortic tissue in 

health and in thoracic aortic aneurysms (TAA) remains unclear.

Methods: We employed a human aortic biorepository of healthy specimens (n=17) and those that 

underwent surgical repair for TAA (n=20). First, we performed proteomics comparing aortas of 

healthy donors to aneurysmal specimens, in young (i.e., <60 years of age) and old (i.e., ≥ 60 years 

of age) subjects. Second, we measured proteins, via immunoblotting, involved in mitophagy (i.e., 

Parkin), and also mitochondrial-induced inflammatory pathways, specifically TLR9, STING, and 

interferon (IFN)-β.

Results: Proteomics revealed that aging transformed the aorta both quantitatively and 

qualitatively from health to TAA. Whereas young aortas exhibited an enrichment of 

immunological processes, older aortas exhibited an enrichment of metabolic processes. 

Immunoblotting revealed that the expression of Parkin directly correlated to subject age in health, 

but inversely to subject age in TAA. In TAA, but not in health, phosphorylation of STING and 

the expression of IFN-β was impacted by aging regardless of whether subjects had bicuspid or 

tricuspid valves. In subjects with bicuspid valves and TAAs, TLR9 expression positively correlated 

with subject age. Interestingly, whereas phosphorylation of STING was inversely correlated with 

subject age, IFN-β positively correlated with subject age.
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Conclusions: Aging transforms the human aortic proteome from health to TAA, leading to 

a differential regulation of biological processes. Our results suggest that the development of 

therapies to mitigate vascular diseases including TAA, may need to be modified depending on 

subject age.
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Introduction

Arterial aging leads to the stiffening of arteries to promote hypertension and accelerate 

cardiovascular diseases 1. Several of the classic hallmarks of aging have been implicated 

in arterial aging and include mitochondrial dysfunction, senescence, and DNA damage 
2,3. Defects in clearing organelles that are damaged by the aging process, via reduced 

autophagy and mitophagy 4 may also co-exist with these hallmarks and accelerate the aging 

phenotypes within the vasculature 5,6. The interplay of the complex effects of aging on the 

vasculature leads to endothelial cell dysfunction, specifically a reduced ability of these cells 

to respond dynamically to relaxation and contraction stimuli, and to exhibit a prothrombotic 

phenotype 7,8. Vascular smooth muscle cells become more secretory with aging 9, possibly 

via undergoing senescence, and secrete factors including those that alter the extracellular 

matrix to stiffen vessels, and inflammatory mediators that promote immune cell recruitment 

into the vessel during disease, such as atherosclerosis and aneurysm development 8,10. Most 

insights into arterial aging come from comparative studies, typically in disease-free rodents 
3,9, although there is a recent study in non-human primates 11. The full scope of changes 

associated with aging within the arteries in humans remains unclear, and importantly 
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whether the effects of aging on human arteries differ during health and during disease 

remains to be elucidated. Given the aging population across the globe, it is imperative to 

elucidate how human aging impacts the vasculature during health and disease.

Thoracic aortic aneurysm (TAA) is a vascular disease characterized by a 50% increase 

in aortic diameter 12. The most characteristic pathology that occurs with TAA is medial 

layer degeneration, which is characterized by loss of vascular smooth cells, elastic loss of 

the medial layer, and deposition of proteoglycans 12,13. The disease is associated with an 

increase in matrix metalloproteinase-2 and -9 deposition, which promotes degradation of the 

extracellular matrix. Transforming growth factor (TGF)-β is the main pathologic driver of 

TAA 12-14. Genetic syndromes such as Marfan’s syndrome are clear risk factors for TAA. 

Other risk factors include bicuspid aortic valves, inflammatory conditions of the aorta, and 

hypertension. In non-syndromic TAAs, aging is also a risk factor 15. However, how aging 

impacts the aorta in TAA remains unclear.

Here, we used a biorepository of human aortic tissue to examine how aging impacts 

the aortic proteome between health and disease, specifically TAA. We used 2 different 

approaches, an unbiased approach via proteomics, and a candidate-based approach, via 

immunoblotting, based upon prior experimental findings, to investigate the impact of human 

aging on vascular health and during TAA. Our results show that human aging transforms the 

aortic proteomic, both quantitatively and qualitatively, between health and disease.

Materials and Methods

The authors declare that all proteomics data are available within the online supplemental 

files. Because of the sensitive nature of the clinical data collected for this study, requests 

to access the dataset from qualified researchers trained in human subject confidentiality 

protocols may be sent to the Institutional Review Board at the University of Michigan.

Biorepository specimens

Human aortic tissues from male and female TAA patients or heart transplant donors from 

a range of ages were obtained from the Cardiovascular Health Improvement Project core 

of the Cardiovascular Center at the University of Michigan, with the Institutional Review 

Board approval from the Human Research Protection Program and Institutional Review 

Boards of the University of Michigan Medical School. Aortic tissues from patients with 

TAA were collected during planed surgical procedure for vascular repair with written 

informed consent. Aortic tissue from healthy control patients were collected at the time 

of organ recovery for heart transplantation and no informed consent was required. Typically, 

aortic samples, from the ascending aorta, were free of perivascular fat or calcium and 

were 2-3mm in thickness and were approximately 1cm2 in area. TAA diagnosis was made 

by the cardiologist and vascular surgeon by imaging. Exclusion criteria was presence of 

end stage heart failure and abdominal aortic aneurysm. Attrition and randomization were 

not applicable as the specimens came from a tissue biorepository. Demographics including 

sex, age, and comorbidities are detailed in Table 1 and for the subset of specimens used 

in proteomics analysis in Table S1 in the Supplemental Materials. All procedures were 
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performed in a blinded manner, either using core laboratory services or coded samples in the 

case of immunoblotting.

Protein immunoblotting

Frozen aortic tissues (~50 mg) were homogenized for 30 seconds in lysis buffer 

(ThermoFisher Scientific, catalog No. 78510) with 1% protease inhibitor cocktail (Sigma, 

catalog No. P8340) and 1% phosphatase inhibitor cocktail (Sigma, catalog No. P5726) using 

a tissue homogenizer (PRO Scientific, Oxford, CT). Tissue lysates were electrophoresed 

on 4-12% gradient SDS-polyacrylamide gels and transferred to 0.20 μm polyvinylidene 

difluoride membranes (ThermoFisher Scientific, catalog No. IB40101). Blotted membranes 

were then blocked in PBS+0.1% Tween-20 +5% BSA for 2 hours at room temperature. 

Membranes were incubated for 1 hour at room temperature with primary antibodies against 

Parkin (Abcam, catalog No. ab77924; 1μg/mL), peroxisome proliferator-activated receptor 

γ coactivator 1-α (PGC1α, Abcam, catalog No. ab54481; 1μg/mL), stimulator of interferon 

genes (STING; cell Signaling Technology, catalog No. 13647; 0.06μg/mL), phosphorylated-

STING (Cell Signaling Technology, catalog No. 19781, 0.05μg/mL), toll-like receptor 9 

(TLR9, Santa Cruz Biotechnology, catalog No. sc52966 0.5μg/mL), interferon β (IFNβ, 

Cell Signaling Technology, catalog No. 73671, 1μg/mL), galectin 9 (LGALS9; Cell 

Signaling Technology, catalog No. 54330S; 0.1μg/mL), Prohibitin 2 (PHB2, Cell Signaling 

Technology, catalog No. 14085; 1μg/mL), T-Cadherin (CDH13, Abcam, catalog No. 

ABT121; 2μg/mL), α−1 acid glycoprotein (ORM2, ThermoFisher Scientific, catalog No. 

PA5-37124; 1μg/mL), Actin beta-like 2 (ACTBL2, ThermoFisher Scientific, catalog No. 

PA5-72402; 1μg/mL), and β-Actin (Abcam, catalog No. ab8226; 0.5μg/mL). After washing 

in PBS+0.1% Tween-20, membranes were incubated in secondary antibodies for 30 minutes 

at room temperature (Abcam, catalog No. ab205718 and No. ab205719; 0.2μg/mL) and then 

illuminated with chemiluminescent substrate (ThermoFisher Scientific, catalog No. 34577) 

using a BioRad ChemiDoc (Hercules, CA). Semiquantitative densitometry was calculated 

using ImageJ (NIH, Bethesda, MD).

Immunohistochemistry

Formalin-fixed, paraffin embedded aortic tissue blocks were cut at 6μm thick. Slides were 

deparaffinized using Diva Decloaker (Biocare), blocked (Biocare, catalog No. RBM961) 

and stained for primary antibodies: Microsomal Glutathione S-Transferase 1 (MGST1; 

Abcam, catalog No. ab131059, 5.38μg/mL), ACTBL2 (ThermoFisher Scientific, catalog 

No. PA5-72402, 2μg/mL), CDH13 (Millipore, catalog No. abt121, 0.2μg/mL), LGALS9 

(CellSignaling Technologies, catalog No. 55340, 0.27μg/mL), ORM2 (ThermoFisher 

Scientific, catalog No. PA5-37124, 5μg/mL), and PHB2 (CellSignaling Technology, catalog 

No. 14085, 1μg/mL). Secondary antibodies were used (Biocare, catalog No. RMR622) 

followed by 3,3′-Diaminobenzidine (DAB) chromogen and hematoxylin counterstain for 

nuclei. Slides were scanned and processed using QuPath (version 0.3.2, The University of 

Edinburgh) and images compiled in GraphPad Prism (version 8.0.0, San Diego, CA).
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Proteomic analysis of Aortic tissue

Sample preparation: 25mg of aortic sample were lysed in 100μL of modified 

radioimmunoprecipitation buffer (2% SDS, 150mM NaCl, 50mM Tris pH8, 1X Roche 

Complete) and heating at 100°C for 1hr. The protein concentration of the cleared lysates 

was determined by Qubit fluorometry. 10μg of each sample was processed by SDS-PAGE 

using a 10% Bis-Tris NuPage Mini-gel with the MES buffer system (Invitrogen). The 

gel was run 5cm and each gel lane was excised into ten equally sized bands. Gel 

bands were processed by in-gel digestion with trypsin using a ProGest robot (DigiLab) 

with the following protocol: (a) Washed with 25mM ammonium bicarbonate followed by 

acetonitrile; (b) Reduced with 10mM dithiothreitol at 60°C followed by alkylation with 

50mM iodoacetamide at RT; (c) Digested with sequencing grade trypsin (Promega) at 37°C 

for 4h; (d) Quenched with formic acid and analyzed without further processing.

Mass Spectrometry: Half of each digest was analyzed by nano LC-MS/MS with a Waters 

NanoAcquity HPLC system interfaced to a ThermoFisher Fusion Lumos mass spectrometer. 

Peptides were loaded on a trapping column and eluted over a 75μm analytical column at 

350nL/min using a 0.5hr reverse phase gradient; both columns were packed with Luna 

C18 resin (Phenomenex). The mass spectrometer was operated in data-dependent mode 

with the Orbitrap operating at 60,000 FWHM and 15,000 FWHM for MS and MS/MS 

respectively. The instrument was run with a 3s cycle for MS and MS/MS with Advanced 

Peak Determination (APD) enabled. A total of 5hrs of instrument time per sample was 

employed.

Data Processing and Analysis: Data were searched using a local copy of Mascot with 

the following parameters: Enzyme, Trypsin/P; Database, SwissProt Human (concatenated 

forward and reverse plus common contaminants); Fixed modifications, Carbamidomethyl 

(C); Variable modifications, Oxidation (M), Acetyl (N-term), Pyro-Glu (N-term Q), 

Deamidation (N,Q); Mass values, Monoisotopic Peptide Mass Tolerance of 10 ppm and 

Fragment Mass Tolerance of 0.02 Da; Maximum Missed Cleavages: 2; Mascot DAT files 

were parsed into Scaffold (Proteome Software) for validation, filtering and to create a 

non-redundant list per sample. Data were filtered using 1% protein and peptide FDR 

and requiring at least two unique peptides per protein. Subsequently the protein lists for 

each sample together with the total spectrum count were exported to excel. Raw spectral 

counts were processed in R (version 4.1.0) using edgeR (version 3.34.1) to generate 

normalized counts using Trimmed Mean of M-values normalization which is a widely used 

normalization method that produces similar results to Relative Log Expression and Median 

Ratio Normalization using real and simulated datasets16,17. Batch correct was performed 

by blocking samples by batch. Batch 2 was used as the reference batch due to its larger 

sample size (batch 2 n =12, batch 1 n=4). The quasi-likelihood genewise dispersions 

were calculated using the glmQLFit function. Differentially expressed proteins between 

conditions were calculated by a quasi-likelihood negative binomial generalized log-linear 

model by using the glmQLFit function. False discovery rate (FDR) q values (adjusted 

p-values) were used to correct for multiple comparisons. A value of FDR = 0.05 was used as 

a threshold for statistical significance. Gene ontology (GO) biological processes from up and 

down-regulated proteins were identified using g:Profiler18. All known genes associated with 
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statistically significant proteins were identified and Benjamini-Hochberg false discovery 

rate (0.05) was used to generate top significant GO biological processes. Unique GO 

biological processes were identified and displayed. For example, if the GO terms “Positive 

regulation of immunity” and “Regulation of immunity” were both identified in the top 10 

GO terms, only one of these terms would be presented to reduce redundancy. All statistically 

significant differentially expressed proteins from each group were also analyzed for network 

connectivity via STRING analysis19.

Proteomics Comparisons: Demographic details of the subset of specimens used in the 

proteomics study can be found in Supplemental Table S1. The proteomics data from 4 

groups were compared between: 1) young healthy and young TAA; 2) aged healthy and aged 

TAA; 3) young healthy and aged healthy; and 4) young TAA and aged TAA.

Statistical Analysis

All results are presented as mean ± standard deviation. For protein immunoblot analysis, 

subject age was treated as a continuous variable and protein expression level was correlated 

with age using Pearson correlation coefficients and presented as regressions using GraphPad 

Prism (version 8.0.0, San Diego, CA). Only male subjects were included in proteomics 

analysis because we had access to more male subjects than female subjects over a wider 

range of ages. Due to the broad range of ages included in this study, we did not examine sex 

as a biological variable; however, future studies should explore this. P values of ≤0.05 were 

considered statistically significant for these. The authors had full access to all the data in the 

study and take responsibility for its integrity and the data analysis.

Results

Patient demographics

To investigate how aging impacts arterial aging through health and during disease, we 

utilized a biorepository containing aortas from individuals with and without vascular 

disease. The disease-free cohort were donors for organ transplantation and were procured at 

the time of harvest for organ transplantation, including heart transplantation. The aortas from 

this cohort were not known to exhibit vascular diseases ante-mortem and were considered 

healthy. The disease cohort arose from patients with TAA. These samples were harvested 

during the surgical repair of the aneurysm. In the TAA cohort, none of the subjects had 

genetic syndromes associated with TAA, although > 75% of patients had bicuspid aortic 

valve, a condition that associates with TAA 13. The thoracic aortic aneurysm diameter within 

the subjects <60 years was 44.2 mm compared to 48.4 mm in those ≥60 years of age; 

however, there was no significant statistical difference in TAA diameter between the age 

groups. Demographic and comorbidity characteristics for the 37 individuals in both cohorts 

are displayed in Table 1 and the demographic characteristics of the subset of samples used in 

proteomic analysis (see below) are detailed in the Table S1 of the Supplemental Materials.

Aging transforms the aortic proteome from healthy to TAA

We first employed a non-biased approach to investigate how aging impacts the aortic 

proteome between health and disease, specifically TAA. To do so, we randomly selected 
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a subset of young (i.e., <60 years of age) and older (i.e., ≥ 60 years of age) male aortic 

samples from both the healthy subjects and subjects with TAA (i.e., n = 4 biological 

replicates per age group, all 8 TAA subjects had bicuspid aortic valves) and performed mass 

spectrometry of the tissue lysates (see methods). We compared healthy aortas to TAA aortas 

within each age group. Within the young group a total of 22 proteins were statistically 

significantly altered by TAA. Please note that age was significantly increased in the young 

TAA vs. young healthy (mean age, young TAA = 46.5 years vs. young healthy group, mean 

age = 32.75 years, Table S1). Thus, these 22 proteins could be the result of both subject 

age and TAA. Of these, 11 proteins were significantly upregulated, and 11 proteins were 

significantly downregulated (Table S2 in the Supplemental Materials). However, in the aged 

cohort, the number of proteins altered by TAA was much greater at 295 total differentially 

expressed proteins. Of these, 101 proteins were significantly upregulated and 194 were 

significantly downregulated (Table S3 in the Supplemental Materials). Volcano plots within 

each of the young and aged cohorts illustrate how aging transforms the aortic proteome 

from health to TAA quantitatively (Figure 1A-B). Not only were the number of dysregulated 

proteins increased within the aged cohort, but there were few shared proteins between the 

age groups, suggesting there are qualitative changes with aging as well. Histograms for 

the log fold-change for all identified differentially expressed proteins within the young 

and aged groups comparing health to TAA demonstrated significantly more proteins with 

zero fold-change in the young group (Figure 1C) compared to the aged group (Figure 1D) 

indicating fewer altered proteins in young than aged.

We also performed a STRING analysis (Figure 1E-F) to gain a deeper understanding of 

the predicted or known interactions between the differentially expressed proteins identified 

by the proteomics analysis19. Due to the lower number of differentially expressed proteins 

in the young cohort, we found few interactions; however, 3 networks emerged, including 

galectin-related proteins, molecular chaperone and microtubule proteins, and protein-binding 

proteins (Figure 1E). In contrast, in the aged cohort, we found 3 networks with more 

intra- and inter-connections with 3 overall themes with the most interaction between the 

collagen and integrin-related proteins, followed by proteins related to cytoskeleton and then 

mitochondria and metabolism (Figure 1F).

Within the proteins that were differentially expressed by TAA in the young and aged groups, 

we identified only 6 proteins that were dysregulated in both young and aged cohorts, from 

health to TAA (Table S4 in the Supplemental Materials). These 6 proteins included alpha-1-

acid glycoprotein 2 (ORM2), which is a relatively unknown acute phase reactant that has 

been shown to be elevated in plasma and colon tissue of patients with colorectal cancer, and 

downregulated in patients with early non-small cell lung cancer 20-22. The other proteins 

included Tubulin alpha 4A chain and Tubulin beta chain, which are both cytoskeleton-

related proteins that maybe involved in vascular inflammation 23; and Prohibitin-2 (PHB2) 

a mitochondrial localized protein involved in stabilizing mitochondria during stress and 

longevity 24. PHB2 also has a role in regulating Parkin-mediated mitophagy 25. Interestingly, 

the beta-galactosidase, Galectin-3 (LGALS3) was significantly downregulated in both age 

groups, while another beta-galactosidase, Galectin-9 (LGALS9), a negative regulator on the 

NLRP3 inflammasome 26, was significantly upregulated in the young group but significantly 

downregulated in the aged group by TAA. LGALS9 was the only of one of these 6 proteins 
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we found to be differentially expressed in opposing directions between the age groups and 

will require future investigation to understand the mechanistic implications.

We next performed a different but complementary analysis to further examine the expression 

of several proteins identified by the proteomics analysis. Specifically, we examined 

PHB2, LGALS9, CDH13, ORM2, and ACTBL2 proteins within the aorta with aging. We 

performed western blots to examine PHB2, LGALS9, and ORM2 because these proteins 

were significantly altered by TAA in both young and aged groups. We also examined 

CDH13 and ACTBL2 by western blot as CHD13 was downregulated, and ACTBL2 was 

upregulated, in TAA vs. healthy within the aged group. We also attempted to examine 

MGST1 as it is the top upregulated protein in the young TAA group versus young healthy; 

however, the antibody did not produce a signal in western blots in our hands. We asked 

within the entire healthy group (n = 17 subjects, both male and female) or the TAA group 

(n = 20 subjects, both male and female), if aging impacted the expression of these proteins, 

which we assessed by immunoblotting. We found that expression of PHB2 positively 

correlated with age in both the healthy (R=0.551, P=0.022) and TAA groups (R=0.507, 

P=0.0255; Figure S1A-B in the Supplemental Materials). Expression of LGALS9 increased 

with age in aortas from patients with TAA (R=0.639, P=0.0024) but not in the healthy group 

(Figure S1 C-D in the Supplemental Materials). We found that both the top band for CDH13 

(pro-form), bottom band for CDH13 (mature form), and ACTBL2 were not significantly 

associated with age in both healthy and TAA groups (Figure S1 E-H and K-L in the 

Supplemental Materials). Finally, we found that ORM2 significantly positively correlated 

with age in the healthy group (R=0.487, P=0.048) but significantly negatively correlated 

with age in the TAA group (R=−0.495, P=0.0265; Figure S1 I-J in the Supplemental 

Materials). In these analyses, we analyzed bicuspid aortic valve (BAV) and tricuspid aortic 

valve (TAV) samples together; however, we also assessed whether the correlations changed 

if the BAV samples were analyzed alone. Analyzing the BAV samples alone did not alter 

whether any of these findings were significant or not. We did not have enough TAV samples 

to analyze them on their own. Overall, these data indicate, in agreement with the proteomic 

analysis, that PHB2, LGALS9, and ORM2 are impacted by TAA with their expression 

altered with aging.

To provide anatomical localization within the aorta of proteins identified by the proteomic 

analysis, we performed immunohistochemistry for ACTBL2, CDH13, LGALS9, ORM2, 

PHB2, and MGST1 in paraffin-embedded aortic samples from patients with TAA (Figure S2 

in the Supplemental Materials). We selected the same proteins from the western blot analysis 

with the addition of MGST1, which was upregulated in young TAA vs. young healthy and 

downregulated in aged TAA vs. young TAA. Immunohistochemical analysis revealed that 

ACTBL2 and CDH13 localized throughout the aortic cross-section. ORM2 and MGST1 

localized to nuclei throughout the aortic cross-section; however, MGST1 also demonstrated 

staining in the cytosol, particularly near the intimal region. PHB2 demonstrated less staining 

overall and was localized to nuclei near the intimal region. LGALS9 demonstrated nuclear 

staining in distinct focal streaks of approximately 300-400μm in length throughout the 

medial layer. As these data are limited to samples with TAA, represent only 4 biological 

samples, and only capture a single cross-section of part of the tissue, we have not performed 

a quantitative assessment of expression levels in these samples. Overall, these data indicate 
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distinct tissue specific localization within the aortic wall for some of the proteins (ACTBL2, 

MGST1, and CDH13) while others are distributed throughout the tissue (ACTBL2, CDH13, 

PHB2, and ORM2). In addition, several proteins are localized to the nuclear compartment 

(ORM2, MGST1, PHB2, and LGALS9), while others were expressed in the cytosol and 

extracellular space (ACTBL2, CDH13, and MGST1). Overall, these data show that the 

proteins identified by our proteomic analysis exhibit varied anatomic expression within the 

aorta wall in patients with TAA.

Aging alters the biological pathways impacted by TAA

We next performed gene ontology analysis to identify the biological processes that were 

upregulated and downregulated between health and TAA in the young (Table S5 in the 

Supplemental Materials) and aged (Table S6 in the Supplemental Materials) cohorts. 

Overall, the pathway analysis revealed that in the top 10 statistically significantly up- and 

down-regulated pathways, there was only one shared downregulated pathway: neutrophil 

mediated immunity, and no shared upregulated pathways when comparing the healthy to 

the TAA group between the 2 age cohorts (Figure 2 A-D). In the young group, upregulated 

processes were enriched for immunology processes and included: regulation of mitotic cell 

phase regulation; immune related processes including NF-κB signaling, leukocyte mediated 

cytotoxicity, natural killer cell mediated killing and T cell death; cellular response to 

lipid hydroperoxide; and membrane-based processes including docking and development 

(Figure 2A). The top 10 most statistically significantly downregulated processes within the 

young between health and TAA cohort were also enriched for immunological pathways, 

for example neutrophil mediated immunity, antigen receptor mediated signaling, negative 

regulation of type I interferon (IFN), and regulation of immune response (Figure 2B). Other 

less obvious processes that were downregulated within the young cohort between health and 

TAA included mRNA/RNA catabolic process and cell recognition (Figure 2B).

In contrast to the young cohort, pathway analysis of the aged cohort from health 

to TAA revealed the following top 10 statistically significantly upregulated processes: 

blood coagulation, extracellular matrix organization, cell adhesion, and receptor mediated 

endocytosis and fibrinolysis (Figure 2C). The only immunological process that was in 

the top 10 significantly upregulated processes in the aged cohort, in comparing health to 

TAA, related to neutrophil activation and phagocytosis (Figure 2C). The top 10 statistically 

significantly downregulated processes in the aged cohort from health to TAA enriched 

for processes related to metabolism. These processes included cellular respiration, ATP 

production, electron transport chain function, mitochondrial transport, metabolic processes, 

hexose metabolic response, small molecule catabolic response, and response to oxidative 

stress (Figure 2D). Overall, within the aged cohort, metabolic processes were impacted 

by TAA, and processes relating to mitochondrial function were downregulated. In the 

aged cohort there was a paucity of obvious immunological processes (3 process / total 20 

noted) that were impacted from the transition from health to TAA, in sharp contrast to the 

young cohort in which 9 of the top 20 processes altered by TAA related to immunological 

processes.
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In addition, the GO biological processes that were impacted in the aged cohort (adjusted P 

values from 4.71x10−19 to 3.08x10−7) reached much higher levels of statistical significance 

compared to the young cohort (adjusted P values from 0.0031 to 1.46x10−6), owing to the 

much larger number of differentially expressed proteins in the aged vs. young cohort. These 

findings largely corroborate what we identified with the STRING analysis above that within 

the aged cohort, aging impacted metabolic processes between health and TAA. Overall, the 

pathway and STRING analysis suggest that aging transforms the biology of the TAA disease 

process within the aorta.

Proteomic analysis of the aorta during health, and TAA

We next re-analyzed our data but examined the impact of aging within the healthy and TAA 

groups (i.e., comparing healthy subjects <60 years of age to subjects >60 years of age, and 

similar analysis within the TAA group). Within the healthy group, we found 307 statistically 

significant differentially expressed proteins (Table S7 in the Supplemental Materials), with 

205 upregulated and 102 downregulated when comparing between young and aged subjects, 

displayed as a volcano plot (Figure 3A). Within the TAA group, we found 19 statistically 

significantly differentially expressed proteins (Table S8 in the Supplemental Materials), with 

10 upregulated and 9 downregulated when comparing young to aged subjects, displayed as 

a volcano plot (Figure 3B). Histograms of the log fold-change for all identified differentially 

expressed proteins for the healthy and TAA groups comparing young to aged are displayed 

in Figures 3 C-D. These results demonstrate that significantly more proteins have a zero 

fold-change within the TAA group comparison with age as compared to the effect of 

age within the healthy group. We also performed STRING analysis on the differentially 

expressed proteins within the healthy cohort between the young and groups, identifying 3 

distinct interaction networks. Specifically, within the healthy group comparing the aged to 

the young cohort, we identified protein interaction networks relating to extracellular matrix, 

ribosomes and translation, and purine and amino acid metabolism (Figure 3E). Within the 

TAA group, comparing the aged to young cohort, we identified 3 much small networks 

relating to microtubules, extracellular matrix, and actin-related proteins (Figure 3F).

To better understand the biologic processes that are impacted by aging in health and in TAA, 

we analyzed the gene ontology biologic processes (Table S9 and S10 in the Supplemental 

Materials). Within the healthy group, we found that the top 10 statistically significantly 

upregulated processes by aging relate to metabolism including small molecule catabolic 

processes, mitochondrial transport, ATP metabolism, and response to oxidative stress 

(Figure 4A). The only immunologic process identified in the top 10 statistically significantly 

upregulated processes was neutrophil immunity. In the healthy aorta the top 10 statistically 

significantly downregulated processes by aging involved coagulation, extracellular matrix 

organization, and immunity relating to neutrophil activation and antigen presentation (Figure 

4B). Within the TAA group, the number of statistically significantly impacted GO pathways 

and the overall significance level were reduced compared to the healthy group. The 

top 10 statistically significantly upregulated processes within the TAA group by aging 

related to cellular morphology, platelet and thrombin pathways, chaperon mediated protein 

folding, and immunological processes including the humoral response and natural killer cell 

differentiation (Figure 4C). The top 10 statistically significantly downregulated processes 
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within the TAA group by aging related primarily to immunologic processes including 

response to lipid hydroperoxide, T cell death, regulatory T cell differentiation, dendritic cell 

regulation, and response to redox state (Figure 4D).

Integrated proteomics analysis reveals overlap between processes in aging and TAA

To integrate all 4 distinct comparisons, we analyzed the differentially expressed proteins 

from the 4 group comparisons and examined shared differentially expressed proteins in a 

Venn diagram. This analysis revealed that the groups with the most shared differentially 

expressed proteins, 197, were found in aged healthy vs. the TAA comparison and healthy 

young vs. aged comparison (Figure 5A). Furthermore, by using unsupervised clustering 

(k-means) to analyze the spectral counts from all 16 samples included in the proteomics 

analysis, we identified 3 differentially expressed clusters that were significantly impacted 

by both aging and TAA (Figure 5B). An enrichment plot of the significant GO biological 

processes within the 3 k-means clusters identified the 3 most significant alterations found 

in these samples to be within immune processes, cytoskeletal remodeling, and metabolism 

(Figure 5C).

Aging alters aortic Parkin in healthy and in TAA, although in opposing directions

We next performed a candidate-based strategy to examine how aging impacts the aorta 

within health and then in TAA. This candidate-based strategy was informed by our recent 

experimental studies in mice and those of others, found that mitophagy is impaired 

within the vasculature with aging5,6,27. We found that impaired mitophagy with aging 

was associated an upregulation of the mitophagy protein, Parkin within the aorta without 

evidence of disease 5. As impaired mitophagy may lead to activation of certain innate 

immune pathways including Toll like receptor (TLR) and the STING type I IFN pathway28, 

we also found that aging within both the aortic and cerebral vasculature led to increased 

expression of TLR9, STING, and interferon (IFN)-β expression in mice27. Given this, 

we did a targeted analysis of the gene ontology biological processes that were identified 

within the healthy aorta that were impacted by aging. We searched for the following 

keywords within the biological processes: parkin, mitophagy, autophagy, senescence, aging, 

tumor necrosis factor, interleukin, and toll-like receptor. This identified several statistically 

significant gene ontology biological processes that were impacted by aging including 

macroautophagy, parkin-mediated mitophagy, aging, regulation of cellular senescence, and 

regulation of cytokine production (Figure 6A).

We next examined the expression of Parkin, PGC1A, TLR9, STING, and IFN-β within 

the entire healthy and TAA human cohorts by immunoblotting. We found that aortic 

levels of Parkin in healthy donor samples positively correlated with subject age (R=0.627, 

P=0.0071) (Figure 6B and L). In contrast, in the setting of TAA we found that Parkin 

inversely correlated with subject age (Parkin: R=−0.756, P<0.0001, Figure 6C and L). We 

also examined a regulator of mitochondrial biogenesis, PPAR gamma coactivator 1 alpha 

(PGC1A) although it did not correlate with subject age in either the healthy or TAA groups 

(Figure 6 D-E). Overall, these data indicate that aging impacts the expression of a mitophagy 

protein Parkin within the aorta, but this expression depends on the context: in health, Parkin 

directly correlates with aging but in TAA Parkin inversely correlates with aging.
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Aging impacts the expression of proteins related to inflammation exclusively in the TAA 
cohort

We examined phosphorylation of STING (p-STING), a signaling protein in the cytosolic 

DNA sensing pathway, and found that the ratio to STING (i.e., p-STING:STING) inversely 

correlated with subject age in the TAA group (R=−0.528, P=0.017) but not the healthy 

group, where no correlation was identified (Figure 6 F, G, and L). Despite p-STING:STING 

expression negatively correlating with age in the TAA group, IFN-β expression positively 

correlated with subject age in the TAA group (R=0.446, P=0.049) but not in the healthy 

group where no correlation between age and IFN-β was identified (Figure 6H, I, and L). In 

the TAA group, 15 samples had BAV while 5 had TAV. In these analyses, we analyzed BAV 

and TAV samples together; however, we also assessed whether the correlations changed 

if the BAV samples were analyzed alone. Analyzing the BAV samples alone did change 

whether any findings were significant or not except for TLR9 (Figure 6). Specifically, we 

found that only in subjects that had BAV, TLR9 positively correlated with subject age 

(R=0.557, P=0.0312) but the significance was lost when examining all BAV+TAV samples 

together (Figure 6K). TLR activation can lead to production of other cytokines such as IL-6 

and TNFα29, however, we could not detect either of these cytokines via immunoblotting 

(data not shown). We did not have enough TAV samples to analyze them on their own. Our 

data show that the expression of p-STING:STING, IFN-β and TLR9 within the aorta did not 

correlate with aging in the healthy cohort. However, in the TAA cohort, p-STING:STING 

and IFN-β were impacted by aging. Specifically, p-STING:STING was inversely impacted 

by aging while IFN-β was directly impacted by aging. This targeted analysis shows that 

aging impacts the expression p-STING:STING, IFN-β and TLR9 but only in the context of 

TAA and not in health. Overall, our data suggest that during TAA in subjects with BAV, 

aging reduces the expression of Parkin along with the expression p-STING:STING and this 

correlates with activation of the TLR9-IFN-β axis. In health, Parkin is directly correlated 

with aging but without activation of the TLR9-IFN-β axis.

Discussion

In this study, we found that significantly more proteins are differentially expressed between 

aged TAA and healthy aged aortic samples as compared to the changes between young TAA 

and young healthy aortic samples. We also found that comparing healthy aged to healthy 

young aortas resulted in significantly more differentially expressed proteins compared with 

the differences observed between TAA aged versus TAA young aortas. Generally, we found 

that aging enriched for metabolic processes when comparing healthy to TAA (Figure 2), or 

by comparing aged aortas to young during health (Figure 4). In contrast, young samples 

generally had an enrichment in immunological processes from health to TAA (Figure 2). 

Overall, one of the key findings of our study is that aging alters the aortic proteome, both 

quantitatively and qualitatively, in health and in TAA (Figure 1).

By examining the proteome of young and aged healthy aortas along with young and aged 

aortas with TAA, we have identified unique proteins impacted by TAA, aging, or both. 

Galectin 3 (LGALS3) has been implicated in cardiovascular diseases previously and was 

downregulated by TAA in young samples30. Interestingly galectin 9 (LGALS9) was one of 
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the top upregulated proteins by TAA in the young samples. The top upregulated protein 

by TAA in young was Microsomal Glutathione S-Transferase 1 (MGST1), which has been 

implicated in repressing ferroptosis, a form of iron-overload induced cell death program. 

Thus, the high level of MGST1 may be in response to a high level of ferroptosis in 

TAA in the young samples31. In the aged samples, Dynein Cytoplasmic 1 Heavy Chain 

1 (DYNC1H1) and ACTBL2 were the top upregulated proteins. DYNC1H1 is a key 

subunit of dynein, a crucial cytoskeletal motor protein that converts ATP into mechanical 

force in muscle cells while ACTBL2 appears to be related to cellular remodeling32,33. 

Future work should uncover how these proteins contribute to the dynamic process of 

TAA at various ages. Within the healthy aortas, DYNC1H1 was the most significantly 

downregulated protein while CDH13 was the top upregulated protein by aging. CDH13 

was also downregulated in aged TAA samples as compared to aged healthy samples, and it 

has been implicated in cardiovascular diseases including arrhythmias and heart failure but 

has not yet been associated TAA34,35. In the TAA group, several of the top downregulated 

proteins with aging are related to cytoskeletal components including myosin heavy chain 6 

(MYH6), MYH7, collagen type VI Alpha 6 Chain, and Myosin-binding protein C, while 

the top upregulated protein was immunoglobulin lambda constant 3 (IGLC3). IGLC3 has 

been implicated in myocarditis, however, its expression was limited to a subpopulation of 

B Cells36. Our complementary experiments using western blots reveal that some of the 

proteins identified by our proteomic approach, PHB2, LGALS9, and ORM2 correlated with 

subject age, while some other proteins, ACTBL2 or CDH13, did not. Possible explanations 

for these results include that proteomics and western blotting are different techniques with 

different sensitivities, and we performed the western blotting on a larger sample size with 

different statistical approaches than the proteomic approach. A limitation of our study is that 

we do not know what mechanistic role that any of these proteins play in TAA pathogenesis, 

thus future mechanistic studies will be required to determine the impact of these proteins in 

TAA pathogenesis and whether they are modified by aging. Nevertheless, our human study 

provides a rationale for examining these proteins in the future.

We identified that processes related to neutrophil biology were both upregulated (immunity) 

and downregulated (activation) when we compared healthy aortic samples to TAA samples 

in the aged group (Figure 2). It is unclear what the implications of these alterations are, 

and future investigation is needed to understand how aging impacts neutrophil function in 

healthy vascular aging and during TAA pathogenesis. Another immunological process that 

we identified in the healthy aorta with aging was downregulation of antigen processing and 

presentation (Figure 4B). Vascular cells such as endothelial cells can process and present 

antigens to circulating immune cells, including memory and regulatory T cells 37, which 

may aid in host defense or promote allo- or auto-immunity 37. The significance of why 

aging may reduce antigen presentation within the healthy aorta remains unclear but may be 

due to age-specific changes in antigen-presenting cells. A reduction in antigen presentation 

may have implications for adaptive immune responses in the aging aorta. Although we 

found novel insights in our proteomic analysis of the healthy aorta with aging, some of 

the identified processes that we found impacted by aging are generally consistent with 

the current paradigm of vascular aging. In particular, the downregulation of extracellular 
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matrix pathways and upregulation of metabolic processes with aging may imply alterations 

in mitochondrial function, which declines with vascular aging 3.

Recent studies have shown the value of proteomics and single cell analysis to identify 

cellular mechanisms and interactions in vascular diseases including TAA 38-40. Such 

analyses have yielded information concerning complex enrichment of cellular clusters, 

cell-to-cell interactions, and cell trajectories in vascular diseases 38. Importantly, a recent 

study has examined the vasculature of healthy young (i.e., 4-6 years of age) and aged 

(i.e., 18-21 years of age) cynomolgus monkeys, using single cell sequencing 11. This 

study identified that the transcription factor FOXO3A, a stress responsive factor involved 

in longevity 41, was downregulated in endothelial cells with aging 11. Additionally, a 

prior proteomics study in humans found several highly differentially expressed proteins 

within aortic media layer with aging, 40. Although the top protein identified in that study, 

Lactadherin, was not significantly upregulated in our study, several other top proteins from 

that study were found in our study, including Lumican, Glutathione S-Transferase Pi 1, 

Osteoglycin, Thrombospondin 1, Fibronectin 1, and Fibrinogen Alpha Chain 40. Clearly 

future studies are warranted to identify which cell types are affected by the biological 

processes impacted by aging both in health and in TAA that our study has identified.

Our candidate-based strategy here using proteomics and western blotting found a positive 

correlation with Parkin and age in healthy aortas, which agrees with our previous studies 

in aged mice that show aging leads to vascular mitophagy dysfunction5,27. Interestingly, the 

correlation of Parkin expression with age was context dependent. In TAA, the correlation 

was inverse. Changes in Parkin typically reflect an alteration in mitophagy, a dynamic 

process to remove dysfunctional mitochondria 4. In our murine models, the increased 

Parkin expression associated with an impaired mitophagy capacity, specifically to upregulate 

mitophagy during stress 27. A reduction in Parkin with aging in the context of TAA could 

indicate reduced mitophagy, which might be the result of increased destruction of the 

mitophagic machinery in the aorta with aging during TAA. An alternative non-mutually 

exclusive explanation is that during aging and TAA there are reduced numbers of total 

mitochondria, resulting in a reduced activation of mitophagy. Mutations in a protein similar 

to Parkin, Parkin-like E3 ubiquitin ligase ariadne-1 (ARIH1), are linked to TAA in humans 
42. ARIH1 deletion or mutation was shown to disrupt nuclear and mitochondrial morphology 

in drosophila, which was rescued by overexpression of Parkin or ARIH1 42. Another 

recent study demonstrated that Parkin expression is reduced in abdominal aortic aneurysms, 

potentially mediated by production of Factor Xa from platelets 43. Clarification of the role 

of Parkin and mitophagy in thoracic and abdominal aortic aneurysms will require future 

investigation.

We also found, with immunoblotting, that with TAA aging altered the expression of the 

p-STING:STING ratio, and age positively correlated with aortic expression of IFN-β. 

The cGAS-STING pathway was originally discovered for sensing DNA in the context 

of viral immunity and host defense, although it can activate a cell death pathway 44,45. 

Phosphorylation of STING typically reflects activation of the pathway 45. Our measurements 

reflect a single point in time, and it is possible that during chronic activation of the STING 

pathway, which occurs during TAA pathogenesis 39, the ratio of p-STING:STING is altered 
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dynamically. We acknowledge that our study is limited by the fact that all aortic samples 

were one point in time, although obtaining samples from the same subjects at >1 time 

point is clearly not feasible in humans. Furthermore, the expression of p-STING:STING 

could be modulated at the whole tissue level by the degree of cellular apoptosis, which 

increases in TAA 46,47. The increase in the IFN-β axis with aging during TAA that we have 

identified may reflect increased activation of this pathway by mitochondrial components. 

Another inflammatory mediator, TLR9, was only significantly correlated in the subset of 

patients with BAV, which suggests there may be a relationship between TLR9 and BAV with 

vascular aging. BAV increases aortic wall stress48, which over time could lead to activation 

of TLR9, an area that will future investigation for verification. With increased mitochondrial 

dysfunction, mitochondrial DNA may be released and subsequently activate innate immune 

pathways including the TLR9, inflammasome, and STING pathways 49. The interaction and 

interplay of these pathways within the aorta with aging during aneurysm development in 

general will require future investigation.

In conclusion, our study indicates that aging both quantitatively and qualitatively transforms 

the biological processes within the aorta from health to the disease state of TAA. Our study 

implies that biological processes that accompany TAA may also be impacted by aging. This 

suggests that if novel therapeutics are developed to mitigate against the pathogenesis of 

vascular diseases, including TAA, these therapeutics may need to be modified according to 

subject age.
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Refer to Web version on PubMed Central for supplementary material.
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NONSTANDARD ABBREVIATIONS AND ACRONYMS

TAA thoracic aortic aneurysm

TGF transforming growth factor

PGC1-α peroxisome proliferator-activated receptor γ coactivator 1-α

STING stimulator of interferon genes

TLR9 toll-like receptor 9
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IFN β interferon β

LGALS9 galectin 9

LGALS3 galectin 3

PHB2 prohibitin 2

CDH13 T-Cadherin

ORM2 α−1 acid glycoprotein

ACTBL2 Actin beta-like 2

MGST1 Microsomal Glutathione S-Transferase 1

FDR False discovery rate

GO Gene ontology

BAV Bicuspid aortic valve

TAV Tricuspid aortic valve
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Highlights:

• Human aging transforms the aortic proteome in health and in thoracic aortic 

aneurysm.

• In the young cohort, immunological processes are enriched within the human 

aorta from health to thoracic aortic aneurysm.

• In the old cohort, metabolic processes are enriched within the human aorta 

from health to thoracic aortic aneurysm.
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Figure 1: Aging transforms the aortic proteome comparing health to TAA.
Aortic samples from healthy subjects and those that underwent repair for TAA were assessed 

via mass spectrometry. Specimens were categorized into young (i.e., <60 years of age) and 

aged (i.e., ≥60 years of age) in both the healthy and TAA group. N = 4 biological specimens 

for each group. All TAA specimens had bicuspid aortic values. Raw spectral counts were 

adjusted for false discovery rate and the healthy were compared to the TAA in each of the 

age groups, and displayed in volcano plots for young (A) and aged (B). Proteins with −log10 

(adjusted P value) >3 and log10 (fold change) <2 and >2 are colored red and the 20 proteins 

with most significant adjusted P value are labeled with protein name. C and D: Histograms 

of the log fold-change of all differentially expressed proteins comparing healthy vs. TAA for 

young (C) and aged (D). E and F: Using STRING database search, we performed network 

analysis to identify the top 3 most interconnected networks and identified the common 

processes within each network for young healthy vs. TAA (E) and aged healthy vs. TAA (F).
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Figure 2: Biologically different processes and networks are impacted by TAA in young as 
compared to older cohort
Aortic samples were assessed via mass spectrometry. Young (i.e., <60 years of age) and old 

(i.e., >60 years of age) in the healthy and TAA groups were compared. N = 4 biological 

specimens for each group. A and B: Top 10 gene ontology (GO) biological processes from 

proteins that were significantly up- (A) and down- (B) regulated comparing healthy aortic 

samples to samples from TAA in the young group and sorted by adjusted p-value. C and 
D: Top 10 gene ontology (GO) biological processes from proteins that were significantly 

up- (C) and down- (D) regulated comparing healthy aortic samples to samples from 

TAA in the aged group and sorted by adjusted p-value. GO biological processes within 

similar categories were color coded the same. Blue encodes metabolic and mitochondrial 

processes, orange encodes immune and inflammatory processes, yellow encodes hemolysis 

and coagulation processes, pink encodes cytoskeletal and extracellular matrix processes, 

cyan encodes posttranslational modifications, teal encodes golgi-related processes, green 
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encodes acute phase proteins, red encodes mRNA processes, and purple encodes cell cycle 

processes.
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Figure 3: Aging dysregulates more proteins and processes in the aorta in health compared with 
TAA.
Aortic samples were assessed via mass spectrometry. Young (i.e., <60 years of age) and 

aged (i.e., >60 years of age) in the healthy, and also in the TAA groups were compared. N 

= 4 biological specimens / group. Raw spectral counts were adjusted for false discovery rate 

and displayed in volcano plots for healthy (A) and TAA (B). Proteins with −log (adjusted 

P value) >3 and log (fold change) <2 and >2 are colored red and the 20 proteins with most 

significant adjusted P value are labeled with protein name. C and D: Histograms of the log 

fold-change of all differentially expressed proteins comparing young vs. aged for healthy 

(C) and TAA (D). E and F: Using STRING database search, we performed network analysis 

to identify the top 3 most interconnected networks and identified the common processes 

within each network for healthy young vs. age (E) and TAA young vs. aged (F). A=aged, 

Y=young.
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Figure 4: Aging dysregulates more processes in the aorta in health compared to TAA
Aortic samples were assessed via mass spectrometry. Young (i.e., <60 years of age) and old 

(i.e., >60 years of age) in the healthy and TAA groups were compared. N = 4 biological 

specimens / group. A and B: Top 10 gene ontology (GO) biological processes from proteins 

that were significantly up- (A) and down- (B) regulated in the healthy group comparing 

aged to young and sorted by adjusted p-value. C and D: Top 10 GO biological processes 

from proteins that were significantly up- (C) and down- (D) regulated in the TAA group 

comparing aged to young and sorted by adjusted p-value. GO biological processes within 

similar categories were color coded the same. Blue encodes metabolic and mitochondrial 

processes, orange encodes immune and inflammatory processes, yellow encodes hemolysis 

and coagulation processes, pink encodes cytoskeletal and extracellular matrix processes, 

cyan encodes posttranslational modifications, and teal encodes golgi-related processes.
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Figure 5. Aging and TAA significantly alter the proteome with some overlapping differentially 
expressed proteins.
Aortic samples from Young (i.e., <60 years of age) and aged (i.e., >60 years of age) 

subjects in both the healthy and TAA groups were assessed via mass spectrometry with N 

= 4 biological specimens / group (total of 16 samples). Raw spectral counts were adjusted 

for false discovery rate and log2 normalized. Proteins that met the false discovery rate 

adjusted P-value (0.05) were considered statistically significant. A: Venn diagram showing 

the number of shared differentially expressed proteins between the 4 comparisons (Young 

Healthy vs. TAA, Aged Healthy vs. TAA, Healthy Young vs. Aged, and TAA Young vs. 

Aged) that were analyzed. B: Unsupervised K-means clustering heatmap of the differentially 

expressed proteins identified. C: Enrichment plot of shared gene ontology biological 

processes identified by K-means clustering in B where the size of the dot indicates the 

number of proteins identified for each GO biological process and the number represents 
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adjusted p-value of the biological process. Blue, yellow, and purple colors signify groups of 

related proteins identified by K-means clustering in B and described in C.
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Figure 6. TAA modifies how aging impacts Parkin and the pSTING:STING, TLR9, IFN-β axis in 
the aorta compared to health.
Aortic samples from healthy subjects were assessed via mass spectrometry. Young (i.e., 

<60 years of age) and old (i.e., >60 years of age) in the healthy group were compared. 

N = 4 biological specimens for each group. A: Targeted search of statistically significant 

gene ontology (GO) biological processes from proteins that were significantly up- and 

down-regulated by adjusted p-value were identified. GO terms that were searched for 

were: “autophagy”, “tumor necrosis factor”, “aging”, “interleukin”, “senescence”, “toll-like 

receptor”, “parkin”, “mitophagy”, “interferon”, and “mitochondria”; which were ordered 

based on statistical significance level. B-L: Aortic lysates from healthy (N = 17) and TAA 

(N = 20) subjects were immunoblotted against PARKIN, PPARγ co-activator 1 α (PGC1α), 

stimulator of interferon genes (STING), phosphorylated-STING (p-STING), interferon-β 
(IFN-β), toll-like receptor 9 (TLR9), and β-actin. PARKIN (B-C), PGC1α (D-E), the ratio 

of p-STING to STING (F-G), IFN-β (H-I), and TLR9 (J-K) expression in the healthy 
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and TAA groups, were plotted against age and regression analysis was performed. L: All 

immunoblots for PARKIN, PGC1α, p-STING to STING, IFN-β, TLR9, and β-actin along 

with subject age are shown. Note, that the 80-yr old TAA sample was erroneously place 

out of order. BAV = bicuspid aortic valve (open triangle), TAV = triscupid aortic valve (red 

triangle). P values and correlation coefficients represent all data points within each graph. *P 

values and correlation coefficient represents only the BAV data in K.
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Table 1:

Subject Demographics

Healthy
Young

Healthy
Aged

TAA
Young

TAA
Aged

N 11 6 10 10

Age, mean (SD) 41.9 (12.3) 65.0 (3.2)* 46.9 (10.2)
$

67.3 (6.8)**,‡

Female, n (%) 3 (27.3)
1 (16.7)

†
5 (50.0)

$
5 (50.0)

‡, #

Aneurysm diameter, mm (SD) N/A N/A 44.3 (10.1)
48.4 (6.2)

#

Comorbidities

BAV, n (%) N/A N/A 10 (100)
9 (90) 

#

CKD n, (%) N/A N/A 9 (90)
6 (60) 

#

ICM, n (%) N/A N/A 1 (10)
1 (10) 

#

NICM, n (%) N/A N/A 0 (0)
0 (0) 

#

Atrial Fibrillation, n (%) N/A N/A 0 (0)
0 (0) 

#

LV Assist Device, n (%) N/A N/A 3 (30)
4 (40) 

#

Hyperlipidemia, n (%) N/A N/A 0 (0)
0 (0) 

#

Type 2 Diabetes, n (%) N/A N/A 1 (10)
2 (20) 

#

Hypertension, n (%) N/A N/A 0 (0)
1 (10) 

#

Atherosclerosis, n (%) N/A N/A 7 (70)
6 (60)

#

Demographics of subjects in this study. BAV=bicuspid aortic valve, CKD=chronic kidney disease, ICM=ischemic cardiomyopathy, NICM=non-
ischemic cardiomyopathy, TAA=thoracic aortic aneurysm.

*
P<0.001 healthy aged vs. healthy young

**
P<0.0001 TAA aged vs. TAA young

† =
not significant healthy aged vs. healthy young

$ =
not significant TAA young vs. healthy young.

‡ =
not significant TAA aged vs. healthy aged

# =
not significant TAA aged vs. TAA young. All comparisons between comorbidities are non-significant. Significance for sex and comorbidities 

determined by Fisher’s Exact test. Significance for age and aneurysm diameter determined by Mann-Whitney U test.
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