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Abstract

Thoracoabdominal aortic aneurysms (TAAAs) are rare and often remain asymptomatic until
rupture, leading to high morbidity and mortality. Elastin degradation, largely mediated by
matrix metalloproteinases (MMPs), plays a central role in their pathogenesis. This study
aimed to evaluate plasma desmosine (pDES), a specific biomarker of elastin breakdown,
as a non-invasive tool for TAAA detection and risk stratification. In a prospective single-
centre case–control study, 30 patients with TAAA and 30 age- and sex-matched controls
were enrolled. Plasma pDES levels were quantified using liquid chromatography–tandem
mass spectrometry (LC–MS/MS). Aortic wall samples from 12 patients were analysed for
elastic fibre content and MMP expression by histology and western blotting. Statistical
analyses included correlation testing, propensity score matching, and receiver operating
characteristic (ROC) analysis. TAAA patients exhibited significantly higher pDES levels
compared with controls (0.40 ± 0.31 vs. 0.22 ± 0.15 ng/mL; p < 0.001). pDES correlated
positively with MMP-2 (ρ = 0.68, p = 0.02), TIMP-1 (ρ = 0.72, p = 0.01), and the proportion of
elastic fibres in the aortic media (ρ = 0.61, p = 0.03). ROC analysis showed good diagnostic
performance (AUC = 0.82), with a threshold of 0.27 ng/mL yielding 78.6% sensitivity and
76.7% specificity. Elevated pDES levels reflect aortic elastolytic activity and may serve as a
promising biomarker for TAAA detection and risk assessment.

Keywords: aortic aneurysm; thoracoabdominal; desmosine; elastin metabolism; matrix
metalloproteinases; biomarkers; blood; risk assessment

1. Introduction
Thoracoabdominal aortic aneurysms (TAAAs), characterized by the progressive di-

lation of the aorta spanning the chest and abdomen, pose a significant clinical challenge
due to their often silent progression and catastrophic risk of rupture. While relatively rare,
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affecting an estimated 5.9 per 100,000 person-years [1], the consequences of undiagnosed
or untreated TAAAs are severe, leading to high morbidity and mortality.

Early detection is paramount, yet TAAAs are frequently discovered incidentally during
imaging for unrelated conditions [2]. Current guidelines advocate for targeted screening,
including imaging of first-degree relatives of patients with thoracic aortic disease [3] and
extending CT angiography of the chest to individuals diagnosed with abdominal aortic
aneurysms (AAAs), given their frequent co-occurrence [4]. However, the limitations of
widespread imaging, such as radiation exposure and potential renal injury, underscore the
need for non-invasive screening alternatives. Consequently, research efforts have focused
on identifying non-invasive biomarkers or gene expression profiles as potential tools for
TAAA screening [5]. While markers like D-dimer, matrix metalloproteinases (MMPs), and
other acute-phase reactants have shown promise in symptomatic cases or in the presence
of acute dissection, their utility for identifying asymptomatic patients remains limited [5].

The pathogenesis of TAAAs primarily involves the degradation of elastin in the aortic
wall, driven by factors like ageing, hypertension [6], and genetic predispositions, including
connective tissue disorders [7] and chronic aortic dissection [8]. The complex interplay of
mechanical stress and inflammatory mediators can stimulate MMP production by both
infiltrating immune cells and resident aortic cells [9]. MMP-mediated degradation of the
tunica media leads to increased elastolysis and a loss of aortic wall distensibility [10].
This process contributes to aneurysm progression [11] and an increased risk of rupture.
Notably, the upregulation of MMP-2 and MMP-9, along with a decrease in Tissue Inhibitor
of Metalloproteinases 1 (TIMP-1)—resulting in an increase in the MMP/TIMP-1 ratio—
has been recognized as a key event in aneurysmal growth [12]. Moreover, inhibiting
macrophage elastase MMP-12 has been proposed as a potential therapeutic strategy to slow
the development and progression of AAAs [13]. Thus, biomarkers associated with vascular
elastolysis could serve as a promising monitoring screening tool for assessing aneurysm
vulnerability [14].

In abdominal aortic aneurysms, serum elastin peptides [15] and plasma desmosine
(pDES) [16], a specific marker of mature elastin breakdown, have shown promise as
indicators of rupture risk. However, the applicability of these biomarkers to TAAAs
remains largely unexplored. Given the expected cumulative elastolytic burden in TAAAs,
circulating pDES may provide a measurable systemic signal reflective of this multiregional
degradation process. This study aims to investigate the potential association of pDES levels
and MMP-mediated elastolysis in the aortic wall of TAAA patients, evaluating the potential
of pDES as a novel screening parameter for this high-risk disease condition.

2. Results
2.1. Cohort Description

The total patient cohort included 30 patients, with a mean age of 49.9 ± 11 years, and
20 (66.6%) were men. Eight patients (26.6%) were diagnosed with Marfan syndrome, and 17
(56.6%) had post-dissection aneurysms. Demographic details and their correlation with pDES
levels are summarized in Table 1. The mean maximum aortic diameter was 6.1 ± 0.81 cm and
showed no significant correlation with pDES levels (Spearman’s Rho = −0.14, p = 0.5). Men
exhibited significantly higher pDES levels than women (p = 0.031; Supplementary Figure S1).

2.2. pDES and MMP Relative Intensity in the Aortic Wall

Western blot analysis was performed in the subset of 12 TAAA patients from whom
full-thickness aortic wall samples were available. In the Western Blot analysis of aortic
tissue samples, the pDES levels were significantly correlated with the relative intensities of
MMP-2 (Spearman’s Rho = 0.68, p = 0.02) and TIMP-1 (Spearman’s Rho = 0.72, p = 0.01) in

https://doi.org/10.3390/ijms27031236

https://doi.org/10.3390/ijms27031236


Int. J. Mol. Sci. 2026, 27, 1236 3 of 11

the aortic wall (Figure 1). No significant correlations were identified for MMP-9 or MMP-12
and pDES. Additionally, circulating pDES levels positively correlated with percentage
of elastic fibers in the aortic media (Spearman’s Rho = 0.61, p = 0.03; Supplementary
Figure S2). The MMP-2/TIMP-1 ratio (mean: 1.76 ± 0.9) did not correlate with pDES
levels (p = 0.65) (Supplementary Figure S3) or maximum aortic diameter (p = 0.9). However,
patients with higher pDES levels showed elevated absolute levels of both MMP-2 and TIMP-
1, as indicated by the correlation between the sum of their relative intensities and circulating
pDES (Spearman’s Rho = 0.75, p = 0.004) (Supplementary Figure S4). Furthermore, a trend
toward a positive correlation was observed between MMP-2 and TIMP-1 (Spearman’s
Rho = 0.3, p = 0.5). No other inter-MMP interactions exhibited a similar trend.

Table 1. Demographic details and correlations with pDES. Correlations for continuous variables
were calculated with Spearman’s test and for categorical variables with Wilcoxon Two-Sample test.
Asterisk (*) marks p < 0.05.

n = 30 p-Value

Age, mean ± SD (years) 49.9 ± 11 years 0.97
Men, n (%) 20 (66.6) 0.031 *
Marfan syndrome, n (%) 8 (26.6) 0.83
Post-dissection aneurysm, n (%) 17 (56.6) 0.16
Max. diameter, mean ± SD (cm) 6.1 ± 0.81 0.31
Smoking 7 (23.3) 0.14
Chronic Obstructive Pulmonary Disease 6 (20) 0.17
Coronary Artery Disease 2 (0.6) 0.88

Figure 1. Scatterplots illustrating the relative intensity of aortic MMP-2, MMP-9, MMP-12, and
TIMP-1 detected by Western Blot, plotted against log(pDES). A LOESS-smoothed best-fit line is
included to highlight trends in the data.

A general linear model was used to examine whether gender, maximum aortic diam-
eter, MMP2 relative intensity, and TIMP1 relative intensity predicted pDES levels. The
overall model was statistically significant, (p = 0.003), and explained 91% of the vari-
ance in pDES levels (R2 = 0.91). When examining the individual predictors, only MMP2
(p = 0.003) and TIMP1 (p < 0.001) were significant, while gender (p = 0.75) and maximum
aortic diameter (p = 0.19) did not have significant effects.
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2.3. pDES Levels in Patients and Controls

After propensity score matching in the full cohort of 30 patients and 30 controls,
28 patients and all controls were included in the analysis. Matching reduced imbalances
in covariates, with reductions in standardized mean differences for age (from 0.75 to 0.19,
74.73% reduction), logit propensity scores (from 0.80 to 0.18, 77.65% reduction), and gender
(achieving perfect balance, standardized mean difference = 0). Mean log-transformed pDES
levels were significantly higher in patients compared to controls (patients: −0.40 ± 0.31,
controls: −0.68 ± 0.15; p < 0.001) (Figure 2).

 

Figure 2. Boxplot showing the distribution of log-transformed pDES levels for TAAA and controls
after propensity score matching.

2.4. Diagnostic Performance of pDES

ROC analysis demonstrated good diagnostic accuracy of pDES for TAAA, with
an area under the curve (AUC) of 0.82 (p < 0.001) (Figure 3). The optimal cutoff was
0.27 ng/mL. At this threshold, sensitivity was 78.6%, specificity was 76.7%, and the Youden
Index was 0.55.

Figure 3. ROC Curve for pDES. AUC: Area under the curve.
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3. Discussion
This study shows that circulating pDES can serve as a screening biomarker for TAAAs,

and holds potential as novel diagnostic marker. Our key findings demonstrate a significant
correlation between elevated pDES levels and increased proteolytic enzymatic activity,
specifically MMP2 and TIMP1, within the aortic wall of TAAA patients. Notably, this corre-
lation was independent of maximum aortic diameter—a suitable but not optimal marker
for aortic aneurysm rupture risk. TAAA patients in this cohort exhibited significantly
higher pDES levels compared to controls, with a diagnostic cut-off of 0.27 ng/mL.

Serum elastin peptides have been suggested with sufficient evidence as prognostic
biomarkers for AAA growth and rupture [15,16] and correlated with serum concentrations
of MMP2 and TIMP1 [16]. However, the expression of matrix metalloproteinases is not
limited to the aortic wall and an elevation of their serum concentrations may reflect ECM
remodelling processes in other segments of the vasculature [17] or even other organ sys-
tems [18,19], raising concerns about specificity. By directly measuring MMP expression
within the aneurysmal aortic wall of TAAA patients, we confirmed a specific link between
increased intramural proteolytic activity and elevated pDES levels in this patient group. To
our knowledge, this aspect represents a novel area that has not been investigated to date.

Furthermore, pDES levels correlated directly with MMP2 and TIMP1 expression in
the aortic wall, but not with aortic diameter—a finding which contrasts with previous
studies that demonstrated a direct link between serum elastin peptides and aortic diameter
in AAA patients [16,20]. This discrepancy may reflect cohort differences. Specifically, our
TAAA patients were scheduled for elective surgical repair, meeting strict indication criteria
based primarily on maximum aortic diameter [21]. Consequently, our cohort was relatively
homogeneous regarding aortic size, with little variance of the parameter, unlike previous
AAA studies, which included a wide range of aortic diameters [22]. Moreover, given that
this study examined pathologies involving both the thoracic and abdominal aorta, the
significantly higher elastin percentage in the thoracic aorta compared to the abdominal
aorta could potentially influence the observed concentrations of elastolytic byproducts
in serum.

Within this group of similarly large aneurysms, however, there was significant varia-
tion in aortic wall consistency, specifically in elastin content and the expression of MMPs
and TIMP1. Elevated levels of both MMP and TIMP1 suggest ongoing proteolytic ac-
tivity and extracellular matrix remodeling [23]. A disruption of the balance between
MMP-mediated proteolysis and the regulatory action of TIMPs has been proposed as a
mechanism driving aneurysm formation and progression [23]. In the presented cohort,
increases in both TIMP1 and MMP2 levels correlated with higher pDES levels, whereas
the ratio of MMP2 to TIMP1 did not correlate with pDES. This observation suggests that
increased elastolysis may occur in aneurysms with a general upregulation of proteolytic
activity, as reflected by elevated levels of both MMPs and compensatory TIMPs in the aortic
wall, and is not solely attributable to an imbalance between these two protein fractions. The
correlation of pDES levels with intramural proteolytic activity indicates that this biomarker
could differentiate TAAAs based on proteolytic activity and thus support a more refined
assessment of aneurysm prognosis. This finding provides an explanation and the biological
backdrop of the observations of Mordi et al., who reported a strong association of pDES
levels and adverse AAA events, such as rupture, independent of aortic diameter [16]
and highlights the notion that aortic diameter alone might not suffice as a rupture risk
stratification tool and intervention guide for AAA [24] and TAAA alike.

Understanding pDES as a marker of aortic wall elastolysis, our study found that only
MMP2 and TIMP1 exhibited a clear correlation. Although previous research has implicated
MMP9 and MMP12 in the formation and expansion of AAA [25], no significant relationship
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between these MMPs and pDES was observed in our TAAA cohort. MMP9 and MMP12
are primarily produced by inflammatory cells [26], and are central to AAA pathogenesis,
whereas degenerative processes predominate in the descending thoracic aorta [27]. The
lack of a conclusive association between pDES and these MMPs likely reflects the complex
interplay among MMPs [28] and the variable impact of inflammation on elastolysis within
this multisegmented pathology.

Considering its clinical potential, measuring pDES offers a promising alternative to a
vast array of other biomarkers for AAA growth and rupture [15] and it has been reported
that AAA patients display higher levels of pDES in comparison to healthy controls [16].
As previously speculated [29], serum elastin peptides may also serve as a diagnostic
tool for thoracic aortic aneurysms—a silent disease in urgent need of effective screening.
Beyond aneurysmal disease, the measurement of pDES may have further applications
in the evaluation of acute aortic syndromes, including acute type B dissection, acute
type A dissection, intramural hematoma and contained rupture. In these conditions,
increased elastin degradation and extracellular matrix remodeling play a critical role in
disease progression and wall instability. Monitoring pDES levels could potentially aid in
identifying patients at higher risk of adverse events, support early diagnosis, and guide
therapeutic decision-making.

A key novel finding of our study is the marked elevation of pDES in TAAA patients
compared to healthy, age- and gender-matched controls. A pDES threshold of 0.27 ng/mL
was able to distinguish TAAA patients from controls with a sensitivity of 78.6% and a
specificity of 76.7%. It is important to note that this cutoff, derived from a relatively
small cohort, may not be directly comparable to thresholds previously reported for AAA
patients [16]. Although a direct comparison of AAA and TAAA patients is beyond the
scope of this study, we speculate that the proteolytic degradation of the elastin-rich thoracic
aorta, a process particularly prominent in TAAA [30], may significantly influence pDES
levels. In support of this hypothesis, the mean percentage of elastic fibers in the aortic
media within our cohort was directly proportional to and significantly correlated with
pDES. Accordingly, we do not propose pDES as a biomarker exclusive to TAAAs, but as
a biologically plausible and quantifiable indicator of the extensive elastolysis occurring
in this multi-segmented disease. Whether pDES differs across isolated thoracic, isolated
abdominal, and combined thoracoabdominal aneurysm disease remains unknown and
warrants future investigation in dedicated comparative cohorts.

The findings of this study should be interpreted in the context of its limitations.
First, although the cohort represents one of the largest series with paired plasma and
full-thickness aortic tissue samples in TAAA patients, the sample size remains limited.
This reflects both the rarity of TAAA and the restricted availability of surgically accessible
tissue. As a consequence, replication in an independent cohort was not feasible and should
be pursued in larger, multicenter studies. The small sample size may have reduced the
statistical power of our analysis, potentially obscuring subtle patterns in the data. Although
the primary endpoints were statistically supported, the relationships between MMP9,
MMP12, and pDES remained inconclusive. Additionally, our immunohistological analysis
focused on the most prominent enzymes involved in aortic elastolysis, thereby excluding
a broader range of enzymes known to contribute to this process. We acknowledge that
Western blot band visibility varied between samples, reflecting differences in tissue quality
and protein yield. All quantitative analyses relied on normalized densitometric data rather
than visual inspection. Moreover, as is common in studies of the human thoracoabdominal
aorta, we were unable to include a comparable control cohort of healthy histological tissue
specimens for assessing intramural proteolytic activity in the non-aneurysmatic aorta.
Similarly, while our surgical tissue samples were meticulously dissected to include all
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three layers of the aortic wall, they represent only a portion of the diseased aorta and do
not capture the full extent of intramural proteolytic activity. This limitation is particularly
relevant in post dissection aneurysms, where the expansion of the aortic diameter is affected
by the degenerative changes in the false lumen, potentially further influenced by enzymatic
activity from the intraluminal thrombus, as observed in AAA [31]. Yet, in each case a tissue
sample including the whole aortic wall could be gained. To minimize external variability,
all tissue samples were collected and processed using a standardized protocol, ensuring a
homogeneous cohort.

4. Materials and Methods
4.1. Study Design and Patient Cohorts

This single-centre, prospective, observational trial was conducted in compliance with
the Declaration of Helsinki and the STROBE guidelines. The study protocol was reviewed
and approved by the Ethics Committee of the University Hospital Aachen (EK010/19
and EK102/20). This study was registered in the German Clinical Trials Register (DRKS)
under the registration number DRKS00036920. The study population consisted of two
groups: patients undergoing elective open TAAA repair and a control group of healthy
individuals. Control subjects were recruited during blood donation sessions. All control
participants underwent routine screening to rule out underlying conditions, including
aortic aneurysms and lung disease. In total, 30 patients with TAAA and 30 controls were
included in the analysis. Written informed consent was obtained from all participants prior
to their inclusion. Pregnant individuals and those under 18 years of age were excluded
from the study. Data on patients’ medical history and demographic details were collected
from digital medical records and clinical charts. Chronic obstructive pulmonary disease
was diagnosed in patients with a post-bronchodilator FEV1/FVC ratio < 0.7 [32]. Coronary
artery disease was diagnosed in patients with chronic angina syndromes—with or without
previous myocardial infarction or revascularization—and ischemic heart disease diagnosed
by noninvasive testing [33].

4.2. Material Acquisition and Processing

Blood samples from patients were collected prior to surgery, while control samples
were obtained during routine blood donation sessions. Intraoperative aortic tissue samples
were obtained from 12 patients, each from at least one of three anatomical regions: the
distal thoracic, suprarenal, or infrarenal aorta. Tissue resection was performed in a sterile
environment, focusing exclusively on diseased segments of the aorta. Care was taken
to ensure that all three layers of the aortic wall were included. Full-thickness samples
could be obtained in 12 patients: these were the only specimens eligible for Western blot
analysis. The availability of tissues was determined solely by intraoperative feasibility
and patient safety. All tissue samples meeting the requirement of containing all three
layers of the aortic wall were processed. Each sample was assigned an anonymous study
identifier, which was carried through all analyses. In several patients, full-thickness aortic
wall tissue could be harvested from more than one anatomical region (thoracic, suprarenal,
infrarenal). Because intraoperative feasibility varied, the number of available segments
differed between patients. Western blot analysis was therefore performed per anatomical
segment, not per patient. For each patient, the densitometric intensities of all available
segments were subsequently aggregated into a single per-patient value (mean relative
intensity) for statistical correlation with plasma pDES. This aggregation approach was
selected because each segment originates from the same aneurysm and reflects the patient-
specific proteolytic profile. The anatomical origin and the aggregated per-patient values,
are provided in Supplementary Table S1.
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For histological analysis, the collected samples were preserved in a formaldehyde
solution (3.5–4%), embedded in paraffin, and sectioned into 2-micrometer slices us-
ing a Leica SM200R microtome (Leica Biosystems Inc., Nußloch, Germany). The sec-
tions underwent MOVAT-pentachrome staining and were digitized at 20× magnifica-
tion using a FRITZ Slidescanner (PreciPoint GmbH, Munich, Germany) at the Interdis-
ciplinary Center for Clinical Research (IZKF) at University Hospital Aachen. Elastin
content of vascular samples was assessed using the open-source software QuPath v0.5.1
(https://qupath.github.io/) [34]. The medial layer of each section was delineated, and a
colour threshold was applied to identify elastic fibers, quantifying the elastin staining as a
percentage relative to the medial layer. Artifacts and folds present in the tissue sections were
manually excluded.

For Western blot analysis, tissue samples were lysed in 200 µL β-mercaptoethanol-
containing lysis buffer and mechanically homogenized to release proteins. Insoluble
debris was removed by centrifugation at 15,000 rpm for 1:30 min, and the supernatant
containing soluble proteins was collected. Protein concentrations were measured us-
ing the BCA assay according to the manufacturer’s protocol [35]. Samples were boiled
for 5 min at 95 ◦C and separated using 10% or 15% SDS-PAGE electrophoresis with
170 mV per gel. Proteins were then transferred onto a nitrocellulose membrane. The
transfer process was carried out at 100 mV for 1 h. Following the transfer, the membranes
were blocked for 30 min with 4% skimmed milk in TBS-T (0.1% Tween 20 in Tris-buffered
saline). Membranes were incubated overnight at 4 ◦C with primary antibodies under gentle
agitation. After incubation, membranes were washed three times for 10 min each with
TBS-T and then exposed to a secondary antibody (diluted 1:10,000) for 1 h. The washing
steps were repeated, and immunoreactive proteins were visualized using an enhanced
chemiluminescence detection system. Band intensity was quantified densitometrically and
normalized to β-actin levels using ImageJ Fiji (Release 2.17.0) [36].

pDES concentrations were measured using a validated stable isotope dilution liquid
chromatography–tandem mass spectrometry method described previously [37].

4.3. Statistical Analysis

Continuous variables are presented as mean ± standard deviation (SD) or as median
with interquartile range (IQR) for skewed data, while categorical variables are expressed
as counts and percentages. Since pDES concentrations did not follow a normal distribu-
tion, they were log-transformed prior to analysis. Correlations were analyzed with the
Spearman’s test. Propensity Score Matching was performed to balance observed covariates
between patients and controls. Propensity scores were estimated using a logistic regres-
sion model, including age and gender as predictors. Patients and controls were matched
using a greedy nearest-neighbor algorithm (1:1 ratio) with a calliper width of 0.5 on the
logit of the propensity score. Matching was restricted to observations within the region
of common support to ensure comparability, and exact matching was applied on gender.
Balance was assessed using standardized mean differences and variance ratios. Matching
improved the balance of covariates, with standardized mean differences for age and logit
propensity scores reduced to acceptable levels (<0.25). Gender achieved perfect balance
due to exact matching. A two-sample t-test was conducted on the matched dataset to
compare log-transformed pDES levels between patients and controls. Receiver operating
characteristic (ROC) curve analysis was conducted to evaluate the diagnostic potential of
pDES for TAAA, with the optimal cut-off determined using the Youden index. All statistical
tests were two-tailed, with significance set at p < 0.05. Analyses were performed using SAS
software version 9.4 (© 2024 SAS Institute Inc., Cary, NC, USA).
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5. Conclusions
pDES levels are significantly elevated in TAAA patients compared with a matched co-

hort of non-aneurysmatic patients. pDES correlates significantly with increased intramural
MMP-mediated elastolysis—independent of aortic diameter—suggesting that pDES can
serve as an indicator of aneurysms with active elastolytic processes. Given its promise as
both a screening tool and a risk stratification adjunct for TAAA patients, larger studies are
warranted to validate its clinical utility, especially in fields of acute aortic pathologies and
progressive aneurysmal degeneration of the aorta in clinical asymptomatic patients.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms27031236/s1. Representative histological samples and western
blot images are shown in the Supplementary Materials.
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STROBE Strengthening the Reporting of Observational Studies in Epidemiology
TAAA Thoracoabdominal Aortic Aneurysm
TIMP Tissue Inhibitor of Metalloproteinases

References
1. Bickerstaff, L.K.; Pairolero, P.C.; Hollier, L.H.; Melton, L.J.; Van Peenen, H.J.; Cherry, K.J.; Joyce, J.W.; Lie, J.T. Thoracic aortic

aneurysms: A population-based study. Surgery 1982, 92, 1103–1108.
2. Booher, A.M.; Eagle, K.A. Diagnosis and management issues in thoracic aortic aneurysm. Am. Heart J. 2011, 162, 38–46.e31.

[CrossRef] [PubMed]
3. Hiratzka, L.F.; Bakris, G.L.; Beckman, J.A.; Bersin, R.M.; Carr, V.F.; Casey, D.E., Jr.; Eagle, K.A.; Hermann, L.K.; Isselbacher,

E.M.; Kazerooni, E.A.; et al. 2010 ACCF/AHA/AATS/ACR/ASA/SCA/SCAI/SIR/STS/SVM guidelines for the diagnosis and
management of patients with Thoracic Aortic Disease: A report of the American College of Cardiology Foundation/American
Heart Association Task Force on Practice Guidelines, American Association for Thoracic Surgery, American College of Radiology,
American Stroke Association, Society of Cardiovascular Anesthesiologists, Society for Cardiovascular Angiography and Interven-
tions, Society of Interventional Radiology, Society of Thoracic Surgeons, and Society for Vascular Medicine. Circulation 2010, 121,
e266–e369, Correction in Circulation, 2010, 122, e410. https://doi.org/10.1161/CIR.0b013e3181eb56b. Correction in Circulation,
2013, 128, e177–e178. https://doi.org/10.1161/CIR.0b013e3182a7f655. [CrossRef] [PubMed]

4. Dombrowski, D.; Long, G.W.; Chan, J.; Brown, O.W. Screening Chest Computed Tomography is Indicated in All Patients with
Abdominal Aortic Aneurysm. Ann. Vasc. Surg. 2020, 65, 190–195. [CrossRef] [PubMed]

5. Trimarchi, S.; Sangiorgi, G.; Sang, X.; Rampoldi, V.; Suzuki, T.; Eagle, K.A.; Elefteriades, J.A. In Search of Blood Tests for Thoracic
Aortic Diseases. Ann. Thorac. Surg. 2010, 90, 1735–1742. [CrossRef]

6. Ostberg, N.P.; Zafar, M.A.; Ziganshin, B.A.; Elefteriades, J.A. The Genetics of Thoracic Aortic Aneurysms and Dissection:
A Clinical Perspective. Biomolecules 2020, 10, 182. [CrossRef]

7. Stoecker, J.B.; Wang, G.J. Epidemiology of thoracoabdominal aortic aneurysms. Semin. Vasc. Surg. 2021, 34, 18–28. [CrossRef]
8. LeMaire, S.A.; Carter, S.A.; Volguina, I.V.; Laux, A.T.; Milewicz, D.M.; Borsato, G.W.; Cheung, C.K.; Bozinovski, J.; Markesino,

J.M.; Vaughn, W.K.; et al. Spectrum of Aortic Operations in 300 Patients With Confirmed or Suspected Marfan Syndrome. Ann.
Thorac. Surg. 2006, 81, 2063–2078. [CrossRef]

9. Yang, G.; Khan, A.; Liang, W.; Xiong, Z.; Stegbauer, J. Aortic aneurysm: Pathophysiology and therapeutic options. MedComm
2024, 5, e703. [CrossRef]

10. Chung, A.W.Y.; Au Yeung, K.; Sandor, G.G.S.; Judge, D.P.; Dietz, H.C.; van Breemen, C. Loss of Elastic Fiber Integrity and
Reduction of Vascular Smooth Muscle Contraction Resulting From the Upregulated Activities of Matrix Metalloproteinase-2 and
-9 in the Thoracic Aortic Aneurysm in Marfan Syndrome. Circ. Res. 2007, 101, 512–522. [CrossRef]

11. Weiss, D.; Latorre, M.; Rego, B.V.; Cavinato, C.; Tanski, B.J.; Berman, A.G.; Goergen, C.J.; Humphrey, J.D. Biomechanical
consequences of compromised elastic fiber integrity and matrix cross-linking on abdominal aortic aneurysmal enlargement. Acta
Biomater. 2021, 134, 422–434. [CrossRef] [PubMed]

12. Maguire, E.M.; Pearce, S.W.A.; Xiao, R.; Oo, A.Y.; Xiao, Q. Matrix Metalloproteinase in Abdominal Aortic Aneurysm and Aortic
Dissection. Pharmaceuticals 2019, 12, 118. [CrossRef] [PubMed]

13. Di Gregoli, K.; Atkinson, G.; Williams, H.; George, S.J.; Johnson, J.L. Pharmacological Inhibition of MMP-12 Exerts Protective
Effects on Angiotensin II-Induced Abdominal Aortic Aneurysms in Apolipoprotein E-Deficient Mice. Int. J. Mol. Sci. 2024,
25, 5809. [CrossRef] [PubMed]

14. Forsythe, R.O.; Newby, D.E.; Robson, J.M. Monitoring the biological activity of abdominal aortic aneurysms Beyond Ultrasound.
Heart 2016, 102, 817–824. [CrossRef]

15. Groeneveld, M.E.; Meekel, J.P.; Rubinstein, S.M.; Merkestein, L.R.; Tangelder, G.J.; Wisselink, W.; Truijers, M.; Yeung, K.K.
Systematic Review of Circulating, Biomechanical, and Genetic Markers for the Prediction of Abdominal Aortic Aneurysm Growth
and Rupture. J. Am. Heart Assoc. 2018, 7, e007791. [CrossRef]

16. Mordi, I.R.; Forsythe, R.O.; Gellatly, C.; Iskandar, Z.; McBride, O.M.; Saratzis, A.; Chalmers, R.; Chin, C.; Bown, M.J.; Newby, D.E.;
et al. Plasma Desmosine and Abdominal Aortic Aneurysm Disease. J. Am. Heart Assoc. 2019, 8, e013743. [CrossRef]

17. Wang, X.; Khalil, R.A. Matrix Metalloproteinases, Vascular Remodeling, and Vascular Disease. Adv. Pharmacol. 2018, 81, 241–330.
[CrossRef]

18. Wolosowicz, M.; Prokopiuk, S.; Kaminski, T.W. The Complex Role of Matrix Metalloproteinase-2 (MMP-2) in Health and Disease.
Int. J. Mol. Sci. 2024, 25, 13691. [CrossRef]

19. Zhuo, W.-H.; Hey, H.W.D.; Lam, W.M.R.; Chan, X.C.; Lit, L.H.; Chiong, Y.S.; Wong, H.-K. Increased matrix metalloproteinase-2
in ligamentum flavum hypertrophy and the regulation of MMP-2/TIMPs by elastin-derived peptides. J. Orthop. Res. 2024, 42,
2061–2071. [CrossRef]

https://doi.org/10.3390/ijms27031236

https://doi.org/10.1016/j.ahj.2011.04.010
https://www.ncbi.nlm.nih.gov/pubmed/21742088
https://doi.org/10.1161/CIR.0b013e3181eb56b
https://doi.org/10.1161/CIR.0b013e3182a7f655
https://doi.org/10.1161/CIR.0b013e3181d4739e
https://www.ncbi.nlm.nih.gov/pubmed/20233780
https://doi.org/10.1016/j.avsg.2019.11.029
https://www.ncbi.nlm.nih.gov/pubmed/31783113
https://doi.org/10.1016/j.athoracsur.2010.04.111
https://doi.org/10.3390/biom10020182
https://doi.org/10.1053/j.semvascsurg.2021.02.001
https://doi.org/10.1016/j.athoracsur.2006.01.070
https://doi.org/10.1002/mco2.703
https://doi.org/10.1161/CIRCRESAHA.107.157776
https://doi.org/10.1016/j.actbio.2021.07.059
https://www.ncbi.nlm.nih.gov/pubmed/34332103
https://doi.org/10.3390/ph12030118
https://www.ncbi.nlm.nih.gov/pubmed/31390798
https://doi.org/10.3390/ijms25115809
https://www.ncbi.nlm.nih.gov/pubmed/38891996
https://doi.org/10.1136/heartjnl-2015-308779
https://doi.org/10.1161/JAHA.117.007791
https://doi.org/10.1161/JAHA.119.013743
https://doi.org/10.1016/bs.apha.2017.08.002
https://doi.org/10.3390/ijms252413691
https://doi.org/10.1002/jor.25841
https://doi.org/10.3390/ijms27031236


Int. J. Mol. Sci. 2026, 27, 1236 11 of 11

20. Lindholt, J.S.; Heickendorff, L.; Vammen, S.; Fasting, H.; Henneberg, E.W. Five-year results of elastin and collagen markers
as predictive tools in the management of small abdominal aortic aneurysms. Eur. J. Vasc. Endovasc. Surg. 2001, 21, 235–240.
[CrossRef]

21. Riambau, V.; Böckler, D.; Brunkwall, J.; Cao, P.; Chiesa, R.; Coppi, G.; Czerny, M.; Fraedrich, G.; Haulon, S.; Jacobs, M.J.; et al.
Editor’s Choice—Management of Descending Thoracic Aorta Diseases: Clinical Practice Guidelines of the European Society for
Vascular Surgery (ESVS). Eur. J. Vasc. Endovasc. Surg. 2017, 53, 4–52. [CrossRef] [PubMed]

22. Bath, M.F.; Saratzis, A.; Saedon, M.; Sidloff, D.; Sayers, R.; Bown, M.J. Patients with Small Abdominal Aortic Aneurysm are
at Significant Risk of Cardiovascular Events and this Risk is not Addressed Sufficiently. Eur. J. Vasc. Endovasc. Surg. 2017, 53,
255–260. [CrossRef] [PubMed]

23. Basu, P.; Sen, U.; Tyagi, N.; Tyagi, S.C. Blood flow interplays with elastin: Collagen and MMP: TIMP ratios to maintain healthy
vascular structure and function. Vasc. Health Risk Manag. 2010, 6, 215–228. [CrossRef] [PubMed]

24. Memon, A.A.; Zarrouk, M.; Ågren-Witteschus, S.; Sundquist, J.; Gottsäter, A.; Sundquist, K. Identification of novel diagnostic and
prognostic biomarkers for abdominal aortic aneurysm. Eur. J. Prev. Cardiol. 2020, 27, 132–142. [CrossRef]

25. Skotsimara, G.; Antonopoulos, A.; Oikonomou, E.; Papastamos, C.; Siasos, G.; Tousoulis, D. Aortic Wall Inflammation in the
Pathogenesis, Diagnosis and Treatment of Aortic Aneurysms. Inflammation 2022, 45, 965–976. [CrossRef]

26. Theruvath, T.P.; Jones, J.A.; Ikonomidis, J.S. Matrix metalloproteinases and descending aortic aneurysms: Parity, disparity, and
switch. J. Card. Surg. 2012, 27, 81–90. [CrossRef]

27. Ince, H.; Nienaber, C.A. Etiology, pathogenesis and management of thoracic aortic aneurysm. Nat. Clin. Pract. Cardiovasc. Med.
2007, 4, 418–427. [CrossRef]

28. Longo, G.M.; Xiong, W.; Greiner, T.C.; Zhao, Y.; Fiotti, N.; Baxter, B.T. Matrix metalloproteinases 2 and 9 work in concert to
produce aortic aneurysms. J. Clin. Investig. 2002, 110, 625–632. [CrossRef]

29. van Bogerijen, G.H.W.; Tolenaar, J.L.; Grassi, V.; Lomazzi, C.; Segreti, S.; Rampoldi, V.; Elefteriades, J.A.; Trimarchi, S. Biomarkers
in TAA—The Holy Grail. Prog. Cardiovasc. Dis. 2013, 56, 109–115. [CrossRef]

30. Liyanage, L.; Musto, L.; Budgeon, C.; Rutty, G.; Biggs, M.; Saratzis, A.; Vorp, D.A.; Vavourakis, V.; Bown, M.; Tsamis, A.
Multimodal Structural Analysis of the Human Aorta: From Valve to Bifurcation. Eur. J. Vasc. Endovasc. Surg. 2022, 63, 721–730.
[CrossRef]

31. Wagenhäuser, M.U.; Mulorz, J.; Krott, K.J.; Bosbach, A.; Feige, T.; Rhee, Y.H.; Chatterjee, M.; Petzold, N.; Böddeker, C.; Ibing, W.;
et al. Crosstalk of platelets with macrophages and fibroblasts aggravates inflammation, aortic wall stiffening, and osteopontin
release in abdominal aortic aneurysm. Cardiovasc. Res. 2024, 120, 417–432. [CrossRef]

32. Agustí, A.; Celli, B.R.; Criner, G.J.; Halpin, D.; Anzueto, A.; Barnes, P.; Bourbeau, J.; Han, M.K.; Martinez, F.J.; Montes de Oca, M.;
et al. Global Initiative for Chronic Obstructive Lung Disease 2023 Report: GOLD Executive Summary. Am. J. Respir. Crit. Care
Med. 2023, 207, 819–837. [CrossRef]

33. Virani, S.S.; Newby, L.K.; Arnold, S.V.; Bittner, V.; Brewer, L.C.; Demeter, S.H.; Dixon, D.L.; Fearon, W.F.; Hess, B.; Johnson, H.M.;
et al. 2023 AHA/ACC/ACCP/ASPC/NLA/PCNA Guideline for the Management of Patients With Chronic Coronary Disease:
A Report of the American Heart Association/American College of Cardiology Joint Committee on Clinical Practice Guidelines.
Circulation 2023, 148, e9–e119, Correction in Circulation 2023, 148, e148. Correction in Circulation 2023, 148, e186. [CrossRef]

34. Bankhead, P.; Loughrey, M.B.; Fernández, J.A.; Dombrowski, Y.; McArt, D.G.; Dunne, P.D.; McQuaid, S.; Gray, R.T.; Murray, L.J.;
Coleman, H.G.; et al. QuPath: Open source software for digital pathology image analysis. Sci. Rep. 2017, 7, 16878. [CrossRef]

35. Campion, E.M.; Walls, D.; Loughran, S.T. Protein Quantitation and Analysis of Purity. Methods Mol. Biol. 2023, 2699, 305–347.
[CrossRef]

36. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

37. Albarbarawi, O.; Barton, A.; Miller, D.; McSharry, C.; Chaudhuri, R.; Thomson, N.C.; Palmer, C.N.; Devereux, G.; Huang, J.T.
Characterization and validation of an isotope-dilution LC-MS/MS method for quantification of total desmosine and isodesmosine
in plasma and serum. Bioanalysis 2013, 5, 1991–2001. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27031236

https://doi.org/10.1053/ejvs.2001.1329
https://doi.org/10.1016/j.ejvs.2016.06.005
https://www.ncbi.nlm.nih.gov/pubmed/28081802
https://doi.org/10.1016/j.ejvs.2016.10.013
https://www.ncbi.nlm.nih.gov/pubmed/27884711
https://doi.org/10.2147/vhrm.s9472
https://www.ncbi.nlm.nih.gov/pubmed/20407629
https://doi.org/10.1177/2047487319873062
https://doi.org/10.1007/s10753-022-01626-z
https://doi.org/10.1111/j.1540-8191.2011.01315.x
https://doi.org/10.1038/ncpcardio0937
https://doi.org/10.1172/JCI0215334
https://doi.org/10.1016/j.pcad.2013.05.004
https://doi.org/10.1016/j.ejvs.2022.02.005
https://doi.org/10.1093/cvr/cvad168
https://doi.org/10.1164/rccm.202301-0106PP
https://doi.org/10.1161/CIR.0000000000001168
https://doi.org/10.1038/s41598-017-17204-5
https://doi.org/10.1007/978-1-0716-3362-5_16
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.4155/bio.13.164
https://doi.org/10.3390/ijms27031236

	Introduction 
	Results 
	Cohort Description 
	pDES and MMP Relative Intensity in the Aortic Wall 
	pDES Levels in Patients and Controls 
	Diagnostic Performance of pDES 

	Discussion 
	Materials and Methods 
	Study Design and Patient Cohorts 
	Material Acquisition and Processing 
	Statistical Analysis 

	Conclusions 
	References

