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Aortic Aneurysm: Finding the Right Target

Elena Kaschina
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This Special Issue of Biomedicines highlights many important scientific findings in
aneurysm research. The issue publishes a systematic, up-to-date review on aortic aneurysms
(AAs) and nine research articles on pathophysiology, gene expression, novel drug targets,
clinical imaging, and prognostic methods. These investigations focus on different segments
of the aorta, from the aortic root to the abdominal aorta, as well as on unruptured, ruptured,
and repaired aneurysms. The issue also highlights the recent novel methods developed for
the evaluation of aneurysm study outcomes. I would like to summarize and briefly discuss
the articles in this Special Issue.

Abdominal AAs, being much more common than thoracic aneurysms and dissections [1],
have also received a lot of attention in this issue. To begin with, the review by Kessler V.
and co-authors [2] provides an appraisal of the literature on risk factors for abdominal AAs,
their clinical manifestations, methods of diagnosis, and options for surgical interventions.
The authors comprehensively describe the most relevant and up-to-date information on
the key pathomechanisms of aneurysm formation, such as intraluminal thrombosis, in-
creased proteolysis, and chronic inflammation, pointing to the role of activated monocytes,
macrophages, and neutrophils. The authors also discuss the repurposing of the anti-diabetic
drug metformin with anti-inflammatory pleiotropic properties, which may possibly be
used for the prevention of aneurysm progression.

The aortic diameter of abdominal AA is a very important diagnostic parameter, as the
risk of rupture increases with its size [1]. Jusko M., with co-authors [3], was looking for
the diagnostic criteria, indicating the high risk of rupture. The diameters of the aneurysm
and normal aorta were measured by computer tomography and compared in patients with
ruptured and unruptured aneurysms. The authors found that in small aneurysms with a
present neck segment, the ratio of the aneurysm sac to aorta diameter was a significant
prognostic factor for aortic rupture. This work will help surgeons weigh the risk-to-benefit
ratio of treating abdominal AA.

A secondary rupture may occur in patients after surgical treatment as well. A perfusion
of the aneurysm after endovascular repair (EVAR), an endoleak, often triggers a secondary
rupture. The special mechanisms that provoke this added complication and the ways of
preventing it are unclear. Buerger M. et al. [4] investigated the structure of aortic tissues
in patients after EVAR. The authors evaluated the peptide signature of the thoracic and
abdominal aortas by using matrix-assisted laser desorption (MALDI) or ionization mass
spectrometry imaging (MSI). Aortas after EVAR were characterized by decreased content of
actin, tropomyosin, troponin, and collagen, as well as impaired respiratory chain function.
These findings warrant further investigations into possible treatment options for patients
with repaired aneurysms.

Knowledge of genetic architecture may advance understanding of the processes in-
volved in aneurysm formation. Two in silico studies coming from the group of Michael
Keese represent the key gene related to abdominal AA.

First, Li L. and co-authors [5] found the key modules, for example, the mitotic cell cycle,
GTPase activity, and several metabolic processes, which may contribute to aneurysmal
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growth. Furthermore, the authors could identify seven key genes (CCR5, ADCY5, ADCY3,
ACACB, LPIN1, ACSL1, and UCP3) that regulate disease progression and 35 compounds
targeting these genes. These substances may be candidates for the prevention of aneurysm
progression. Kan K.J. et al. [6] further identified significant genes in abdominal AA patients.
Moreover, the authors could predict the potential therapeutic compounds for these genes.
Weighted correlation network analysis (WGCNA) and text mining identified 3 hub modules
and 144 hub genes. The most interesting hub genes were asparagine synthetase, axin-related
protein 2, melanoma cell adhesion molecule, and testis-specific Y-encoded-like protein 1.
Importantly, potential compounds targeting the genes were also defined: asparaginase,
prednisolone, and abiraterone. Indeed, these novel candidates should be further tested in
experimental models of aneurysms.

A genetic study by Piacentini L. and co-authors [7] focused on perivascular adipose
tissue that is known to be involved in the pathogenesis of abdominal AA [8]. The au-
thors identified the most relevant transcription factors NFKB1, SPIB, TBP, and the nuclear
receptor RXRA, as well as the protein kinases MAPK1 and GSKB3. These factors are
known to regulate gene subsets of immune response in the perivascular adipose tissue of
abdominal AA.

The need for the development of effective novel drugs for abdominal AA remains
urgent. Here, two studies analyze the effectiveness of new therapeutic approaches.

The first one is pentagalloyl glucose (PGG), a gallotannin, which prevents the degrada-
tion of elastin and collagen in blood vessels and restores the biomechanical properties of the
arterial extracellular matrix [9]. Recent experimental studies investigated the effectiveness
of this compound in abdominal AA. The work by Golledge J. and co-authors [10] performed
a meta-analysis of eleven studies on the effects of PGG on abdominal AA expansion. Aor-
tic expansion assessed by direct measurement was used as the primary outcome in this
study. The authors additionally analyzed the effects of PGG delivery in specific forms and
at different treatment regimes and tested them in different animal models. The authors
concluded that the studies were inconsistent. Unfortunately, the evidence that PGG may
be protective in patients with early-stage abdominal AA is of low quality. Thus, more
information and qualitative research on PGG are needed.

Melin L.G. et al. [11] performed an experimental study in the rat using an elastase
perfusion model of abdominal AA. The rats were treated with cycloastragenol, a compound
from Astragalus, a Chinese medicinal herb, which improves the functioning of the immune
and cardiovascular systems and boosts immunotherapy for some types of cancer [12]. The
authors showed that treatment with cycloastragenol decreased aneurysm diameter, matrix
metalloprotease-2 activity, reduced calcification, and preserved elastin content in the aorta.
In view of these positive effects, cycloastragenol was suggested for a trial in abdominal
AA patients.

Two further studies focused mainly on thoracic aneurysms. Parikh S. and co-authors [13]
evaluated a new intra-operative video-based method to assess local biaxial strains of the
ascending thoracic aorta. The authors performed repeated biaxial strain measurements on the
patients undergoing open-chest surgery. Obtained data enable further investigations on the
remodeling processes in the thoracic aorta and biomechanical modeling of aortic aneurysms.

Interestingly, diabetes mellitus is associated with a reduced risk of AA and
dissection [14,15]. Therefore, Ntika S. and co-authors [16] were looking for the under-
lying mechanisms for the reduced risk of thoracic AA in diabetic patients. In aortic tissues
from patients with type 2 diabetes, the authors found an increased expression of Syndecan-1
and a marker of macrophages. Syndecans are cell surface proteoglycans that interact with
integrins, tyrosine kinase receptors, and extracellular matrix proteins [17]. The authors
propose that increased aortic Syndecan-1 expression in humans may reduce the prevalence
of thoracic AA in diabetes patients. Given that Syndecan-1 demonstrated protective anti-
inflammatory function in aneurysm formation in animals [18], it needs further research as
a promising drug candidate.
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Altogether, genetic and basic science research presented in this issue identified novel
pivotal cell signaling pathways in AAs and new drug targets to prevent aneurysmal growth.
Cycloastragenol, Syndecan-1, and pentagalloyl glucose, being promising candidates, re-
quire further investigations. Perivascular adipose tissue remains an important source of
gene subsets influencing innate and antigen-driven immune responses. Further identifica-
tion of drug targets that could prevent distal and proximal aneurysmal extension following
surgical correction is of great relevance. Moreover, modern scientific approaches described
in this issue, such as biomechanical modeling, MALDI-MSI, and weighted correlation
network analysis, may pave the way for the development of effective new treatments.

As the editor, I would like to take this opportunity to express my deep gratitude to all
researchers for their great discoveries despite the challenges of COVID-19.

Conflicts of Interest: The author declares no conflict of interest.
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AAA Revisited: A Comprehensive Review of Risk Factors,
Management, and Hallmarks of Pathogenesis

Veronika Kessler, Johannes Klopf, Wolf Eilenberg, Christoph Neumayer and Christine Brostjan *

Department of General Surgery, Division of Vascular Surgery, Medical University of Vienna, Vienna General
Hospital, 1090 Vienna, Austria; veronika.kessler@gmail.com (V.K.); johannes.klopf@meduniwien.ac.at (J.K.);
wolf.eilenberg@meduniwien.ac.at (W.E.); christoph.neumayer@meduniwien.ac.at (C.N.)
* Correspondence: christine.brostjan@meduniwien.ac.at; Tel.: +43-1-40400-73514

Abstract: Despite declining incidence and mortality rates in many countries, the abdominal aortic
aneurysm (AAA) continues to represent a life-threatening cardiovascular condition with an overall
prevalence of about 2–3% in the industrialized world. While the risk of AAA development is
considerably higher for men of advanced age with a history of smoking, screening programs serve
to detect the often asymptomatic condition and prevent aortic rupture with an associated death
rate of up to 80%. This review summarizes the current knowledge on identified risk factors, the
multifactorial process of pathogenesis, as well as the latest advances in medical treatment and surgical
repair to provide a perspective for AAA management.

Keywords: abdominal aortic aneurysm; risk factors; pathogenesis; review; treatment

1. Introduction

An aneurysm is a persistent and localized weakening and dilation of a blood vessel,
typically an artery [1]. An abdominal aortic aneurysm (AAA) is, therefore, an irreversible
dilation of the abdominal aorta between the diaphragm and the iliac bifurcation [2]. AAAs
are typically ‘true aneurysms’, characterized by involvement and dilation of all three layers
of the vascular wall. In contrast, a pseudoaneurysm or ‘false aneurysm’ caused by an
arterial injury, such as a puncture or dissection, is hallmarked by blood infiltrating between
the wall layers [2].

AAAs that are located below the renal arteries, i.e., infrarenally, account for about
80% of cases. The remainder are juxtrarenal, pararenal, and suprarenal AAAs that involve
the renal arteries or occur above them, respectively. Typically, the wall dilation in AAAs
involves the whole circumference of the aorta (‘fusiform’). Other morphological types such
as saccular AAAs, where only part of the circumference is involved, are less common [3,4].

Clinically, no uniform definition of an AAA is universally accepted. The most com-
monly used definition is a maximum infrarenal abdominal aortic diameter of ≥30 mm,
measured by ultrasonography or computed tomography angiography (CTA) [4,5]. This
threshold is based on measurements of healthy infrarenal aortic diameters and is usually
more than two standard deviations above the mean diameter of 17.9–19.3 mm for men [6,7].
However, this cutoff might not be appropriate for patients whose infrarenal aortic diam-
eters differ from these dimensions, for instance, due to their height [5]. An alternative
definition relates the maximum infrarenal aortic diameter to its expected normal value
or to the diameter of the adjacent (i.e., the undilated suprarenal) aorta. Accordingly, a
dilation should be considered aneurysmal when this ratio exceeds 1.5 [1,8]. This definition
might be more useful for women, whose infrarenal aortic diameters measure a mean of
15.5–16.7 mm, as well as for distinct ethnic populations with deviating diameter values,
and it can also be applied to other aneurysms [9,10].
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2. Epidemiology

Lifetime risk of AAA is approximately 1 in 17 in the general population and up to
1 in 9 for current smokers [11]. A 2013 meta-analysis analyzing 56 studies of the years
1991–2013 found prevalence rates of 6.0% for men and 1.6% for women [12]. However,
reported incidence and prevalence rates show a high degree of heterogeneity, owing to
the specific definition of AAA used by the original studies and characteristics of the study
populations, such as world region or population age [13]. Mortality of AAA patients is
increased when compared to the general population, in both treated and untreated patient
groups [14]. Rupture is the main and most often lethal complication of AAAs, but the
most common causes of death for AAA patients are cardiovascular events [15,16]. Among
AAA patients, women are more likely to die from an AAA-related death (i.e., rupture),
while men die from cancer more often than from ruptures [17]. The mean time between
a scan with no detected aortic abnormalities and AAA-related death is about 10 years
(range 3.8–15.0) [18].

Analyses of historical data show a marked increase of AAA incidence, prevalence, and
mortality during the 20th century. Over the past two decades, numbers have been on the
decline in most countries, especially in Western Europe and North America [19,20]. Pooled
prevalence rates have decreased from 5.7% in 1988–1998 to 2.8% in 2011–2013 [12]. AAA
mortality has declined, as well, in most developed countries, with males and those under
the age of 75 showing the greatest improvement [15,21]. The rise and fall of AAA-related
mortality rates in developed countries correlate strongly with the changes in smoking
prevalence [11,15]. Notably, AAA mortality in men is declining in many countries, particu-
larly in the United States, the United Kingdom, and the Netherlands, while it seems to be
on the rise among men and women in Hungary, Romania, and Japan [22].

3. Clinical Presentation and Course of Disease

AAAs are typically asymptomatic until they rupture. AAAs cause unspecific symp-
toms, if any, such as abdominal tenderness or pain radiating towards the back or to the
genitals [23]. A pulsating abdominal mass may indicate the presence of an AAA, but
abdominal palpation is inherently insensitive for detection of AAAs [24]. Symptoms may
also be caused by complications such as compression of nearby organs or embolic events,
but approximately half of patients have a ruptured aneurysm as their cause of primary
presentation [25,26].

3.1. AAA Growth Rate

Disease progression is commonly non-linear with intermittent periods of aneurysm
growth. The majority of AAAs enlarge over time and only a minority of patients show
no detectable growth at all [27]. Mean growth rates range between 2.2 and 2.8 mm per
year [28–31] and do not seem to have changed over the past 25 years [32]. Growth rates vary
greatly between patients, however, and every second AAA never progresses to surgery or
rupture [33]. A multicenter study found that in 0.9% of patients, the aorta progressed from
a subaneurysmal aortic dilation (diameter 2.5–2.9 cm) to the threshold for elective surgical
intervention of 5.5 cm in as little as five years, while another quarter of patients reached
this size after 10–15 years [34].

Smoking is the most important modifiable risk factor influencing growth rates [28,30,31].
Current smoking increases growth rates by about 20%. Notably, large aneurysms are also
known to grow faster: the baseline aneurysm diameter is strongly associated with growth.
The mean estimated growth rate increases by 0.59 mm per year for every 0.5 cm increase in
the baseline diameter. For instance, an aneurysm of 3.0 cm in diameter grows an average
of 1.3 mm/year, while a 5.0 cm aneurysm grows 3.6 mm per year [35]. Other factors
influencing growth rates will be further explored in the chapter on risk factors.
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3.2. Aneurysm Rupture

Rupture is the main complication of AAAs and is associated with mortality rates of
65–80% overall [12,36]. Approximately 150,000–200,000 deaths per year worldwide can
be attributed to AAA rupture [37,38]. Incidence and mortality rates of ruptured AAAs
(rAAAs) have been declining over the past decades, while diagnoses of intact AAAs
have increased [25,39]. These developments correspond with the decline in smoking rates
among men, as well as the implementation of screening programs and subsequent uptake
in elective repairs [15,20]. Less common complications of AAAs include aortoenteric
or aortocaval fistulae and iliac vein compression resulting in deep vein thrombosis or
emboli [40–42].

The clinical presentation of a ruptured AAA is usually dramatic with sudden-onset
abdominal, chest, or back pain, and hypotension or hemorrhagic shock due to massive intra-
abdominal bleeding [43]. However, the classic triad of abdominal or back pain, shock, and
a palpable clinical mass is only present in about 50% of rAAA cases, causing frequent mis-
diagnosis as myocardial infarction, ureteric colic, or perforated gastrointestinal ulcer [44].
The rupture varies in location and extent, but if not surgically repaired immediately, it
typically leads to fatal internal bleeding [26]. Retroperitoneal (posterolateral) rupture is
observed most frequently, at about 80%, where bleeding may be temporarily restrained
by a tamponade effect [40]. Around 20% of ruptures occur anteriorly, with mostly rapid
intraperitoneal bleeding and patient death. Rupture in combination with the formation of
an aortocaval fistula (3–4%) or a primary aortoduodenal fistula (<1%) are comparably rare
events [40].

AAA diameter is the strongest predictor of rupture. The link between diameter and
rupture is well established and provides the basis for surveillance intervals for patients
with small AAAs [35]. A 2013 meta-analysis found that rupture rates doubled for every
0.5 cm increase in diameter [28]. Furthermore, rapid aneurysm growth of over 2 mm per
year significantly predicts AAA-related clinical events [33]. Other factors associated with
increased risk of rupture are increased age, female sex, current smoking, and untreated
hypertension, as well as aneurysm morphology [30,45].

4. Risk Factors and Comorbidities

Besides age and male sex, the strongest predictors of AAA are smoking and atheroscle-
rotic cardiovascular diseases. Notably, in contrast to its role in atherosclerotic disease, type
II diabetes is associated negatively with AAA.

4.1. Influence of Age and Sex

Age is one of the most important risk factors for the development of an AAA. Com-
pared to a 40–44-year-old man, the risk is increased almost 200-fold for a 75–79-year-old
man (0.83 versus 164 per 100,000) [20]. Fewer data exist regarding AAA incidence in women,
but meta-analyses of epidemiological data and population screenings indicate that the
AAA risk increases with age for women in a similar fashion, albeit on a lower level [12,46].
AAA prevalence rates for women are approximated at around 0.74–1.6%. However, it
is estimated that with an adapted threshold value of 26–27 mm for women, based on a
50% increase in size from the average baseline, the AAA prevalence in 70-year-old women
would more than double [47,48].

As for men, increased age and current smoking are the strongest risk factors for
women [49,50]. Women tend to develop AAAs later in life compared to men, but the
disease progresses more aggressively [51]. Thus, AAAs in women grow faster and their
rupture risk is about four times higher than in men [28,52,53]. Women’s AAAs tend to
rupture at smaller diameters than men’s [30,54,55], and although prevalence is 4–6 times
lower than in men, almost every third patient presenting to the hospital with a ruptured
AAA is female [56].
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4.2. Ethnicity and Socioeconomic Factors

AAA prevalence is higher among men of Caucasian descent than among African-
American, Hispanic, and Asian men, and these differences persist even after adjusting
for all other known risk factors [5,49,57,58]. While white men in the USA are more likely
to develop an AAA, non-white ethnic groups exhibit worse outcomes [59–62]. A multi-
tude of individual and environmental factors might help explain these differences, but
the proportion of their respective impact is not without controversy [57,63]. It seems that,
rather than anatomical or biological differences, disparities between different ethnicities’
courses of disease and outcomes may be mediated by the level of education, socioeconomic
status, and disposable income [64,65]. These factors have been shown to be associated with
screening attendance and AAA prevalence [66,67], as well as with rupture rates [59,61,68],
even after adjusting for sex, age, and comorbidities. Educational level influences how
patients view and manage their own health. For instance, lower education reduces adher-
ence to preventive medication and decreases the success rate of smoking cessation [69,70].
A low educational level does not affect survival after AAA repair, but low disposable
household income is associated with increased mortality after AAA repair, both short-term
and over one year, regardless of ethnicity [68,71]. On a nonindividual level, discrepancies
in management of risk factors and medical management by health care personnel may hold
a certain influence [60].

4.3. Family History and Genetic Influences

Individuals with a first-degree relative with an AAA (i.e., parent, sibling, or offspring)
have an increased risk of developing an AAA themselves (odds ratio, OR 1.96–3.8) [72–74].
Familial AAA cases tend to present at a younger age, and are associated with an increased
growth rate and higher rupture rate compared to sporadic cases, even though aneurysm
morphology does not seem to be different [75,76].

About 6–20% of AAA patients have a positive family history [73,77–79], but except
for rare hereditary diseases, such as Marfan syndrome or Ehlers–Danlos syndrome [80],
no distinct inheritance patterns have been identified to help explain familial AAA clusters.
Two large twin studies have concluded that genetic factors may contribute as much as
77% to development of an AAA, with the remaining 23% attributed to individual and
environmental factors, such as smoking [81,82]. In recent years, efforts have been made
to identify genetic and epigenetic factors (including microRNAs and long noncoding
RNAs) that contribute to AAA pathogenesis [83–85]. With respect to single nucleotide
polymorphisms, gene variations associated with AAA were found to be manifold and
partly shared with cardiovascular disease [84,85]. Thus, polygenic effects are likely to
contribute to AAA pathogenesis. As of yet, the identified factors explain but a fraction of
the heritability of aneurysmal disease, but they may help to elucidate pathophysiological
processes and potentially serve as biomarkers or therapeutic targets in the future [86,87].

4.4. Smoking

Smoking is widely accepted as the key modifiable risk factor for AAA, as it contributes
significantly to development, growth, and rupture of AAAs. It is estimated that 75% of all
AAAs larger than 4.0 cm in diameter can be attributed to smoking [88]. In a USA screening
study with 3.1 million participants, 80.2% of all AAAs were diagnosed in smokers when
they comprised 42.8% of the cohort [49]. The effect of smoking on AAA development
seems to be even stronger in women [48,89,90]. While a 10-fold, as opposed to 3-fold, risk
to develop AAA is reported for current versus past female smokers, risk factor exposure in
the pre- and/or post-menopausal period is rarely discriminated in studies on women with
aneurysmal disease, and might offer further pathomechanistic insight [89].

Reported ORs for AAA development between smokers and nonsmokers range be-
tween 2.3 and 13.72 [57,77,91,92], making the association even stronger than between smok-
ing and coronary heart disease or chronic obstructive pulmonary disease (COPD) [93,94].
COPD itself has also been suggested to be positively associated with AAA [95,96], indepen-
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dently of smoking [97]. While COPD does not seem to increase AAA growth [98], it does
increase the risk of rupture at smaller diameters [99–101]. Smoking increases AAA growth
rate by 15–24% and is associated with an increased risk of rupture, regardless of diameter
(hazard ratio (HR) 2.02) [28,30–32].

The effect of nicotine consumption on AAA development seems to be dose-dependent,
i.e., both duration and amount of smoking matter [49,65,92]. Every year of smoking
increases the relative risk (RR) of AAA by 4% [102] and a recent meta-analysis found a
summary RR of 1.87 per 10 cigarettes per day [103]. Current smokers have a particularly
high risk, with an HR of 5.55 compared to an HR of 1.91 for former smokers [57]. Smoking
cessation reduces the risk of AAA formation, aneurysm growth, and lowers rupture
rates [30,104]. Reports indicate that it may take about ten years for the excess risk for
former smokers to be halved, and that it does not approach the risk of never-smokers until
at least 25 years after quitting [90,94,103].

4.5. Atherosclerosis and Cardiovascular Diseases

Atherosclerotic cardiovascular diseases (CVDs) and AAAs often coincide, and their
intricate relationship entails commonalities, as well as distinct aspects in risk factors and
pathomechanisms. The most striking discrepancy in risk profiles is the contrasting role
of diabetes mellitus [105]. Generally, CVDs and AAAs are considered distinct disease
entities [41,106].

AAA patients often have cardiovascular comorbidities and vice versa. High copreva-
lence rates of AAA and coronary artery disease (CAD) [107], peripheral artery disease
(PAD) [11,108], and cerebrovascular disease [109] are well established [16,110]. Prevalence
rates of AAA in CVD patients are higher than among the general population, with a
greater effect of PAD than CAD or carotid atherosclerosis [49,110]. In addition to mere
coprevalence, it has been shown that a history of atherosclerotic disease increases the
risk of developing an AAA about fourfold, and this risk is amplified by having multiple
or severe CVDs [77,107]. It is estimated that up to two thirds of AAA patients have a
relevant CAD, and AAA prevalence is higher in patients with three-vessel disease versus a
lower-degree CAD [111,112]. An Italian population-based study found the highest AAA
prevalence in the subgroups with high cardiovascular risk, previous myocardial infarction,
and stroke [113].

No consistent and robust association between CAD or PAD and increased or reduced
AAA growth or rupture rates has been found [27,99,114,115]. However, AAA patients
seem to be prone to higher disease severity of atherothrombotic diseases and are at risk
for cardiovascular events [110]. Polyvascular disease, i.e., atherothrombosis in multiple
vascular beds, was found to be twice as common in AAA patients as in non-AAA patients
with other CVDs or with at least three cardiovascular risk factors (31.6% versus 15.5%). In
the same study, AAA patients were found at greater risk for newly diagnosed or worsen-
ing PAD and showed increased rates of hospitalization for atherothrombotic events and
revascularization procedures at the 1-year follow-up [110]. A patient with a small AAA is
about 1.5 times more likely to suffer a cardiovascular event than a patient without an aortic
aneurysm, and has a 3% risk of cardiovascular death per year [16,116]. Thus, despite high
mortality rates of AAA ruptures, cardiovascular events remain among the most common
causes of death in AAA patients [117,118].

4.6. Arterial Hypertension and Dyslipidemia

Pre-existing arterial hypertension increases the risk of developing an AAA significantly,
with a stronger effect on women than on men [119]. While hypertension does not seem to
be associated with AAA growth, hypertensive AAA patients do show an increased rate
of aneurysm rupture [28,31,120]. Reports indicate a dose-dependent relationship between
blood pressure and AAA, both for formation and rupture [30,119], and diastolic blood
pressure might have a more pronounced effect than systolic [31]. It is estimated that the
risk of rupture increases 1.11-fold for every 10 mmHg increase in mean blood pressure [30].
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Dysregulated serum levels of total cholesterol, triglycerides, and lipoproteins are major risk
factors for atherosclerosis and CVDs. Regarding AAA development, high serum high-density
lipoprotein (HDL) levels have an undisputed protective effect (OR 0.7–0.83) [11,121,122], while
data are not as homogenous with regards to total cholesterol (TC), low-density lipoprotein
(LDL), or triglyceride levels. An analysis of historical and current laboratory data of patients
from 12 years before their initial AAA diagnoses found that prior elevated TC, LDL, and
triglyceride levels were significantly associated with current AAA (ORs 1.9, 2.3, and 1.9,
respectively) [77]. Two meta-analyses found conflicting results, with one confirming that
increased LDL levels are associated with AAA presence [121], while the other found no
such association for LDL, but found a significant effect on AAA development for elevated
total cholesterol levels [122]. Dyslipidemia does not seem to influence AAA growth or
rupture rates [27].

Methodological differences between clinical studies and interindividual variations
in lipid metabolism could contribute to contradictory results [41]. Some authors suggest
that the traditional classification of cholesterol and triglycerides could be insufficient to
determine the true contribution of dyslipidemia to AAA development [41,123].

4.7. Obesity and Lifestyle Habits

Studies investigating the influence of obesity and high body surface area on AAA
development and growth have yielded conflicting results [124]. Both waist circumference
and waist-to-hip ratio as measures for intra-abdominal fat mass, i.e., visceral adiposity,
have been reported to be associated with the risk of AAA [125,126]. This association was
stronger in AAAs with a diameter above 40 mm, and seemed to increase linearly with waist
circumference up to a certain point [127,128]. However, no clear association of visceral
adiposity on AAA development or growth has been found [129]. A high body mass index
may, however, be associated with reduced AAA mortality [15,20]. This phenomenon
known as the ‘obesity paradox’, i.e., an association between cardiovascular risk factors and
an improvement in clinical outcomes, has been observed in other diseases as well [130].
Obstructive sleep apnea, often associated with adiposity, is common in AAA patients and
may be a risk factor for aneurysm growth, but further studies are required to elucidate this
relationship [131,132].

Regular exercise is generally safe for, and well tolerated by, patients with small
AAAs and does not influence growth rates, but may reduce the risk of AAA develop-
ment [133–135]. A well-balanced diet may reduce the risk of AAA, but studies analyzing
diet quality in AAA patients are scarce [136,137]. A deficiency of vitamin D has been
associated with AAA presence [138], and a recent experimental study showed that vitamin
D deficiency promoted AAA growth and rupture in mice [139], but further clinical studies
are needed to resolve whether a putative antioxidant effect of vitamin D would benefit
AAA patients [140].

4.8. The Role of Diabetes Mellitus

Although diabetes mellitus is a major risk factor for occlusive CVDs, type II diabetes is
associated negatively with AAA. Multiple meta-analyses of numerous large-scale epidemi-
ological and clinical studies show that the risk of developing AAA as a diabetic patient
is about half that of a nondiabetic [141–143]. Furthermore, diabetics show lower AAA
growth rates than nondiabetic AAA patients. It is estimated that type II diabetes slows
the annual growth of an AAA by 0.51–0.60 mm or about 25% [28,30,144]. A meta-analysis
investigating rupture risk found that diabetes was associated with significantly lower rates
of rupture [145]. However, diabetic patients show increased mortality after AAA repair
and lower survival rates over 2–5 years [141], which may be an indication of the higher
overall cardiovascular burden of diabetic patients [146].

This curious relationship between diabetes and AAA may be mediated by the hyper-
glycemic environment and thickened aortic wall prevalent in diabetics exerting protective
effects both biochemically and mechanically [147]. Experimental studies support a possible
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attenuation effect of hyperglycemia on AAA development and growth [148,149]. In recent
years, evidence has emerged that indicates the beneficial effect of diabetes on AAA may in
fact be mediated by the antidiabetic medication metformin [150–152]. This aspect will be
explored further in the chapter on pharmacological approaches to limit AAA growth.

5. Diagnosis and Management

Most intact AAAs are diagnosed incidentally when patients undergo imaging of the
abdominal region for an unrelated condition. Besides ultrasonography and computed
tomography, imaging modalities that may detect an AAA are diverse and include spinal
imaging and echocardiography [153,154], though analyses of sensitivity and specificity for
these modalities are scarce [155,156]. In some countries, systematic screening programs by
ultrasonography are in place [157]. After initial diagnosis, all patients should be referred to
a vascular surgeon to determine further proceedings [158].

5.1. Screening Programs

Long-term follow-up studies of large randomized controlled trials (RCTs) from the
1990s revealed that screening all 65-year-old men by one-time ultrasonography reduces
AAA-related mortality by 42–66% [159,160], with corresponding ORs in favor of screening
of 0.53–0.60 in meta-analyses [161,162]. Nationwide screening programs have since been
implemented in several countries such as the USA, UK, and Sweden [157]. Recent results
from these programs and large population-based trials confirm the benefits of screening
men with regard to AAA-specific mortality, though there are conflicting results regarding
all-cause mortality [161,162]. It is estimated that 667 men need to be screened in order to
prevent one premature AAA-related death [163]. Based on this calculation, screening of
65-year-old men for AAA is considered cost-effective and was implemented as a preventive
health measure in Sweden [163]. This strategy has been proposed to remain cost-effective,
even if AAA rates should drop by half [164]. Yet, the declining prevalence of disease is
one of the major arguments for the decision of other governments against nationwide
screening programs.

Despite possible overdiagnoses, the psychological consequences of an AAA diagnosis,
and decreasing incidence and prevalence rates, the benefits of screening men are com-
monly considered to outweigh the drawbacks [164–166]. Analyses of cost-effectiveness of
screening for men also raise the question of targeted screenings for other at-risk groups.
It is estimated that screening only male smokers between the ages of 65 and 75 leads
to an AAA detection rate of about 30% in the population aged 50–84 [49]. While most
current guidelines do not recommend population screenings for women, again mainly
due to low prevalence and cost-effectiveness considerations [10,157], Canada has recently
challenged this notion and proposed one-time screening by ultrasonography for women of
advanced age with a history of smoking or cardiovascular disease [167]. No assessments
of feasibility and cost-effectiveness have yet been performed for other candidate groups,
such as patients with other peripheral aneurysms [168], cardiovascular diseases [113,169],
or a subaneurysmal aortic dilation (2.5–2.9 cm in diameter) [32,170]. Some authors aim to
develop scoring tools for possible refinement of AAA screening strategies [171,172].

5.2. Imaging Techniques

Ultrasonography (US) and computed tomography angiography (CTA) are first-line
imaging tools for detection and management of AAAs. CTA is the gold standard for
the diagnosis of AAA rupture, therapeutic decision making, and treatment planning, as
well as post-surgical assessment and follow-up [173,174]. It provides detailed anatomical
information on the entire aorta and its adjacent vessels, allowing assessment of the extent of
the AAA, and of possible acute and chronic comorbid pathologies and, thus, exact planning
of surgical intervention [175]. Due to its wide availability, rapid image acquisition, and
lower radiation burden, CTA has virtually rendered conventional invasive angiography for
the evaluation of AAA obsolete.
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Duplex US is the recommended modality for screening and diagnosis of asymptomatic
patients [158,176], as it allows safe, noninvasive, and fast detection of AAAs with high
sensitivity and specificity [7,177]. It can also be used in emergency settings for rapid
assessment of symptomatic patients [178], but emergency conditions with possible active
bleeding after rupture or endoleaks after endovascular aneurysm repair (EVAR) usually
warrant an additional CTA due to inherent methodological limitations of US scans. For
instance, adjacent vessels may be difficult to assess, and imaging methodology influences
diameter measurements [179–181]. With both US and CTA, standardization of methodology
and reporting standards are crucial to obtain reliable results and to reduce intra- and
interobserver variability [182,183].

Magnetic resonance angiography (MRA) shares many of the advantages of CTA
imaging, with the added plus of not exposing the patient to radiation or requiring iodinated
contrast agents. These factors make MRA a viable alternative for patients with certain
allergies or renal insufficiency [183,184]. However, contraindications for MR such as
claustrophobia and some metal implants have to be considered, and MR imaging is not
suitable in emergency situations, such as impending or suspected rupture [185].

Molecular imaging by positron emission tomography–computed tomography (PET–
CT) is not routinely used in standard care for AAA, but may add valuable information for
diagnosis and follow-up of specific pathologies, such as inflammatory or mycotic AAA
and infected stent grafts [186,187]. In vivo visualization of functional activity by uptake of
radiotracers enables quantification of metabolic activity of cells and, thus, may facilitate
further understanding of AAA pathogenesis and, in the future, possibly provide a novel
diagnostic tool for clinical risk stratification [188,189].

5.3. Management of Small AAAs

As no pharmacological therapy has been established yet to slow AAA growth or
prevent rupture, surgical repair is the only curative treatment for AAAs. Thus, disease
management requires careful assessment and gauging of the surgical risk versus the risk
of aneurysm rupture. For as long as the risk of elective surgical repair exceeds the risk
of rupture, conservative management, i.e., watchful waiting while following the current
guidelines on cardiovascular disease control by best medical care, is indicated [35]. The
safety of this course of action has been determined by several RCTs and large studies
comparing early elective repair to surveillance [190–193]. For patients with small AAAs,
early elective repair offers no advantage, and surveillance, coupled with best medical care
and lifestyle modification, is considered safe and cost-effective [194].

Regular monitoring of aneurysm growth and symptoms is recommended at intervals
between three years for aneurysms of 3.0–3.9 cm diameter, annually for aneurysms of
4.0–4.9 cm, and every 3–6 months for AAAs with a diameter ≥5.0 cm [158,176], but may be
adapted according to individual patient factors, such as fast aneurysm growth or high peak
wall stress [35,195]. Insufficient monitoring of incidentally detected AAAs is associated
with increased mortality [196,197].

5.3.1. Control of Cardiovascular Risk

While aneurysm diameter is an important measure of disease progression, adequate
control of cardiovascular risk factors is crucial to improve outcomes [198,199]. Control of
cardiovascular risk factors can be accomplished by lifestyle modifications and auxiliary
medication to manage aggravating conditions, such as hypertension or dyslipidemia.

Cessation of smoking is a key component of CVD prevention or reduction, and
additionally, significantly lowers post-surgical pulmonary complications if achieved more
than eight weeks before elective AAA repair versus quitting short-term [200,201]. A well-
balanced diet reduces CVD events and improves outcomes, and was suggested to be even
more effective in reducing obesity compared to exercising [202,203]. Nevertheless, physical
activity can alleviate the CVD-associated health risks of excess weight and improve surgical
outcomes [133,204,205].

12



Biomedicines 2022, 10, 94

When indicated, pharmaceutical management of cardiovascular risk factors is rec-
ommended for all AAA patients, unless contraindicated [158,176]. In line with CVD risk
assessment, statins are applied to reduce LDL cholesterol to <110 mg/dL for low risk, to
<70 mg/dL for intermediate risk, and to <55 mg/dL for high risk [206,207]. Systolic blood
pressure should be maintained below 140 mmHg. The choice of specific antihypertensive
drug depends on individual comorbidities and tolerability, though diuretics may be less
beneficial than other antihypertensive drug classes [118]. Antiplatelet agents are another
constituent to prevent cardiovascular events in AAA patients. A UK study examining
medication regimens of AAA patients showed that patients taking statins, antiplatelet
therapy, or antihypertensive medication had significantly improved five-year survival rates
(68% vs 42%, 64% vs 40%, and 62% vs 39%, respectively) [118].

5.3.2. Pharmacological Approaches to Limit AAA Growth

A wide range of drug classes has been investigated for possible benefits in AAA
treatment, as we have previously reviewed [208], but as of yet, no medical therapy has
been found sufficiently effective in reducing AAA growth or in preventing rupture to be
implemented in the treatment guidelines [158,209,210].

Betablockers were the first drug class to be examined in the context of AAA growth
reduction. While initial results seemed encouraging, larger studies and RCTs found
low tolerability of the drug regimen and no beneficial effect of propranolol treatment
on AAA expansion [211–213]. For another class of antihypertensive drugs, inhibitors of
angiotensin-converting enzyme (ACE), all but one study revealed no effect on AAA expan-
sion either [214–217]. The deviating result originated from a prospective cohort study that
intriguingly found increased growth rates in patients taking ACE inhibitors [218].

Antibiotics were thought to be another promising drug class, as chlamydia pneu-
moniae has been implicated in AAA pathogenesis [219,220]. Although doxycycline was
shown to significantly reduce plasma markers of proteolytic activity [221,222], clinical
studies obtained contradictory results and a recent RCT reported no decline in AAA
growth [223–225]. Results for the macrolide antibiotics roxithromycin and azithromycin
were similarly discouraging [226–228].

The influence of statins on AAA growth has been discussed controversially, as clinical
studies were not able to consistently reproduce the promising results of experimental
investigations but showed heterogeneity of outcome. Several meta-analyses tentatively
support the ability of statins to reduce AAA growth [229–231], while others err on the side
of caution [232]. Furthermore, ethical considerations and guidelines limit performing RCTs
on statins, as they significantly increase 5-year survival rates in AAA patients [118,233].

Several other drug classes, such as nonsteroidal anti-inflammatory drugs [234], mast
cell inhibitors [235], calcium channel blockers, diuretics, and angiotensin II receptor block-
ers [213,236] have been investigated clinically after showing promise in experimental
studies, but none of these studies were able to show a reduction in AAA growth. An-
tiplatelet therapy by acetylsalicylic acid or ticagrelor seemed another auspicious treatment
approach [237–239], but only one subanalysis of a small azithromycin RCT was able to
detect a significant effect of acetylsalicylic acid on growth rate [228]. Currently, several
RCTs are ongoing with hopes of finding a medical treatment for AAA [240–243].

An avenue of research that raises hope for successful AAA treatment in the future
is a well-established antidiabetic medication. The previously observed protective effect
of diabetes mellitus on AAA progression may not actually be inherent to the disease, but
rather attributable to concurrent treatment with metformin [151,152,244]. Experimental
studies were investigating a range of medications such as thiazolidinediones and dipeptidyl
peptidase-4 inhibitors [245,246], but metformin seems to be the only drug consistently
associated with reduced AAA growth in clinical studies [247]. Currently, two ongoing
clinical trials [242,243] and a shortly upcoming study [248] are investigating whether
metformin reduces AAA progression in nondiabetic patients, one of them at the Division
of Vascular Surgery of the Medical University of Vienna [242].
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Future perspectives of pharmacological approaches to limit AAA growth also include
nucleic acid drugs that target mRNAs, microRNAs, or transcription factors in a sequence-
specific manner to interfere with key molecules in AAA pathogenesis [249].

5.4. Surgical Treatment

Surgical repair is the only curative treatment for AAAs and is indicated when the risk
of rupture exceeds the surgical risk. Nowadays, about 85% of AAA repairs are performed
electively for intact aneurysms, though there are significant regional variations [250]. Nat-
urally, a ruptured AAA is a surgical emergency that requires immediate repair, with a
significant mortality of up to 85% [251,252].

Based on data from several RCTs comparing early elective repair to surveillance [194,253],
current guidelines recommend elective AAA repair for asymptomatic fusiform AAAs at
an aneurysm diameter of 5.5 cm in men and 5.0 cm in women, if the surgical risk is
acceptable [158,176]. Some authors suggest reevaluation of the threshold for surgical
repair for women in future guidelines [254], as the current cutoff diameters signify a larger
relative rupture risk for women than for men [255,256]. Earlier elective repair should
also be considered for saccular AAAs [257,258]. In the case of a rapid expansion rate of
>10 mm/year or incident symptoms referable to the aneurysm, additional imaging for
confirmation and then fast-track referral to a vascular surgeon is recommended, even at
small diameters [259,260].

5.4.1. Open Surgical Repair

Open AAA repair aims to replace the aneurysmal wall by a synthetic vascular graft.
The surgery involves a laparotomy, usually by midline incision, and transperitoneal or
retroperitoneal exposure of the proximal abdominal aorta just below the renal arteries [261].
Depending on the aneurysm’s morphology and size, either tube-shaped or bifurcated
grafts can be used. After aortic cross clamping under full heparinization [262], the proximal
end-to-end anastomosis is performed as close as possible to the renal arteries to counteract
development of another aneurysm in the remaining infrarenal aortic portion [263]. The
exact location of the distal dissection site depends on the individual’s anatomy, the AAA’s
extent, and concomitant conditions, such as local atherosclerotic burden or an aneurysm of
the iliac arteries. Finally, the aneurysm sac is closed over the graft.

Perioperative complications of open surgical repair (OSR) are mainly of cardiac,
pulmonary, or renal nature, such as myocardial infarction, pneumonia, or renal insuffi-
ciency [264]. Postoperative wound complications can affect a patient’s recovery severely [265],
and midline laparotomy incisions are more prone to incisional hernias [266,267]. Long-term
complications include graft infections, formation of secondary aorto-enteric fistulas, graft
limb occlusion, or formation of a para-anastomotic aneurysm [268,269].

5.4.2. Endovascular Aneurysm Repair

EVAR does not aim to replace the aneurysmal sac, but excludes it from systemic circu-
lation by minimally invasive implantation of a stent graft [270]. The stent graft is delivered
to the abdominal aorta through the femoral artery, either by a percutaneous approach or by
a surgical cut-down [271]. After confirmation of the exact vessel measurements by digital
subtraction angiography, the delivery system is inserted over a stiff guidewire and then
deployed and ballooned to expand and attach the stent graft to the aortic wall. Fixation and
sealing of the stent grafts require certain morphological attributes, such as low angulation
of the neck, and a certain length and diameter of the proximal and distal fixation sites [272].
Enhanced modular, fenestrated, bifurcated, or branched stent graft designs facilitate precise
tailoring to individual anatomy, and allow for anatomical deviations such as accessory
vessels, inadequate landing zones, or concomitant conditions [273,274].

Inadequate sizing or improper placement of the stent graft can cause various com-
plications such as endoleaks from inadequate sealing or kinking of the stent graft with
subsequent limb occlusion [275,276]. An endoleak is defined as persistent blood flow inside
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the aneurysm sac, resulting in a rise in pressure, renewed aneurysm growth, and eventual
rupture. The various types of endoleaks are the most common complication of EVAR
and often require reintervention [277]. Other complications of EVAR include problems
related to the access site, especially when the iliac arteries are small, calcified or severely
tortuous [271], and a systemic inflammatory response termed ‘post-implantation syndrome’
in the early postoperative phase [278]. Complex endovascular aortic repair should only be
advised at tertiary university hospitals, due to the necessary case numbers for experience
in both complex EVAR and OSR, in case of complication management [273,274].

Another novel concept, termed endovascular aneurysm sealing, relies on complete
sealing of the aneurysm sac by way of surrounding the stent graft with polymer-filled
endobags [279], but long-term durability is questionable [280–282].

5.4.3. Comparison of Surgical Methods

The choice of surgical technique depends on the aneurysm’s morphology and on
patient characteristics, such as comorbidities and functional capacity [283,284]. Another
consideration is the patient’s ability and willingness to adhere to necessary follow-up
surveillance [285,286], as EVAR requires life-long surveillance with regular imaging, owing
to the risk of late-onset endoleak, stent graft migration, or infection [287].

Exact assessment of anatomical and morphological attributes by pre-operative CT
or MR angiography is crucial to ensure the best possible outcome [288]. With both OSR
and EVAR, due care has to be exercised with regard to branch vessels to ensure adequate
blood flow in renal, superior mesenteric, lumbar, and internal iliac supply zones to prevent
postoperative sexual dysfunction and ischemic complications caused by inadequate pelvic
circulation [289–291].

While initially intended for patients deemed unfit for OSR, EVAR has since become the
method of choice if technically feasible, and nowadays, more than three quarters of elective
AAA repairs are performed endovascularly [158,176]. With this dynamic change in the ratio
of OSR to EVAR, a minimum of >30 cases annually per center is required in both techniques
to achieve the required expertise [158,176]. A major advantage of EVAR over OSR is
that it can be performed under local or epidural as well as general anesthesia, rendering
it a possibility for patients with severe cardiac and pulmonary comorbidities [292,293].
However, the endovascular approach does not offer any long-term survival benefits in
patients considered too physically frail for open AAA repair [294]. In patients currently
unfit for elective surgery, optimization of functional capacity and overall cardiovascular
health should be pursued before reassessment of surgical eligibility [294,295].

Open AAA repair is indicated for patients whose vessels do not meet the requirements
of endovascular repair, for instance due to short landing zones or excessive thrombus
formation [296]. OSR may also be required for treatment of certain EVAR-specific complica-
tions such as persistent endoleaks or aneurysm sac growth, as well as for patients with an
inflammatory aneurysm or an infected graft.

5.4.4. Outcome of Elective AAA Repair

After the advent of EVAR in the 1990s, several RCTs aimed to evaluate outcomes
of EVAR versus OSR for elective AAA repairs. A 2014 meta-analysis of these trials and
more recent studies found that EVAR has better short-term outcomes than OSR in both
morbidity and mortality [270]. Compared to OSR, cardiopulmonary complications are
significantly lower in EVAR due to its minimally invasive approach. It is not surprising,
therefore, that patients with EVAR benefit from a faster recovery and shorter length of
hospital stay. EVAR’s early benefits are offset against lower durability. Due to graft-related
complications, the reintervention rates and AAA-related mortality are significantly higher
for EVAR compared to OSR [264]. In the long term, outcomes balance out, and long-term
return of functional level and health-related quality of life are similar between OSR and
EVAR for elective AAA repair [297]. Despite the need for continuous follow-up and high
rate of reinterventions, EVAR remains cost-effective when compared to OSR [298].
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EVAR is associated with lower 30-day mortality (1.4% for EVAR, 4.2% for OSR) and a
higher survival rate for up to one year after the repair [264,270,299]. However, this survival
advantage is lost around the 2–4-year mark of follow-up, and long-term all-cause survival is
similar for EVAR and OSR. Median survival after elective AAA repair is about 9 years, with
cardiovascular and pulmonary diseases constituting the main causes of death [117,264,300].
Adequate management of cardiovascular risk factors improves long-term survival after
AAA repair [301].

Besides advanced age and presence of cardiac, pulmonary, and renal comorbidities,
frailty and preoperative functional status are predictors of postoperative morbidity and
mortality [302–304]. Female sex, aneurysm diameter, and smoking habits are also associated
with poor long-term survival. The worse outcomes for women may be due to a higher
frequency of disadvantageous neck anatomy, but these anatomical differences do not seem
to account for all differences in outcomes between men and women [56,305]. Increased
cancer mortality rates in EVAR patients when compared to OSR have also raised concerns
about long-term radiation exposure during EVAR follow-up [306].

5.4.5. Management of the Ruptured AAA

A ruptured AAA with acute hemorrhage into the intra- or retroperitoneal space is
a surgical emergency. Depending on the hemodynamic situation, an immediate CTA, or
alternatively, an intraoperative angiography is indicated to confirm the diagnosis and
evaluate anatomical suitability for EVAR [307,308]. Both OSR and EVAR can be used
for rAAA repair, with EVAR being the method of choice if anatomically feasible. EVAR
and open surgery for rAAA have comparable morbidity rates and show no difference in
cardiac or respiratory failure [251]. Reintervention rates are similar, as well, and EVAR
is consistently associated with faster discharge and a gain in quality-adjusted life years,
rendering it cost-effective [309].

As with elective AAA repairs, use of EVAR for rAAA repair has increased massively
in the past two decades [251,252]. Analyses of earlier versus later cohorts show that out-
comes have improved in recent years for both EVAR and OSR [310,311]. High mortality
rates of unsuccessful EVAR for rAAA suggest that anatomical suitability and not hemody-
namic condition should be the pivotal factor in choosing the surgical method for rAAA
repair [251,312,313].

6. Pathogenesis

The development of an AAA is an intricate process of several pathomechanisms and
is still not fully understood. Ignited by a possibly diverse initial trigger, a destructive
process of oxidative stress, apoptosis of vascular smooth muscle cells (VSMCs), and prote-
olytic fragmentation of the extracellular matrix (ECM) are set in motion, potentiated by an
inflammatory immune response. These key processes perturb the equilibrium between re-
generative and degrading processes that normally ensures physiological tissue remodeling
and injury repair. Now malfunctioning, the aortic wall becomes progressively eroded and
weakened, dilates, and finally ruptures when it can no longer withstand the hemodynamic
forces placed upon it.

6.1. Intraluminal Thrombosis and Biomechanical Aspects

The infrarenal portion of the aorta is especially prone to aneurysms, due to hemo-
dynamic and mechanical characteristics. Due to the blood stream’s impact on the iliac
bifurcation, pressure-reflective waves within the blood are common in the infrarenal aorta.
These disturbances lead to a higher number of collisions of circulating cells amongst each
other and against the aortic wall. Endothelial injuries and atherosclerotic lesions often form
at such locations, and the high wall stress and strain caused by the aortic blood stream
likely contribute to the persistence of the endothelial injury at this location [314,315].

Historically, AAA was thought to be a particular, localized form of atherosclerosis,
as most AAAs present with cholesterol and calcium deposits. The exact nature of the
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relationship between atherosclerosis and AAA is still a matter of discussion [106]. In
both diseases, an atherosclerotic plaque may form on the basis of an intimal lesion and
subsequently replace the subendothelium. In occlusive atherosclerotic diseases, inward
remodeling of the aortic wall usually leads to a decrease in vessel lumen until either an
erosion- or rupture-triggered thrombus itself or an embolus cause occlusion of the vessel to
a hemodynamically relevant degree. Different theories have been proposed as to the role of
the gradually forming intraluminal thrombus (ILT) in about 75% of AAA cases, such as a
propensity of the aortic wall of AAA patients towards outwards remodeling in an attempt
to maintain the vessel lumen [41,316,317].

Whether causally associated or a subsequent byproduct, the ILT provides the aneurys-
mal wall with a certain biomechanical protection against wall stress [318,319]. Permeation
of the ILT with blood or contrast medium may announce the impending failure of the ILT as
a protective layer. This distinguishing mark is visible as a ‘crescent sign’ in CTA [320] and is
associated with AAA rupture [174,321,322]. However, clinical data support the notion that
the ILT’s active role in disruption of the wall’s integrity exceeds its biomechanical protec-
tion. Indeed, presence of an ILT is associated with an increased rupture risk, especially in
patients with small AAAs and when the thrombus encompasses the whole circumference
of the aneurysm [45,323,324].

The ILT in AAA is a biologically active, dynamic component that contributes to
the pivotal destruction and inflammation of the aortic wall’s medial and adventitial
layers [325–327]. The presence of an ILT in an AAA is associated with reduced thick-
ness of the artery wall, greater elastolysis, lower VSMC content in the medial layer, and a
higher level of inflammatory immune response in the adventitia [328]. Clinical data also
show that the presence of an ILT is associated with faster AAA growth [329], which may be
due to its biological activity [330,331], rather than size or volume [332–334].

The blood stream constantly replenishes the ILT’s luminal side with fibrinogen and
circulating cellular elements, such as platelets, erythrocytes, and immune cells [335]. The
ILT entraps these cells, which release oxidative enzymes, proteases and proinflammatory
cytokines [336–338]. Due to the high pressure gradient between the aortal blood flow
and the interstitial tissue, the cells and released molecules are pushed outward towards
the abluminal side through a canalicular system pervading the ILT [325]. Thus, the ILT
contributes to the generation of a toxic environment that contributes to the decay and
inflammation of the subjacent medial and adventitial layers of the aortic wall, as we have
previously highlighted [339].

6.2. Oxidative Stress and VSMC Apoptosis

As mentioned above, the ILT accumulates blood cells, i.e., platelets, erythrocytes,
and leukocytes. The adverse environment increases reactivity of entrapped cells, which
in turn boost oxidative stress by mediating production of reactive nitrogen and oxygen
species (ROS) [324,340,341]. These excess oxygen- and nitrogen-derived free radicals
then activate proteolytic enzymes, trigger degradation processes, and induce apoptosis of
VSMCs and mesenchymal progenitor cells [324,342]. This not only destabilizes the medial
layer of the aortic wall, but also impedes its matrix-producing and -repairing capacities.
Proinflammatory signals further stimulate VSMC apoptosis [343,344].

Excessive cell death and dedifferentiation (‘phenotypic switch’) of contractile VSMCs
is characteristic of the aneurysmal aortic wall [345,346]. Loss of VSMCs puts additional
hemodynamic stress on the weakened wall, which responds by stimulating angiogenesis in
the medial layer [347,348]. Furthermore, the ILT in place of the endothelium causes localized
hypoxia in the underlying AAA wall, which is an additional trigger for angiogenesis.
However, medial neovascularization further instigates the destructive cycle because it
facilitates infiltration of circulating inflammatory cells [349,350].

Clinical data support the importance of oxidative stress in AAA pathogenesis [351].
Excess levels of ROS have been detected in the blood of AAA patients and in AAA wall
tissue, but not in the adjacent nonaneurysmal aorta or in healthy individuals [340,352].
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These ROS stem from a variety of oxidative enzymes shown to be upregulated in expression
and activity in aneurysmal aortic walls [353,354]. In mice, loss of antioxidants was found to
increase AAA incidence and rupture rate [355]. Correspondingly, experimental activation
of antioxidant enzymes, such as catalase, reduces AAA formation in mice [356–358], but a
benefit of ROS-suppression in humans has not been shown yet [343].

6.3. Proteolysis

The destruction of the three-dimensional ECM network of the medial layer of the
aortic wall is considered a key feature of AAA pathogenesis. Excessive dismantling of
structure-bearing components reduces the wall’s ability to withstand the hemodynamic
load and leads to dilation of the aorta [359,360]. The physiological tissue remodeling
process becomes unbalanced and tilts towards an overactivity of proteases that disin-
tegrate the fibrillar ECM components, such as collagen and elastin [361–363]. Protease
substrates also include cell adhesion molecules, thereby promoting VSMC detachment and
apoptosis [344,364,365]. In addition, proteolytic enzymes augment AAA pathogenesis by
activating ECM-contained, latent matrix metalloproteinases (MMPs), and by mediating
inflammation and angiogenesis [366–369]. In turn, inflammatory conditions and oxidative
stress boost production and activation of proteases, creating a destructive circle [370,371].

Several protease families have been implicated in the pathogenesis of AAAs. Clini-
cal data show increased levels of MMPs, especially MMP-9 and MMP-2, cathepsins, and
neutrophil elastase in blood and tissue samples of the aneurysmal wall of AAA patients,
while their antagonists are reduced [122,372,373]. Population-based studies showed that
high cathepsin levels are associated with higher AAA risk and a larger diameter [374,375].
MMP-9 plasma levels were reported to decrease after AAA repair [376,377]. In rodent
studies, cathepsin deficiency was found to reduce aneurysm severity [378–380], and both
MMP-2 and MMP-9 knockout mice were protected from AAA development compared
to wild-type mice [381,382]. However, despite their central role in AAA development,
unselective MMP inhibition by doxycycline has been unsuccessful in attenuating AAA
growth in humans [223,224], illustrating that complex interactions and multiple mecha-
nisms are at play.

6.4. Inflammation

Aneurysmal aortic wall tissue is characterized by infiltration of both innate and
adaptive immune cells. At the luminal side, the ILT recruits circulating leukocytes, which
then migrate towards the media. Diapedesis is facilitated by the medial layer’s angiogenesis,
hemodynamic factors, as well as by activation of the complement system [383–385]. Other
entry points for immune cells to infiltrate the aortic wall are periadventitial lymph nodes
and adventitial vasa vasorum. Development of tertiary lymphoid organs in the adventitia
by a concerted collaboration of B-lymphocytes, follicular dendritic cells, and CD4+ T-
helper-cells has been described [386,387]. Ectopic adipocytes in perivascular tissue promote
recruitment and activity of immune cells by releasing proinflammatory cytokines, such
as tumor necrosis factor alpha (TNF-α), IL-6, IL-8 [388,389], and may also mediate an
autoimmune response [390].

Cytokines released by both innate and adaptive immune cells contribute to the in-
flammatory environment in the AAA wall. High levels of adventitial CD4+ T-helper-cells
and macrophages mediate recruitment and activation of inflammatory cells, establishing a
vicious circle of chronic inflammation of the aortic wall, while also boosting proteolysis
and oxidative tissue injury [341,391]. Circulating levels of Th1- and Th2-secreted cytokines
such as IFN-γ, TNF-α, IL-4, and IL-22 are consistently elevated in AAA patients [392,393].
IFN-γ and IL-17 secreted by CD8+ T-cells and Th17 CD4+ T-cells have also been implicated
in AAA pathogenesis [394–396]. B-cell-derived immunoglobulins such as IgG4 and IgE
drive macrophage and mast cell activation and degranulation [397,398]. Regulatory CD4+
T-cells have a protective function by releasing anti-inflammatory cytokines such as IL-10
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and TGF-β [399–401], but both regulatory CD4+ cells and their mediators are reduced in
AAA patients [402].

A prospective clinical study using enhanced MR imaging has shown that the degree of
aortic wall inflammation predicts AAA growth and rupture [331]. The crucial role of inflam-
mation is supported by a number of experimental rodent studies showing that depletion of
immune cells, in particular myeloid cells, diminishes or abolishes AAA growth [41,403].

6.5. Myeloid cells in AAA
6.5.1. Monocytes and Macrophages in AAA

Monocytes and macrophages have been consistently detected in AAA tissue of both ro-
dent disease models and humans [404–407]. These immune cells of myeloid origin infiltrate
early in aneurysm development, and predominantly accumulate in the inner adventitial
layer of the aneurysmal aortic wall [349]. Monocyte and macrophage chemoattractants
and activation parameters (e.g., chemokine ligand [CCL] 2, also referred to as monocyte
chemoattractant protein 1, MCP-1 [393,408], CCL3 alias macrophage inflammatory protein-
1a, MIP-1a [408]), receptors (e.g., chemokine C-X-C receptor 4, CXCR4 [409], triggering
receptor expressed on myeloid cells-1, TREM-1 [410]) have been shown to be significantly
increased in rodent models, AAA patient plasma, and aneurysmal wall tissue. Blocking or
depleting the involved ligands or pertaining receptors inhibits AAA formation and pro-
gression in animal models (e.g., C-C chemokine receptor type 2, CCR2 [404], CXCR4 [409],
CCL5 [411]).

Monocytes and macrophages contribute to AAA pathogenesis in various ways, de-
pending on the functional characteristics of their subtype. Monocytes can be classified into
distinct subsets [412,413] that assume different roles in the elimination of pathogens and
maintenance of vessel integrity [414–416]. For instance, CD16-expressing monocytes with
tissue-remodeling and proangiogenic features are associated with AAA diameter, and have
been reported to be significantly elevated in AAA patient plasma [408,417,418]. Similarly,
macrophages exhibit two distinct phenotypes that have opposing functions in mediating
inflammatory processes [419]. An imbalance between the two macrophage phenotypes can
create either a chronic inflammatory milieu or impairment of wound healing and tissue
homeostasis [420]. Although analyses of AAA tissue have not yielded conclusive results
to such a disproportion [407,421], rodent studies indicate that proinflammatory, destruc-
tive M1 macrophages may predominate during early stages of AAA development [422].
The proteinases and proinflammatory mediators released by M1 macrophages in close
collaboration with T-cells contribute to aneurysmal wall degradation [407,423]. New data
suggest that the M2 macrophage may not be entirely protective [424], as experimental
rodent studies investigating macrophage polarization from M1 to M2 have claimed that
M2 polarization can either suppress or attenuate AAA development [425–427].

6.5.2. Neutrophils in AAA

Neutrophils pose a crucial first line of defense in the innate immune system, as they
are the most numerous type of granulocytes (or ‘polymorphonuclear leukocytes’) and can
employ several effector mechanisms to eliminate pathogens [428]. As we have recently
reviewed [429,430], neutrophils are recruited to the aneurysm site by various chemotactic
factors, such as IL-8, platelet-derived factors or complement components. These mediators
are mainly released from the luminal ILT and have been shown to be increased in the
blood of AAA patients [337,393,431]. In rodent models, blockage or depletion of neutrophil
chemotactic factors can impede or completely abolish AAA development by suspending
neutrophil recruitment [383,432]. For instance, dipeptidyl peptidase I (DPPI) regulates
the activity of neutrophil-secreted proteases, but also mediates neutrophil recruitment
to the aneurysm site. Functional deficiency of DDPI has been shown to cause impaired
local production of a neutrophil chemotactic factor and thereby protect mice from elastase-
induced AAA formation [432].
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Elevated levels of activated neutrophils have been detected in AAA wall tissue [337,349],
as well as in AAA patient plasma in comparison to healthy controls, even after adjust-
ment for known confounders such as smoking [408,433]. Activation of neutrophils in-
duces degranulation, i.e., the release of cytotoxic contents of the neutrophil’s cytoplasmic
granules into the phagosome or into the extracellular space [434]. Besides bactericidal
peptides (e.g., lactoferrin), defensins, and proteinases (e.g., neutrophil elastase, collagenase,
cathepsins), neutrophil granules release myeloperoxidase (MPO) and nicotinamide adenine
dinucleotide phosphate oxidase (NADPH oxidase or NOX). MPO and NOX enzymes are
major sources of ROS and have been detected at high levels in AAA tissue and AAA patient
plasma, while antioxidants such as catalase are reduced [351,352,435].

ECM degradation is facilitated by several neutrophil-mediated mechanisms. MPO has
been shown to inactivate tissue inhibitors of MMPs, thereby increasing MMP activity [436].
Furthermore, neutrophils release neutrophil-gelatinase-associated lipocalin (NGAL), which
binds MMP-9 and inhibits its degradation [338]. High concentrations of NGAL-MMP-9-
complexes are present especially in the luminal ILT [335,337], and are higher in aneurysmal
aortic wall samples compared to healthy aortas [437]. Neutrophil-secreted proteases directly
cleave stabilizing ECM components, but can also activate MMPs [366,438,439]. Fragments
of the dismantled elastin and collagen fibers then promote inflammation further by serving
as chemotactic factors themselves [440–442]. As mentioned above, DPPI is not only neces-
sary for activation of neutrophil-secreted proteases, but also vitally mediates inflammation
of the aneurysmal aortic wall [432].

A 2005 study showed neutrophil-depleted mice to be protected from AAA forma-
tion [403]. However, contrary to the expected, this was only in part mediated by a decrease
in MMP activity, suggesting that neutrophils critically contribute to AAA pathogenesis
by another, independent mechanism. A novel effector mechanism of neutrophils, the
formation of neutrophil extracellular traps (or ‘NETs’), has since been implicated in AAA
pathogenesis [443–445], which is the current focus of our research efforts [430,446].

7. Conclusions

Even though world-wide changes in smoking habits and other lifestyle factors have
contributed to declining incidence and mortality rates of AAA, its prevalence and high
death rate upon vessel rupture remain a subject of concern. Progress has been made in
unraveling the multifactorial process of pathogenesis, in particular the components of
chronic inflammation. This has led to promising candidates for conservative treatment
such as metformin, an antidiabetes drug with pleiotropic anti-inflammatory effects, which
is currently being tested in several prospective clinical trials to prevent AAA progression.
Yet to date, surgical repair remains the only curative approach, but is associated with
a considerable morbidity and mortality. The rise in endovascular versus open surgical
interventions has revealed the challenge of establishing sufficient institutional expertise in
both procedures in order to appropriately address patient needs.
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Abstract: Background: A ruptured abdominal aortic aneurysm is a severe condition associated with
high mortality. Currently, the most important criterion used to estimate the risk of its rupture is the
size of the aneurysm, but due to patients’ anatomical variability, many aneurysms have a high risk of
rupture with a small aneurysm size. We asked ourselves whether individual differences in anatomy
could be taken into account when assessing the risk of rupture. Methods: Based on the CT scan image,
aneurysm and normal aorta diameters were collected from 186 individuals and compared in patients
with ruptured and unruptured aneurysms. To take into account anatomical differences between
patients, diameter ratios were calculated by dividing the aneurysm diameter by the diameter of the
normal aorta at various heights, and then further comparisons were made. Results: It was found
that the calculated ratios differ between patients with ruptured and unruptured aneurysms. This
observation is also present in patients with small aneurysms, with its maximal size below the level
that indicates the need for surgical treatment. For small aneurysms, the ratios help us to estimate the
risk of rupture better than the maximum sac size (AUC: 0.783 vs. 0.650). Conclusions: The calculated
ratios appear to be a valuable feature to indicate which of the small aneurysms have a high risk
of rupture. The obtained results suggest the need for further confirmation of their usefulness in
subsequent groups of patients.

Keywords: ruptured abdominal aortic aneurysm; aneurysm rupture risk factors; aneurysm rupture
risk assessment

1. Introduction

A ruptured abdominal aortic aneurysm (RAAA) is a major challenge in vascular
surgery. Abdominal aortic aneurysm (AAA) itself is usually asymptomatic until the mo-
ment of its rupture, when the patient’s circulatory capacity suddenly collapses due to
massive internal hemorrhage, and even despite the use of proper surgical treatment, seri-
ous health complications may often develop, and mortality is between 32–70% [1]. Due to
such a high mortality, the effort of research teams should be focused on the most accurate
estimation of which patients with AAA are most commonly predisposed to the develop-
ment of aneurysm rupture and when, and therefore when they should undergo treatment
in order to avoid this most serious complication [2–4]. Unfortunately, despite many years
of experience in AAA treatment and numerous trials, it is difficult to predict when the
aneurysm will rupture [5–8].

The rupture of the aneurysm wall is a complex process, influenced by many factors
with complex relations, which to a large extent makes it difficult to fully explain the
problem [7]. In recent years, in the light of new achievements, the concept of the RAAA
development mechanism has changed several times. New discoveries allowed us to answer
many yet-unanswered questions, but they led to many more, often much more complex
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ones [9–13]. Some of the considerations regarding the mechanisms by which aneurysm
rupture occur are presented below.

It was originally assumed that a key role in this phenomenon was played by the
pressure gradient on both sides of the vascular wall, which the aneurysm was unable to
balance. The pressure exerted by the blood flowing through the aorta on its wall was
calculated according to Laplace’s law, which explains the way the liquid flows through
cylindrical objects. Although this law describes the conditions in the physiological aorta
relatively well, due to the extensive remodeling of the vessel, which unevenly affects
different areas of the aorta, it cannot be used to describe the conditions in an aneurysm [14].
This prompted researchers to look for a method that could determine the local tensions of
the AAA wall taking into account its often complicated shape. This was achieved thanks to
the finite element method (FEM), which allowed the identification of the most vulnerable
areas of the aortic wall (the so-called hot spots). FEM made it possible to better estimate
which AAAs are more likely to rupture compared to Laplace’s law, but in this technique
the analysis is based primarily on the shape of the vessel itself. In the course of further
research, it turned out that the local wall tension largely depends not only on the AAA
shape and its extension, but also on the remodeling of the vascular wall [15,16]. Inside the
AAA wall, a complicated inflammatory process takes place, the consequence of which is
the reduction in its strength, which, to a large extent, may be the cause of its rupture. The
rebuilding of the AAA wall mainly consists of smooth muscle cell atrophy, degradation of
elastin fibers, increased collagen synthesis and increased neovascularization [12,13].

An additional difficulty in estimating the risk of RAAA development is the presence
and size of intraluminal thrombus (ILT). According to some reports, this is a factor pre-
venting the aneurysm from rupture, as it is a layer that isolates the AAA wall from the
flowing blood [17,18]. There are also publications reporting an increased risk of RAAA
development in the presence of ILT, as ILT as a condensed object is a good conductor
for the stresses on the AAA wall [19]. Moreover, it has been found that the cells of the
internal vascular wall are to a certain extent supplied with oxygen and nutrients by the
blood flowing inside the vessel independently of the vasa vasorum. In such a case, ILT, by
blocking the access of blood to the endothelium, determines the formation of an ischemic
zone, which may intensify the inflammatory reaction and contribute to the weakening of
aneurysm wall strength [20–22].

The combination of all the above-mentioned factors and the estimation of the risk of
rupture on their basis is possible and provides valuable data; however, it causes many
difficulties in assessment and is hard to perform. The reports so far that take into account
most of the factors of RAAA development, i.e., aneurysm morphology, the presence of
ILT and the histological structure of the vessel wall, were retrospective, and therefore
cognitive. A diagnostic protocol based on the above data allowing us to modify the current
indications for AAA treatment has not been developed so far and the maximum diameter
of the aneurysm remains the main factor determining whether a certain patient will be
treated or not [23].

The correlation between AAA diameter and the risk of its rupture is a well-known
observation [5,6]. In order to measure the maximum AAA diameter, it is sufficient to
analyze a single CT scan of the abdominal aorta and to perform a single measurement. The
ease of making this estimation means that almost all recommendations and guidelines are
mainly based on these data [23,24]. However, estimating this risk based on the diameter
alone is burdened with an error resulting from not considering other factors. The same CT
scan, after a more detailed analysis, may provide additional valuable data that can be used
to estimate the risk of AAA rupture. Kimura et al. were comparing CT scans of patients
with AAA and RAAA, and they found that the ruptured aneurysms are characterized by a
smaller rounding radius (departure angle) and a smaller aspect ratio (longitudinal diameter
divided by transverse) [25]. Such observations lead us to a deepening of the analysis of
data that can be obtained from a CT scan, because finding the characteristic features of
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RAAA other than the maximum diameter could increase the number of patients qualifying
for treatment.

The initial point of this study was to question the need of sticking to the strict limits of
maximum AAA diameter as the main indication for surgical treatment, which does not
take into account anatomical variability between individual patients other than gender
difference. Evidence of the limitations of that approach is the relatively high percentage of
RAAA in patients with non-qualifying diameters identified in published studies [8,26,27].
With the current availability of healthcare services, it should be expected that some of these
patients had been diagnosed with AAA and were not qualified for surgical treatment prior
to aneurysm rupture.

One of the reasons for this may be the presence of different diameters of the aorta in
patients with the same size of AAA. When defining an aneurysm, we base on the ratio of
the diameter of a healthy artery to the dilated segment. The hypothesis of this research
is potential greater risk of rupture of AAA in the case of a smaller aorta than in the case
of a larger one with aneurysms of the same size. For this reason, this study analyzes the
diameters of not only AAA, but also the aorta and iliac arteries at different heights. We
assume that the dimensions of the unchanged vessels closest to the aneurysm will allow us
to take into account individual morphological differences, and their comparison will allow
for a better assessment of the risk of aneurysm rupture.

It has not been fully determined if or how profoundly the presence or absence of
AAA neck segment should be regarded. The term abdominal aortic aneurysm is defined
as any significantly large dilation of the aorta, from the aortic hiatus to the division into
the iliac arteries. The majority of these cases are patients with an aneurysm located below
the exit of the renal arteries, as in this region the histological structure determines the
greater susceptibility of the vascular wall to remodeling into an aneurysm [5,10]. A rarer
variant is an aneurysm present in the segment of major visceral arteries departure, and
such aneurysms are often treated in clinical practice as a separate disease, not because of a
different etiopathogenesis, but a different method of their treatment. However, relatively
often there is an indirect variant, i.e., aneurysm, which does not cover the section where
the visceral arteries depart from the aorta but begins so close to the renal arteries that there
is no undilated section between them and the aneurysm sac, i.e., the neck. In this article,
such aneurysms are referred to as non-neck aneurysms. Due to the same localization of
aneurysms with and without the neck, in the literature referred to as infrarenal, there are
no reasons to exclude non-neck aneurysms from the study group. However, all results
and conclusions obtained on the basis of the measurements of the aneurysm neck section
should be treated with adequate reserve, as it has not been precisely established whether
and when the neck is a physiological section of the vessel or if it is already a primary lesion.

2. Materials and Methods

The study group consisted of 93 patients with infrarenal RAAA, and the control
group consisted of 93 patients with infrarenal AAA operated electively on the basis of the
existing criteria. The diagnoses were confirmed by angio-CT scan of the abdominal aorta.
All subjects were hospitalized in the Department of General Surgery, Vascular Surgery,
Angiology and Phlebology of the Upper Silesian Medical Center, Medical University of
Silesia in Katowice, Poland, in 2014–2019. The control group consisted of patients treated
regularly due to AAA, successively in 2018–2019.

CT scans were analyzed, and the AAA, iliac arteries and aortic diameter were mea-
sured at following levels: celiac trunk, superior mesenteric artery, renal arteries, the maxi-
mum diameter of the aneurysm sac, understood as the diameter of the AAA at the level
with the highest sac circumference, the diameter of both common iliac arteries and both
external iliac arteries. In addition, measurements were made of the AAA neck diameter,
i.e., the diameter of the aortic section inclined at a right angle to its long axis at the level
of the segment above the AAA sac and below the level of the renal arteries, provided that
such segment was present at all due to AAA morphology. The diameter was measured
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between the outer edges of the vessel wall opposite to its center. If ILT was present inside
an aneurysm sac it was also included in the measurement of maximal aneurysm diameter.
The measurement was made with OsiriX DICOM Viewer program (Figure 1).

 

Figure 1. An example of computed tomography of patient with infrarenal abdominal aortic aneurysm
with present neck segment.

The measurement of the diameter of a ruptured abdominal aortic aneurysm and its
reliability remains a problematic issue, since the original diameter of the aneurysm may
have changed after the rupture. For obvious clinical reasons, it is not possible to observe
how the diameter of the aorta changes during an aneurysm rupture and in time after this
incident, and the only test that can be referred to in order to measure a ruptured aneurysm
is a CT scan performed to diagnose this incident. The possible difference in the diameter of
the aneurysm just before and after rupture and its influence on the results obtained is a
potential limitation of the present study.

After measuring the diameters, the aortic diameter ratios at certain levels were calcu-
lated. The ratios are the quotient of the maximum diameter of AAA and the diameter of
the aorta at the level of the celiac trunk, the superior mesenteric artery, the renal arteries,
the diameter of both common iliac arteries, and the diameter of both external iliac arteries.
The ratios were named as the “R” and the name of the artery at the level of which the
aortic diameter was measured, or the common and external iliac artery with the additional
definition of the side.

In order to reveal potential differences in calculated ratios, the subjects were divided
into three groups according to the maximum diameter of the aneurysm. The first group
consisted of patients with AAA diameter below 5 cm, which was the size below indications
for surgical intervention according to current criteria. The second was patients with a
maximum diameter of AAA in the range of 5–6.5 cm, and the third was patients with
AAA larger than 6.5 cm. Due to the gender disproportion in the study group (18 vs. 168),
expressed even stronger after the division into subgroups, and therefore the high probability
of low reliability of the results obtained in the small group, division into women and men was
not used for further calculations. Patients with AAA smaller than 4 cm were not included in
the analysis, because in the study group all such aneurysms had a sac-like morphology. In
such a case, when AAA is not a dilation of the entire circumference of the aortic wall, but
only a short segment bulge of a certain part, it seems that its rupture may be determined
by other factors or of a different intensity than in the analyzed, fusiform aneurysms. To
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keep consistency, the study did not concern any sac-like aneurysms, regardless of their size.
Additionally, subjects with iliac artery aneurysm understood as widening of the common
iliac artery over 2 cm were not included in the study.

The study group and the control group were compared in terms of differences in the
AAA measurement values and the calculated ratios. Next, the predictive value for the
aneurysm rupture event of calculated ratios and the maximum diameter of the aneurysm
was compared. The distribution of the values of the ratios in relation to the amount of
RAAA subjects, which occur at a given ratio value, was analyzed. Due to the fact that the
aneurysm neck segment was present only in some of the subjects, the above comparisons
were made separately for the subgroups of subjects with and without the neck segment.

When comparing continuous variables, the normality was determined with the Shapiro–
Wilk test. For the data that met the assumptions of the normal distribution, the groups were
compared with the Student’s t-test, for the data that did not meet the assumptions of the
normal distribution, the Mann–Whitney U test was used. The quoted effect measures were
calculated using ROC curves. The calculations were made using the Statistica 13 program.

3. Results

The group consisted of 18 women and 168 men. In the study group, the minimum
diameter of RAAA was 4.4 cm, the maximum was 14.2 cm, and the median was 7.4 cm. In
the control group the minimum diameter of AAA was 4.2 cm, the maximum was 9.5 cm,
and the median was 5.6 cm. A total of 37 patients did not have a segment of the aorta that
could be referred as an aneurysm neck; therefore, for the calculation with the use of ratio
neck, the group was reduced to 149 subjects.

A problem that would not allow for all subjects to be gathered into a single cohort
were the potential differences in aortic structure and aneurysm morphology between men
and women, which are included in the current guidelines for the treatment of abdominal
aortic aneurysms. To determine the validity of such a fusion, among groups of men and
women, the separate sex subgroups were extracted, which were characterized by the same
minimum and maximum diameter of the aneurysm. There were 17 women and 162 men
with a minimum aneurysm diameter of 4.4 cm and a maximum diameter of 9.8 cm. The
mean size was 6.4 cm for women and 6.5 cm for men, and the median was 5.8 cm for women
and 6.1 cm for men. The aorta diameter above the aneurysm was compared between men
and women, and for this purpose, the diameter of the aorta at the level of renal arteries was
arbitrarily used for some subjects that did not have the neck segment. To simultaneously
take into account the size of the aneurysm, the R Renal was compared as well. The analysis
revealed no statistically significant differences both when comparing the diameter and the
ratio; therefore, further measurements were made without gender division (Figure 2).

RAAA in the entire study group had a larger maximal diameter than AAA in the
control group. The differences in other section sizes were not significant. The differences
of all calculated ratios between the study group and the control group were statistically
significant (Figure 3). There were the same results for those parameters after dividing the
group into neck and non-neck subgroups (Figures 4 and 5).

As mentioned above, the test and control groups were divided into size ranges (<5;
5–6.5; >6.5 cm) and the previous calculations were made for each subgroup separately. In
the group of subjects with the present aneurysm neck segment, the maximum size of the
aneurysm differed significantly between the test and control groups in the size ranges of
the aneurysm sac <5 cm and 5–6.5 cm. When comparing the difference in the ratios, for
aneurysms smaller than 5 cm in diameter, significant differences were shown only for Ratio
Neck. In the size range from 5–6.5 cm, the following ratios were significantly different:
Ratio Celiac, Mesenteric, Renal, Neck, Left Iliac comm and Left iliac ext, with the difference
of the latter two being less pronounced. For aneurysms larger than 6.5 cm in diameter,
significant differences were shown only for the Ratio Neck (Figure 6).
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Figure 2. A comparison of aorta diameter (D RENAL) and renal ratio (R RENAL) between women (F)
and men (M). D Renal for women from 1.4 to 3.5 cm with majority from 2.1 to 2.6 cm, D Renal for men
from 1.1 to 4.7 cm with majority from 2.2 to 2.7 cm. R Renal for women from 0.2 to 0.6 with majority
from 0.3 to 0.45, R renal for men from 0.14 to 0.88 with majority form 0.32 to 0.45. All differences
insignificant p > 0.05.

Figure 3. On the left, a comparison of diameters of the aorta at different levels and AAA diameters
between ruptured and unruptured aneurysms in the whole cohort. Diameters in cm. Boxplots are
shown in pairs. The left one is diameter for ruptured, the right one is diameter for unruptured
aneurysms. Only D MAX difference is significant with p < 0.05. On the right, a comparison of ratios
between ruptured and unruptured aneurysms. Boxplots are shown in pairs. The left one is ratio for
ruptured, the right one is ratio for unruptured aneurysms. All differences significant at p < 0.05.

Figure 4. On the left, a comparison of diameters of the aorta between ruptured and unruptured
aneurysms with the neck segment present. Diameters in cm. Boxplots are shown in pairs. The left
one is diameter for ruptured, the right one is diameter for unruptured aneurysms. Only D MAX
difference is significant with p < 0.05. On the right, a comparison of ratios between ruptured and
unruptured aneurysms. Boxplots are shown in pairs. The left one is ratio for ruptured, the right one
is ratio for unruptured aneurysms. All differences significant at p < 0.05.
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Figure 5. On the left, a comparison of diameters of the aorta between ruptured and unruptured
aneurysms with the neck segment absent. Diameters in cm. Boxplots are shown in pairs. The left
one is diameter for ruptured, the right one is diameter for unruptured aneurysms. Only D MAX
difference is significant with p < 0.05. On the right, a comparison of ratios between ruptured and
unruptured aneurysms. Boxplots are shown in pairs. The left one is ratio for ruptured, the right one
is ratio for unruptured aneurysms. All differences significant at p < 0.05.

Figure 6. (A) A comparison of ratios of the aorta between ruptured and unruptured aneurysms
with the neck segment present. Subgroup with D MAX < 5 cm. Boxplots are shown in pairs. The
left one is ratio for ruptured, the right one is ratio for unruptured aneurysms. Only the R NECK
difference is significant with p < 0.05. (B) A comparison of ratios of the aorta between ruptured and
unruptured aneurysms with the neck segment present. Subgroup with D MAX 5–6.5 cm. Boxplots
are shown in pairs. The left one is ratio for ruptured, the right one is ratio for unruptured aneurysms.
All differences significant at p < 0.05. (C) A comparison of ratios of the aorta between ruptured and
unruptured aneurysms with the neck segment present. Subgroup with D MAX > 6.5 cm. Boxplots
are shown in pairs. The left one is ratio for ruptured, the right one is ratio for unruptured aneurysms.
Only the R NECK difference is significant with p < 0.05.

In the group of subjects without the aneurysm neck segment, after dividing the group
into size subgroups, there were too few subjects in each one of them for the results to be
relied upon.

Next, the analyzed ratios were assessed for predictive value for AAA rupture. Since
the only ratio showing significant differences in each of the size subgroups was the Ratio
Neck, the predictive value was calculated for this parameter only and compared with the
prognostic value of the maximum aneurysm sac diameter, the parameter currently used to
estimate the risk of rupture. This analysis revealed that in the <5 cm subgroup, the Ratio
Neck had a better prognostic value for predicting the risk of rupture than the maximum
sac diameter (AUC 0.783 vs. 0.650). In the range 5–6.5 cm, the maximum diameter was a
better predictor for estimating risk of rupture than the Ratio Neck (AUC 0.680 vs. 0.729),
and in the >6.5 cm subgroup both parameters showed similar prognostic value for this
phenomenon (AUC 0.641 vs. 0.658) (Figure 7).
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Figure 7. (A) ROC curves for the predictive value of R NECK compared with D MAX and the
reference line in the group of aneurysms with D MAX < 5 cm. AUC for D MAX: 0.65, AUC for R
NECK: 0.783. (B) ROC curves for the predictive value of R NECK compared with D MAX and the
reference line in the group of aneurysms with D MAX 5–6.5 cm. AUC for D MAX: 0.729, AUC for R
NECK: 0.68. (C) ROC curves for the predictive value of R NECK compared with D MAX and the
reference line in the group of aneurysms with D MAX > 5 cm. AUC for D MAX: 0.658, AUC for R
NECK: 0.641.

Then, the values of particular ratios in a certain percentage of patients were analyzed.
To compare them between the groups, the ratio values in the 20th, 25th and 30th percentiles
were analyzed. The Ratio Neck was used for the analysis, as it revealed significant differ-
ences between the study and control group in all aneurysm size subgroups. Since the Ratio
Neck can only be calculated for aneurysms with a neck segment, the Ratio Renal values
were additionally compared, as it would seem that it most closely describes the relation
between an aneurysm sac and unchanged aorta in the patients without a neck segment. The
comparison showed that in general the ratios tend to be lower for non-ruptured aneurysms.
The Ratio Neck was 2.26 for 20%, 2.3 for 25% and 2.4 for 30% for ruptured aneurysms and
1.9 for 20%, 1.94 for 25% and 2.01 for 30% for non-ruptured aneurysms (Figure 8).

Figure 8. (A) R NECK values distribution in a certain number of patients with ruptured aneurysm. For
the 20th percentile: 2.27, 25th percentile: 2.32, 30th percentile: 2.42. (B) R NECK values distribution in
a certain number of patients with unruptured aneurysm. For the 20th percentile: 1.92, 25th percentile:
1.96, 30th percentile: 2.04.
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The Ratio Renal analysis was performed separately for the subjects with and without
the neck segment. For aneurysms with the neck segment present, the values were 2.4 for
20%, 2.41 for 25% and 2.49 for 30% for ruptured aneurysms and 2 for 20%, 2.05 for 25% and
2.18 for 30% for non-ruptured aneurysms (Figure 9).

Figure 9. (A) R RENAL values distribution in a certain number of patients with ruptured aneurysm
with neck segment present. For the 20th percentile: 2.41, 25th percentile: 2.45, 30th percentile: 2.5.
(B) R RENAL values distribution in a certain number of patients with unruptured aneurysm with
neck segment present. For the 20th percentile: 2, 25th percentile: 2.08, 30th percentile: 2.17.

For aneurysms without necks, the values were 2.78 for 20%, 3 for 25% and 3 for 30%
for ruptured aneurysms and 1.8 for 20%, 1.91 for 25% and 2 for 30% for non-ruptured
aneurysms (Figure 10).

Figure 10. (A) R RENAL values distribution in a certain number of patients with ruptured aneurysm
with neck segment absent. For the 20th percentile: 2.78, 25th percentile: 3, 30th percentile: 3. (B) R
RENAL values distribution in a certain number of patients with unruptured aneurysm with neck
segment absent. For the 20th percentile: 1.82, 25th percentile: 1.91, 30th percentile: 2.

4. Discussion

AAA is a pathological lesion with a very heterogeneous structure and shape when
compared between individual patients. The differences in AAA morphology, the length
and characteristics of the aortic section it covers, as well as the histological structure of the
vascular wall make it reasonable to look for individual factors that would allow the patient
to be provided with surgical treatment. There may be factors other than the maximum size
of the aneurysm, which, according to the variables mentioned above, could in some cases
lower the diameter importance [7,10,25]. In the current guidelines, the only manifestations
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of taking into account the individual characteristics of a certain patient are lowering the
AAA size range due to the female gender and qualifying patients for surgical treatment
with AAA, which increases its maximum size relatively quickly [23,24]. The latter factor,
although important in clinical practice, turns out to be difficult to assess, as it requires
at least two computed tomography (CT) scans per year in a specific patient. Given the
widespread use of ultrasound diagnostics used in vascular outpatient clinics, providing
a fairly good, but incomplete, picture of the disease, this is rarely practiced. Ultrasound
measurements are subject to some error from the lack of standardization of this method,
which may result in the delivery of many false positive and false negative results of a rapid
increase in the maximum diameter of AAA [28]. Moreover, intravenous administration of
a contrast agent, which, with frequent examinations, may cause or lead to an exacerbation
of the present renal failure is not without significance [29]. Due to the above-mentioned
difficulties, a group of patients may be mistakenly classified as low-risk RAAA patients,
and they are not qualified for surgical treatment as they should be.

The starting point of this study is the assumption that even a single CT scan can
provide more data indicating an increased risk of AAA rupture in a certain patient than the
maximal aneurysm size alone. A study by Kimura et al. took into account, for example,
the fillet radius and the aspect ratio, the parameters whose values, obtained through a
single CT scan, distinguished RAAA from AAA [25]. In our study, emphasis was placed
on taking into account the size of the unchanged aorta and iliac arteries and comparing
them to the size of aneurysm sac. It was assumed that even in the case of a relatively small
aneurysm, when there is also a small size of healthy vessels, the peak wall stress (PWS)
may be significant. The normal abdominal aorta has a very similar diameter throughout its
entire length down to the division into the iliac arteries. However, abdominal aneurysms
commonly have diverse morphologies and may be accompanied by dilations in other
parts of the aorta that are not sufficiently large to be classified as aneurysms. We therefore
determined the dimensions of the aorta at several separate sites. Similarly, the calculations
concerning the diameter of iliac arteries were enrolled.

The study assumes that the degree of enlargement of the aneurysm sac in relation
to the initial size of the aorta is a significant risk factor for AAA rupture. Unfortunately,
verifying the validity of this statement in each RAAA patient turns out to be difficult
to enroll. The mean diameter of ruptured abdominal aneurysms encountered in clinical
practice is larger than the threshold at which an aneurysm becomes eligible for surgical
treatment Since no one undermines the benefits of surgical treatment in patients with
large AAA, aneurysms of a size on the threshold of current indications for surgery and
smaller have become the object of special interest in this study. Because of that, we divided
our group into the subgroups based on the aneurysm size. Thanks to this division, it
was possible to visualize the differences between patients with similar aneurysms but
different aorta sizes, which was reflected in the calculated ratios. If no differences in the
values of the ratios were observed, this would mean that the comparison of the size of
the unchanged aorta to the size of the aneurysm is irrelevant and the only anatomical
factor determining the rupture is the maximum size of the aneurysm sac. An interesting
observation is the presence of numerous significant differences in the 5–6.5 cm subgroup,
with only single ones in the remaining subgroups. In large aneurysms (>6.5) this may
be due to the variety of sizes of the aneurysm sacs, still present in this subgroup even
after division. This diversity does not allow us to prove the potential value of the ratios;
however, in these subjects the mere fact of the presence of a large aneurysm indicates a
risk of rupture high enough for the patient to be qualified for surgical treatment. The lack
of differences in the values of the ratios in the group of small aneurysms (<5 cm) with
only single exception indicates that there are no particular anatomical differences between
ruptured and unruptured aneurysms of such size, so their rupture is rather induced by
non-anatomical risk factors.
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Another interesting observation is the comparison of the predictive value of the
calculated ratios and the maximum AAA size for the estimation of the risk of rupture.
It is noteworthy that in the studied group, in the size range <5 cm, the predictive value
of maximum diameter of the aneurysm sac is characterized by the AUC for the ROC
curve at the level of 0.655, which means that it has a slightly better predictive value for
predicting AAA rupture than a coin toss (0.500) and does not meet the significance for
a good aneurysm rupture risk predictor. The remaining parameter, R Neck, fares better
in this respect with AUC 0.787, which in our opinion proves the predictive value is high
enough to analyze this parameter in other study groups, as it could potentially become
a new indication for surgical treatment of small aneurysms. In the remaining analyzed
subgroups, the Ratio Neck size presented a prognostic value similar to or worse than the
maximum AAA sac size, which limits its potential use.

In order to complete this analysis, it is necessary to look at what values each ratio
has and what these values indicate. It was assumed that the value of a certain ratio in
the appropriate percentile of its distribution reflects the percentage risk of rupture in the
study group. The values of the ratios that had significant differences between groups
were arbitrarily selected for the 20th, 25th and 30th percentiles as it was decided that the
information about such a risk would be most clinically useful if the role of the ratios were
to be more widely recognized. On the basis of the obtained results, it can be noticed that in
most of the analyzed cases the ratios tended to be greater than or equal to 2 in the case of
ruptured aneurysms, while in the case of non-ruptured aneurysms, the ratio exceeds this
value only in sporadic cases. In other words, a 20% or greater risk of aneurysm rupture in
this study group is when the aneurysm is at least twice the diameter of the unchanged aorta.

In our opinion, the obtained results constitute an interesting and helpful aspect for
predicting the risk of AAA rupture and identifying patients particularly at risk of this
incident. The role of the ratios calculated in this way should be verified in other research
groups and taking into account additional risk factors. The use of additional techniques
such as FEM for the assessment of PWS within individual AAA and RAAA could be
particularly helpful in verifying the usefulness of the ratios [30]. For example, Urrutia et al.
observed that PWS, calculated using FEM, apart from the maximum size of the aneurysm,
is equally well correlated with other parameters such as: T (tortuosity), DDr (maximum
diameter to neck diameter ratio), S (wall surface area), K-median (median of the Gaussian
surface curvature), C-max (maximum lumen compactness), and M-mode (mode of the
mean surface curvature) [31]. Zelaya et al. proposed estimating the PWS using a so-called
linear model. The authors compared the vascular wall tension between patient-specific
AAA models with the results obtained using conventional approaches and a hypothetical
AAA reference model. It has been shown that such a linear model allows for a simple and
effective estimation of PWS on the basis of a single CT scan, without referring to complicated
analytical methods [32].

In recent years, there were some other attempts to assess the risk of AAA rupture based
on aneurysm morphology. Netio-Palomo et al. were performing complex and detailed
statistical analysis of individual aneurysm risk of rupture based on its size, shape and wall
stress [33]. The authors made some very interesting observations linking the increased
risk of aneurysm rupture with parameters other than the maximum diameter, such as the
length of the aneurysm, its symmetry coefficient or the way blood flows through the aorta.
The analysis is based on the creation of an accurate three-dimensional graphic model of
a given aneurysm and it allows for much more precise measurements than in the case of
the ratios calculated by us, but the difficulty of its implementation and the precise criteria
that a given aneurysm had to meet in order to be analyzed determined the small size of the
study group. For the same reason, ruptured aneurysms were not included in the study, so
it is not possible to make any comparisons using the technique presented by the authors in
this field.

An approach to the analyzed problem similar to ours was presented by Vande
Geest et al. In their work, the authors calculated the rupture potential index (RPI), which
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is the ratio containing the relation of wall stress to wall strength and they compared it be-
tween patients with ruptured and non-ruptured AAA [33]. On the basis of the calculations
performed, no differences were found between the groups, but their small number makes
one ask whether the studied individuals were group-representative enough to abandon
this direction of research.

In our work, we emphasized the simplicity of calculations, which, although limiting
their accuracy, allowed us to create a larger group than in many of the cited studies [33–35].
We hoped that observing a given feature in a larger population would emphasize its signifi-
cance and we believe that further development of the study group, especially with patients
from other centers, would confirm the significance of the ratios we calculated. We realize
that taking into account the individually variable dimensions of the aorta when estimating
the risk of aneurysm rupture is only one of many elements of the individual characteristics
of the patient that could be included in the calculations. Apart from increasing the size of
the study group, the use of basic biometric data could be extremely valuable in this aspect.
In our study, we showed that for two patients with the same size of AAA, the one with a
smaller aorta has a higher risk of rupture, which confirms the significance of individual
differences between patients. The most obvious physical difference between people is, of
course, their height and weight. Incorporating these data in correlation with aortic and
aneurysm sizes could significantly affect the reliability of the data, and this is a direction
that should be followed in future analyses. Unfortunately, although these data appear to be
easy to obtain, in some severe and unstable cases of RAAA, it is not possible to precisely
measure height and weight or obtain them from the patient.

The results obtained by our team and other authors seems to be promising enough
to consider the gathering of missing data and complexing the calculations with more
advanced three-dimensional models. If that had been achieved, we would have had truly
individual abdominal aortic aneurysm rupture risk assessment.

5. Conclusions

The ratio of aneurysm size to the size of the unchanged aorta visibly differs between
ruptured and unruptured aneurysms, which results from the larger maximum size of
ruptured aneurysms. In the study group, while maintaining the same size of the aneurysm,
the aorta was smaller in ruptured aneurysms than in non-ruptured aneurysms. In the
case of small aneurysms, their maximum size does not determine the risk of rupture high
enough to predict this incident. The ratio of the aneurysm diameter to the iliac arteries
is not applicable in assessing the risk of rupture. The ratio of the aneurysm sac to aorta
diameter is a better prognostic factor for rupture, but only in small aneurysms with a
present neck segment. In the study group, the aneurysm size enlarging twice as compared
to the unchanged aorta determined at least a 20% risk of aneurysm rupture. In order to
confirm the usefulness of calculated ratios for the assessment of the risk of rupture, further
studies on other groups of patients are necessary.
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Abstract: Endovascular repair (EVAR) has become the standard procedure in treating thoracic (TAA)
or abdominal aortic aneurysms (AAA). Not entirely free of complications, a persisting perfusion
of the aneurysm after EVAR, called Endoleak (EL), leads to reintervention and risk of secondary
rupture. How the aortic wall responds to the implantation of a stentgraft and EL is mostly uncertain.
We present a pilot study to identify peptide signatures and gain new insights in pathophysiological
alterations of the aortic wall after EVAR using matrix-assisted laser desorption or ionization mass
spectrometry imaging (MALDI-MSI). In course of or accompanying an open aortic repair, tissue
sections from 15 patients (TAA = 5, AAA = 5, EVAR = 5) were collected. Regions of interest (tunica
media and tunica adventitia) were defined and univariate (receiver operating characteristic analysis)
statistical analysis for subgroup comparison was used. This proof-of-concept study demonstrates
that MALDI-MSI is feasible to identify discriminatory peptide signatures separating TAA, AAA and
EVAR. Decreased intensity distributions for actin, tropomyosin, and troponin after EVAR suggest
impaired contractility in vascular smooth muscle cells. Furthermore, inability to provide energy
caused by impaired respiratory chain function and continuous degradation of extracellular matrix
components (collagen) might support aortic wall destabilization. In case of EL after EVAR, this
mechanism may result in a weakened aortic wall with lacking ability to react on reinstating pulsatile
blood flow.

Keywords: aortic aneurysm; EVAR; endoleak; proteomic signature; MALDI-MSI

1. Introduction

Defined as a dilatation of the aortic wall by 1.5 times of the physiological diameter,
aortic aneurysm is a common disease with an age-dependent prevalence of 8% and is a
leading cause of death in men >65 years old. If left untreated, the risk of further dilatation
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and rupture increases. With a mortality of up to 80%, aortic rupture is an acutely life-
threatening event [1].

The aortic wall consists of a three-layered structure. On the luminal site, a single
layer of endothelial cells is forming the tunica intima. The tunica media is formed by
adjacent vascular smooth muscle cells (VSMC) and structural proteins, such as elastin and
collagen. The outermost tunica adventitia is composed of mostly fibroblasts and collagen
fibers [2]. The formation of an aortic aneurysm is considered a multifactorial process
caused by genetic and epigenetic alterations supported by behavioral risk factors such as
smoking and atherosclerotic degradation. However, the exact pathophysiology remains
to be elucidated. Histologically, aortic aneurysms are characterized by inflammation,
VSMC apoptosis, extracellular matrix (ECM) degradation and oxidative stress [3,4]. This
results in a weakened and instable aortic wall which is no longer able to withstand luminal
blood pressure.

To prevent aortic rupture, aortic aneurysm repair should be considered from a thresh-
old diameter of 60 mm or 55 mm in thoracic (TAA) and abdominal aortic aneurysm (AAA),
respectively (depending on localization, configuration, and patient gender). Furthermore,
rapid aneurysm growth is an additional risk factor for aortic rupture requiring aortic repair.
Endovascular stent grafts became state of the art in the treatment of TAA and AAA [5]. Sev-
eral studies have shown an early survival benefit of patients treated with EVAR compared
to conventional open aortic repair for elective surgery in infrarenal AAA in short-term
follow-ups [6–8]. Nevertheless, the emergence of late complications after EVAR leads to a
loss of the initial survival benefit during long-term observations [9,10]. The most common
complication leading to secondary intervention is persisting perfusion of the aneurysm sac,
a so-called endoleak (EL) [11,12]. As a result of persisting EL, the risk of aortic rupture is
increased [13].

The underlying pathophysiological changes in the aortic wall leading to EL and
rupture after EVAR are unclear. Findings of structural atrophy due to a significant thinning
of the aneurysm wall layers accompanied by cell deficiency suggest a weakened aneurysm
wall after EVAR. Cell-depletion supported by alterations of extracellular matrix (ECM)
components, such as collagen, may result in a status of instability [14]. Furthermore,
new insights into the role of VSMC as the predominant existing cell type in aortic walls
underline their importance for aortic wall integrity. The exact sequential pathophysiology
of AAA formation remains uncertain, but VSMC contractile and synthetic phenotypes are
considered to have an impact on aneurysm formation [15]. While the synthetic phenotype
provides manufacturing of ECM, the contractile properties of VSMC encompass mechanical
force distribution by regulating their linkage to ECM components [16,17]. It has been shown
that mutations in genes, encoding for contractile proteins of VSMC, such as smooth muscle
actin (ACTA2) and smooth muscle myosin heavy chain (MYH11), predispose for hereditary
TAA and aortic dissections [17,18]. Recently, evaluations of VSCM contractility suggest
both an impaired contractile function in AAA patients and patients formerly treated by
EVAR [19]. Therefore, pathophysiological changes of ECM components accompanied by
alterations of VSCM properties are of particular interest to understand mechanisms leading
to complications after EVAR.

The unraveling of molecular changes often remains hidden due to tissue heterogene-
ity. Proteomic methods have been successfully used to characterize pathophysiological
processes in various diseases [20,21]. In current studies, fluid-based proteomic approaches
such as liquid chromatography are combined with mass spectrometry after tissue mi-
crodissection to discover new disease-related markers in muscle tissue [22–24]. However,
obtaining a sufficient amount of material is labor-intensive and provides little insight into
the actual spatial distribution of pathophysiological regions.
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Recently, matrix-assisted laser desorption or ionization mass spectrometry imaging
(MALDI-MSI), a tissue-based technology for analyzing human specimens, entered the
field of diagnostics for a variety of diseases [25,26]. Several studies have demonstrated the
advantages of high resolution MSI data in microdissected tissue sections while preserving
spatial specificity with accurate protein assignment [27–29]. Due to long processing time
for both microdissection and mass spectrometry and the higher costs, these promising
techniques are not well suited for large scale studies. In contrast, spatially distinct peptide
signatures obtained from MALDI tissue imaging data can be acquired in a shorter time
frame, a larger sample cohort, and at a lower cost [30–32]. Combining a mass spectrometric
technique with conventional histological evaluation on a single tissue section allows the
analysis of a variety of molecules. Furthermore, by preserving the spatial coordinates in
the analyzed tissue sections, it generates a unique molecular intensity map and thus allows
conclusions about location-related alterations in specific regions of interest. Referring to
aortic diseases, Mohamed et al. emphasized the potential of the MALDI technique in
a proof-of-concept study to provide useful information for underlying pathogenesis in
aneurysms of the thoracic ascending aorta [26].

The aim of this pilot study was to investigate the feasibility and potential of using
MALDI-MSI combined with univariate statistical analysis to differentiate between TAA,
AAA, and EVAR and to discriminate remodeling processes in aortic wall specimens after
EVAR. Alterations in proteomic signatures after EVAR might be used to gain insights into
the underlying pathophysiological remodeling leading to complications such as EL or
aortic rupture.

2. Experimental Section

The study was approved by the institutional ethic review board at the Charité Univer-
sitätsmedizin Berlin on 7 July 2020 (project identification code EA4/108/20) and written
consent was obtained from all patients.

2.1. Patient and Sample Cohort

Human aortic tissue samples were obtained during elective open aortic surgeries for
TAA, AAA, or EL, and aneurysm sac enlargement after EVAR, respectively. Specimens were
removed intraoperatively from the area of largest diameter of the aneurysmal formation
in the thoracic or abdominal aorta. Subsequently, aneurysmal aortic tissue sections from
TAA (n = 5), AAA (n = 5), and EVAR (n = 5) were transported to the laboratory for further
processing and preparation of formalin-fixed paraffin-embedded (FFPE) tissue sections.

2.2. MALDI-MSI

FFPE tissue samples were prepared for MALDI-IMS analysis as previously reported [33].
Briefly, all FFPE tissue sections were 6 μm thick, cut by microtome (HM325, Thermo
Fisher, Bremen, Germany) and mounted onto conductive glass slides coated in indium
tin oxide (Bruker Daltonik GmbH, Bremen, Germany). Sections were preheated to 80 ◦C
for 15 min before deparaffinization. Paraffin was removed in xylene, and tissue sections
were processed through 100% isopropanol and successive hydration steps of 100% ethanol
followed by 96%, 70%, and 50% ethanol, each for 5 min. Sections were fully rehydrated in
Milli-Q-purified water (MilliQ-water). Heat-induced antigen retrieval was performed in
MilliQ-water for 20 min in a steamer. After drying slides for 10 min, tryptic digestion was
performed. An automated spraying device (HTX TM-Sprayer, HTX Technologies LLC, ERC
GmbH Riemerling, Germany) was used to deliver onto each section, 16 layers of tryptic
solution (20μg Promega® Sequencing Grade Modified Porcine Trypsin in 800 μL digestion
buffer; 20 mM ammonium bicarbonate with 0.01% glycerol) at 30 ◦C. Tissue sections
were incubated for 2 h at 50 ◦C in a humidity chamber saturated with potassium sulfate
solution, then the HTX TM Sprayer applied 4 layers of the matrix solution (7 g/L a-cyano-
4-hydroxycinnamic acid in 70% acetonitrile and 1% trifluoroacetic acid) at 75 ◦C. MALDI
imaging was conducted on the rapifleX® MALDI Tissuetyper® (Bruker Daltonik GmbH,
Bremen, Germany) in reflector mode with the detection range of 600–3200 m/z, 500 laser
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shots per spot, a 1.25 GS/s sampling rate, and raster width of 50 μm. FlexImaging 5.1
and flexControl 3.0 software (Bruker Daltonik GmbH, Bremen, Germany) coordinated
the MALDI imaging run. External calibration was performed using a peptide calibration
standard (Bruker Daltonik GmbH, Bremen, Germany). The matrix was removed from
tissue sections with 70% ethanol after MALDI imaging, and sections were stained with
hematoxylin and eosin for histology. Subsequently, aortic wall layers were annotated in
QuPath software [34] and transferred into SCiLS Lab software (Version 2019c Pro, Bruker
Daltonik GmbH, Bremen, Germany). In general, we stuck to the previously published
standard operation procedure by Ly et al. [35].

2.3. Protein Identification by Electrospray Ionization Tandem Mass Spectrometry

Protein identification for peptide values was performed on adjacent tissue sections
using a bottom-up nano-liquid chromatography electrospray ionization tandem mass
spectrometry approach as previously described [33]. Similar to their preparation for
MALDI-MSI, sections were preheated to 80 ◦C for 15 min before deparaffinization. Paraf-
fin removal, antigen retrieval, and tryptic digestion were carried out as for MALDI-MSI.
After incubation at 50 ◦C in a humidity chamber saturated with potassium sulfate so-
lution for 2 h, peptides were extracted separately from each tissue section into 40 μL
of 0.1% trifluoroacetic acid and incubated 15 min at room temperature. Digests were
filtered using a ZipTip® C18 following the manufacturer’s instructions, and the eluates
were vacuum concentrated (Eppendorf® Concentrator 5301, Eppendorf AG, Hamburg,
Germany,) and reconstituted separately in 20 μL 0.1% trifluoroacetic acid, from which 2 μL
were injected into a NanoHPLC (Dionex UltiMate 3000, Thermo Fisher Scientific, Bremen,
Germany) coupled to an ESI-QTOF ultrahigh-resolution mass spectrometer (Impact II™,
Bruker Daltonic GmbH, Bremen, Germany). The peptide mixture was loaded onto an
Acclaim PepMap™ 100 C18 trap column (100 μm × 2 cm, PN 164564, Thermo Fisher
Scientific, Bremen, Germanyand calibrated with 10 mM sodium hypofluorite (flowrate
20 μL/h) before separation in an Acclaim PepMap™ RSLC C18 column (75 μm × 50 cm,
PN 164942, Thermo Fisher Scientific, Bremen, Germany) with an increasing acetonitrile
gradient of 2–35% in 0.1% formic acid (400 nL/min flow rate, 10–800 bar pressure range)
for 90 min while the column was kept at 60 ◦C. Released charged peptides were detected
by a tandem mass spectrometer using a full-mass scan (150–2200 m/z) at a resolution of
50,000 FWHM. The autoMS/MS InsantExpertise was used to select peaks for fragmenta-
tion by collision-induced dissociation. Acquired raw MS/MS spectra were converted into
mascot generic files (.mgf) for amino acid sequences using ProteoWizard software [36], and
used to search the human UniProt database using the Mascot search engine (version 2.4,
MatrixScience Inc., London, UK) with the significance threshold of p < 0.05 and the settings
for trypsin as the proteolytic enzyme; a maximum of 1 missed cleavage; 10 ppm peptide
tolerance; peptide charges of 2+, 3+, or 4+; oxidation allowed as variable modification;
0.8 Da MS/MS tolerance and a MOWSE score > 13 to identify the corresponding protein.
Mascot results were exported as .csv files. To match aligned m/z values from MALDI-MSI
(Supplementary Table S1) with the peptides identified by nanoLC-MS/MS (Supplemen-
tary Table S2), we developed an excel macro in-house. The macro was applied with
settings accommodating previously described parameters [37]. Briefly, the comparison of
MALDI-MSI and LC−MS/MS m/z values required the identification of >1 peptide (mass
differences < 0.9 Da). The peptides with highest MOWSE peptide score, smallest mass
differences between MALDI-MSI and LC-MS/MS data and a correlation coefficient >0.1
or <0.1 were accepted as correctly identified.
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2.4. MALDI-MSI Data Processing for Statistical Analyses

MALDI-MSI raw data were imported into the SCiLS Lab software version 2019c Pro
(Bruker Daltonik GmbH) using settings preserving total ion count without baseline removal
and converted into the SCiLS base data .sbd file and .slx file. An attribute table was built for
the sample number and the different aortic wall layers tunica media and tunica adventitia.
Attributes were used to divide the data set into independent data sets from different spatial
spectral regions in tissue sections. Peak finding and alignment were conducted across
a data set (interval width = 0.3 Da) using a standard segmentation pipeline (SciLS Lab
software) in maximal interval processing mode with TIC normalization, medium noise
reduction and no smoothing (Sigma: 0.75) [38,39].

2.5. Statistical Data Analysis

The top-down segmentation using bisecting k-means clustering analysis was per-
formed on the partitioned data sets from tissue sections, as previously described [40],
to defined proteomic signatures. Both analyses used settings for 0.3 Da interval width,
include all individual spectra, and medium noise reduction and correlation distance. Dis-
criminative MALDI-MSI m/z values were identified using supervised ROC analysis on
the partitioned data sets from different tissue regions such as tunica media and tunica
adventitia. The area under the ROC curve (AUC) varies between 0 and 1, where values
close to 0 and 1 indicate peptides to be discriminatory and 0.5 indicates no discrimina-
tory value. Since the number of m/z values from comparison groups must be similar for
analysis, 35,000 m/z values were randomly selected per group. For those peptides with
an AUC > 0.6 or <0.4, a univariate hypothesis test (Wilcoxon rank sum test) was used to
test the statistical significance of m/z values. Peptides with p-value < 0.001 and a peak
correlation ratio > 0.5 were selected as candidate markers.

3. Results

3.1. Clinical Characterization

General patient characteristics are shown in Table 1. All patients were non-diabetic
men. The mean overall age was 67 ± 10 years. No significant difference in subgroup
comparison was observed for age (TAA = 59 ± 10 years vs. AAA = 73 ± 6 years vs.
EVAR = 70 ± 7 years, p = 0.077). The mean aortic diameter was 69 ± 16 mm. Patients with
AAA (AAA = 80 ± 19 mm vs. TAA = 54 ± 5 mm, p = 0.01) or EVAR (EVAR = 72 ± 12 mm
vs. TAA = 54 ± 5 mm, p = 0.02) had a significantly larger aortic diameter compared to those
with TAA.

Indications for open aortic repair included rapid aneurysm growth (>5 mm in six
months or >10 mm in one year, n = 2) or exceeded a threshold diameter of 55 mm (n = 8)
for TAA and AAA patients. Patients formerly treated by EVAR developed several types of
EL requiring open surgery for EL type Ia (n = 1), EL type II (n = 2), EL type III (n = 1), and
EL type V (n = 1).

3.2. MALDI-MSI Data

Primary proteomic screenings were performed simultaneously for TAA, AAA, and
EVAR tissue sections. Subsequently, mass spectra for the annotated regions of interest (ROI,
tunica media, and tunica adventitia) were obtained and statistically analyzed using SCiLS
Lab software (Bruker, Bremen, Germany). Analysis of the whole tissue sections revealed
46.446, 75.128 and 126.259 spectra for TAA, AAA, and EVAR specimens, respectively.
Annotated ROIs in TAA, AAA, and EVAR revealed 10.014, 11.988, and 27.112 spectra
for tunica adventitia and 22.661, 8932, and 16.588 spectra for tunica media, respectively.
Average exemplary spectra are shown for TAA, AAA, and EVAR subregions in Figure 1.
The peptide signatures extracted from the analyzed tissue samples yielded 476 aligned
peptide values (Supplementary Table S1) in a mass range for tryptic peptides (m/z value
range: 600–3200).
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Table 1. Indications and patient characteristics.

Subgroup Gender Age
Maximum
Aneurysm

Diameter (mm)
Comorbidities

TAA_1 M 62 58 CAD, HI
TAA_2 M 67 59 HI
TAA_3 M 54 52 HI
TAA_4 M 43 57 HI
TAA_5 M 68 46 CAD, HI, AHT, HLP, COPD, CRF

AAA_1 M 78 60 CAD, AHT, HLP
AAA_2 M 72 81 CRF, AHT
AAA_3 M 78 80 CAD, HLP
AAA_4 M 63 110 AHT
AAA_5 M 76 68 CAD, HI, AHT

EVAR_1 M 67 75 CAD, PAD, AHT
EVAR_2 M 64 90 CAD, AHT, HLP
EVAR_3 M 80 65 AF, PAD
EVAR_4 M 73 59 CAD, CRF
EVAR_5 M 65 69 AHT, PAD

CAD = coronary artery disease, HI = heart insufficiency, AHT = arterial hypertension, HLP = hyperlipidemia,
COPD = chronic obstructive pulmonary disease, CRF = chronic renal failure, PAD = peripheral artery disease,
AF = atrial fibrillation.

Figure 1. MALDI-MSI average spectra from the whole tissue sections and annotated regions of interest of tunica adventitia
and tunica media in TAA, AAA, and EVAR tissue samples.
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3.3. Discriminative Proteins from TAA, AAA, and EVAR Tissue Sections Based on
MALDI-MSI Data

To provide a better understanding of the pathophysiological differences in aortic wall
layers, specific localized peptide values were explored in TAA, AAA, and EVAR tissue
sections. Based on the typical wall structure of the aorta, sections of tunica media, and
tunica adventitia were defined for analysis.

The identification of peptide values might provide insights into aneurysm forma-
tion and alterations of aortic wall structure after EVAR. To identify the corresponding
proteins to the discriminatory tryptic peptide fragments, we performed a bottom-up LC-
MS/MS approach in adjacent tissue sections. In total, 476 peptide values were detected
via MALDI-MSI in annotated ROIs. Of those, 284 peptide values could be assigned to
peptide values derived from LC-MS/MS (mass differences < 1 Da) corresponding to
91 proteins (Supplementary Table S2). After comparison of MALDI-MSI and LC−MS/MS
(Supplementary Table S3) peptide values (requiring identification of >1 peptide to one pro-
tein), 84 peptide values revealed 28 corresponding proteins. ROC analysis was used on the
total 284 aligned peptide peaks from annotated tunica adventitia (Supplementary Table S4)
and tunica media (Supplementary Table S5) in AAA, TAA, and EVAR tissue sections. Over-
all, analysis for tunica adventitia revealed 82 and 62 discriminative peptide values for
comparison of AAA and TAA and for EVAR and TAA, respectively. For tunica media,
63, 52, and 257 discriminative peptide values have been identified for subgroup compari-
son (AAA vs. EVAR, AAA vs. TAA, and EVAR vs. TAA). As the formation of an aortic
aneurysm is largely caused by changes within the tunica media, we focus our interpretation
of the results only on the peptide alterations observed in this area.

Corresponding proteins to peptide values are correctly identified when the validating
approach identifies at least two peptide values (detected in MALDI-MSI) from the same pro-
tein (AUC < 0.4, >0.6, p < 0.001) [36]. This revealed 47 peptide values with 17 corresponding
proteins (ACTA, CAD13, CO1A1, CO1A2, CO6A3, KCRM, DESM, ETFB, H13, H4, MYH6,
PGAM2, TPM1, TNNI3, TNNT2, TBB5, VME). In comparison to EVAR, nine peptide values
with their corresponding four proteins (ACTA, ETFB, TPM1, TBB5) were increased in AAA
tissue sections. Moreover, 46 m/z values from 17 corresponding proteins (ACTA, CAD13,
CO1A1, CO1A2, CO6A3, KCRM, DESM, ETFB, H13, H4, MYH6, PGAM2, TPM1, TNNI3,
TNNT2, TBB5, VME) are decreased in EVAR specimens compared to TAA tissue sections.
The peptide values corresponding to ACTA were decreased in AAA specimens compared
to TAA specimens (Table 2). As an example, we show intensity distributions in separate
tissue sections for ETFB in Figure 2 and Supplementary Figure S1. Moreover, illustrative
intensity distributions for actin, tropomyosin, and troponin are shown in Figure 3. The
remaining peptides and their corresponding protein intensity distributions are shown in
Supplementary Figure S2.

Table 2. Differential peptides (MALDI-MSI) and their corresponding proteins from the tunica media in TAA, AAA, and
EVAR tissue sections.

MALDI-
MSI m/z

Value [Da]

ROC
[AUC]
Media
AAA

vs.
EVAR

ROC
[AUC]
Media
AAA

vs.
TAA

ROC
[AUC]
Media
EVAR

vs.
TAA

LC-MS [MH
+ Calc.]

Scores Sequence
Gene

Symbol
Protein

976.43 0.62 0.35 0.22 976.4468194 88.56 AGFAGDDAPR

ACTA2 Actin, aortic smooth
muscle

1198.65 0.66 0.29 0.10 1198.51941 57.19 DSYVGDEAQSK
1198.65 0.66 0.29 0.10 1198.703002 41.77 AVFPSIVGRPR
1580.684 0.56 0.45 0.39 1580.800411 43.04 MQKEITALAPSTMK
1790.904 0.57 0.36 0.27 1790.891339 28.06 SYELPDGQVITIGNER

1564.883 0.59 0.42 0.33 1564.905355 31.49 SIVVSPILIPENQR
CDH13 Cadherin-131835.908 0.58 0.44 0.34 1836.842546 32.84 MTAFDADDPATDNALLR
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Table 2. Cont.

MALDI-
MSI m/z

Value [Da]

ROC
[AUC]
Media
AAA

vs.
EVAR

ROC
[AUC]
Media
AAA

vs.
TAA

ROC
[AUC]
Media
EVAR

vs.
TAA

LC-MS [MH
+ Calc.]

Scores Sequence
Gene

Symbol
Protein

836.417 0.59 0.42 0.31 836.4361428 49.08 GPAGPQGPR

COL1A1 Collagen alpha-1(I)
chain

852.418 0.61 0.40 0.28 851.4249814 43.88 GFSGLDGAK
868.42 0.59 0.42 0.31 868.4253882 34.63 GEAGPQGPR
886.421 0.56 0.43 0.36 886.4359955 47.39 GSEGPQGVR

784.412 0.58 0.45 0.37 785.3889089 48.12 GDQGPVGR
COL1A2 Collagen alpha-2(I)

chain1561.883 0.60 0.48 0.37 1562.79067 87.57 GETGPSGPVGPAGAVGPR

1237.653 0.57 0.43 0.37 1238.651334 47.18 VAVFFSNTPTR
COL6A3 Collagen alpha-3(VI)

chain
1459.673 0.61 0.43 0.32 1459.860756 25.39 IGDLHPQIVNLLK
1462.674 0.55 0.44 0.39 1462.763096 27.26 QINVGNALEYVSR

1508.678 0.60 0.40 0.32 1507.799786 83.26 LSVEALNSLTGEFK

CKM
Creatine kinase
M-type Desmin

1508.678 0.60 0.40 0.32 1507.699725 58.36 GGDDLDPNYVLSSR

1767.902 0.57 0.47 0.39 1768.83488 32.75 DGEVVSEATQQQHEVL
2088.931 0.56 0.45 0.39 2088.091512 51.57 TFGGAPGFPLGSPLSSPVFPR

853.418 0.61 0.40 0.27 853.5233919 55.31 LGPLQVAR
ETFB

Electron transfer
flavoprotein subunit

beta1340.663 0.60 0.44 0.34 1339.720602 51.07 LSVISVEDPPQR

974.429 0.56 0.43 0.38 973.6021152 45.36 SGVSLAALKK
H1-3 Histone H1.31106.641 0.58 0.42 0.32 1107.565851 47.87 ALAAAGYDVEK

1198.65 0.66 0.29 0.10 1198.666651 64.14 ASGPPVSELITK

1325.661 0.59 0.44 0.36 1325.752447 45.61 DNIQGITKPAIR
H4C1 Histone H41466.674 0.60 0.42 0.32 1466.801839 61.03 TVTAMDVVYALKR

1533.68 0.58 0.44 0.34 1533.775171 82.04 VVDSLQTSLDAETR

MYO6 Myosin-61850.909 0.59 0.44 0.34 1851.041427 48.84 VQLLHSQNTSLINQKK
2088.931 0.56 0.45 0.39 2088.123001 33.09 YRILNPVAIPEGQFIDSR
2199.941 0.57 0.46 0.39 2200.123705 49.68 GTLEDQIIQANPALEAFGNAK

976.43 0.62 0.35 0.22 975.4887038 36.63 AMEAVAAQGK
PGAM2 Phosphoglycerate

mutase 21150.645 0.56 0.43 0.38 1150.666958 45.55 VLIAAHGNSLR

875.42 0.57 0.44 0.37 875.4465169 30.27 SLEAQAEK
TPM1 Tropomyosin alpha-1

chain
1460.674 0.62 0.43 0.31 1460.731208 39.4 KATDAEADVASLNR
1516.679 0.61 0.43 0.32 1516.819568 27.34 SKQLEDELVSLQK

1305.659 0.58 0.41 0.34 1306.638768 44.38 KNIDALSGMEGR
TNNI3 Troponin I, cardiac

muscle
1479.675 0.54 0.43 0.40 1479.727686 42.27 ISADAMMQALLGAR
1889.913 0.57 0.46 0.38 1890.031221 44.46 NITEIADLTQKIFDLR

758.41 0.55 0.45 0.40 757.4673223 35.39 ILAERR
TNNT2 Troponin T, cardiac

muscle
906.423 0.55 0.43 0.37 906.5021046 26.65 YEINVLR
1797.904 0.57 0.46 0.40 1796.934971 29.11 SFMPNLVPPKIPDGER

1143.445 0.60 0.42 0.31 1143.632775 28.94 LAVNMVPFPR
TUBB Tubulin beta chain1320.661 0.64 0.38 0.24 1319.701066 49.82 IMNTFSVVPSPK

1269.656 0.56 0.43 0.37 1270.559399 37.39 LGDLYEEEMR
VIM Vimentin1428.671 0.55 0.33 0.28 1428.710851 40.41 SLYASSPGGVYATR

2498.168 0.55 0.49 0.44 2497.256473 42.86 LLQDSVDFSLADAINTEFKNTR

The relative peptide expression (color bar) is shown for MALDI m/z ion peaks with
the highest significant area under the curve (AUC) values (>0.6, p < 0.001, on top) in
receiver operator characteristic (ROC) analysis and the lowest AUC values (<0.4, p < 0.001,
bottom MALDI images). Red lines represent tunica media. Hematoxylin and eosin (H&E)
staining in sections is shown for orientation.

Relative peptide expression (color bar) is shown for MALDI m/z ion peaks with the
highest significant area under the curve (AUC) values (>0.6, p < 0.001, left) in receiver oper-
ator characteristic (ROC) analysis and the lowest AUC values (<0.4, p < 0.001, right MALDI
images). Red lines represent tunica media and green lines represent tunica adventitia.
Hematoxylin and eosin (H&E) staining in sections is shown for orientation.
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Figure 2. Differential intensity distributions of electron transfer flavoprotein subunit beta between
TAA, AAA, and EVAR specimens.
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Figure 3. Differential intensity distributions of actin, tropomyosin, and troponin between TAA, AAA,
and EVAR specimens.

4. Discussion

4.1. Summary

As a unique mass spectrometric technique which combines spatial molecular analysis
and histological assessment, MALDI-MSI identified proteomic signatures in aortic walls in
TAA, AAA, and after, EVAR. Since little is known about pathophysiological changes after
EVAR, the advantage of MALDI-MSI is seen in the absence of requirements for labelling
or knowledge of molecular targets to analyze the distribution of hundreds of peptides.
Furthermore, preservation of the spatial coordinates allows the linkage of alterations in
protein distributions to specific regions inside the aortic wall layers. Thus, MALDI-MSI as
a new technique seems to be an optimal tool to gain new insights on underlying changes
inside the aortic wall.
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Acquired spatial proteomic signatures revealed 17 proteins with altered distributions
among the tissue sections in EVAR and TAA or AAA, respectively. Actin, tropomyosin,
and troponin, associated with the contractile unit in VSMC, showed decreased intensity
distribution after EVAR. Furthermore, a decrease in extracellular matrix (collagen) or
cytoskeletal proteins (desmin, tubulin) and electron carrier protein (electron transferring
flavoprotein) could be observed in aortic wall specimens after EVAR. Based on these results,
three spatial alterations could contribute to impaired wall stability after EVAR: (1) loss of
function of the contractile unit in VSMC, (2) continuous degradation of extracellular matrix
(ECM) proteins, and (3) reduced capacity to provide energy.

4.2. Impaired Vascular Smooth Muscle Cell Contractility after EVAR

Although the exact pathophysiological mechanism in aortic aneurysm formation
remains unclear, VSCM are considered to play a central role depending on their pheno-
type [15]. Degradation of ECM induced by increased production of elastolytic enzymes,
such as matrix metalloproteinases (MMP) by synthetic VSMC, is assumed to be one of the
main reasons for aneurysm growth and rupture [3,4]. However, most VSMC in the aortic
wall display a contractile phenotype responsible for regulating vascular tone.

To maintain contractile function, VSMCs express α-smooth muscle actin (aSMA),
which forms the thin filament of the contractile unit with tropomyosin (Tm), calmodulin,
and caldesmon [41]. Although it has been demonstrated that mutations affecting the
contractile unit, such as ACTA2 and MYH11-gene mutations [17,18], contribute to the
formation of thoracic aneurysms or dissections, still, little is known about the loss of VSMC
contractile function in the pathogenesis of aortic aneurysm.

Recently, Bogunovic et al. [19] reported about the contractility in VSMC isolated from
controls and sporadic AAA in human specimens by using electric cell-substrate impedance
sensing (ECIS). No significant overall difference between AAA-patients and the control
group in mean and maximum contraction was observed. Therefore, patients were subse-
quently divided into low and high contracting groups (defined as lower or higher than two
standard deviations of results in the control group). Nevertheless, based on the findings
that 28% (6/21) and 23% (5/21) of AAA patients showed lower contractility and low
maximum contraction, respectively, the authors hypothesized that an impaired contractile
function in VSMC in AAA patients might play a pathophysiological role in aneurysm for-
mation. Furthermore, four patients formerly treated by EVAR were analyzed. Interestingly,
VSMC obtained from those patients demonstrated a nearly significant (p = 0.05) trend of
lower maximum contraction compared to the control group. Our data showed a lower
intensity distribution of aSMA in the EVAR tissue sections compared to AAA and TAA
specimens, respectively. In particular, this might explain the trend of impaired VSMC
contraction in EVAR patients already observed by Bogunovic et al.

However, the functionality of the contractile unit is complemented by other modulat-
ing proteins such as Tm and troponin. Although, Tm had neither been reported in AAA
formation nor in EVAR complications, its importance to maintain contractile function as
a calcium sensor is well established [41]. Historical assumptions that Tn proteins are not
expressed in VSCM have been shown to be incorrect [42,43]. The exact role of Tn during
the process of contraction in smooth muscle cells, particularly in VSMC, remains unclear.
Kajioka et al. [43] not only provided evidence of the presence of all subunits of Tn in
smooth muscle cells outside of cardiac muscle (e.g., aortic VSMC, trachea, urinary bladder)
but also demonstrated its role in smooth muscle cell contraction. Their results suggest
that particularly the complex of tropomyosin and TnT make a substantial contribution to
smooth muscle contraction. With the detection of TnT and TnI, we confirm the expression
of Tn outside the cardiac muscle. Furthermore, we see a significantly lower level of Tm,
TnT, and TnI within the aortic wall after EVAR supporting the thesis of reduced VSMC
contractility after stentgraft implantation.

In conclusion and based on our results of only a small-sample-sized patient cohort, the
interaction of aSMA, myosin, Tm, and Tn assumably plays a central role in smooth muscle
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cell contraction. Our data provide evidence that, particularly after EVAR, a significant
reduction of proteins elementarily important for VSMC contraction (aSMA, Tm, Tn) can
be observed. If the aneurysm sac is successfully eliminated after EVAR, there is no risk of
secondary rupture due to decreased contractility of the VSMC. However, if an EL occurs,
the loss of the ability to respond to pulsatile blood flow by contraction may possibly
promote rupture of the aortic wall.

4.3. Increased ECM Degradation after EVAR

In addition to the VSMCs, ECM is essential to maintain this physiological function.
Within the three-layered structure of the aortic walls, a variety of ECM proteins compose a
three-dimensional organization [16].

Collagen and elastic fibers comprise approximately 50% of the dry weight of larger
arteries and function as the main proteins providing tensile strength and expandability [44].
Additionally, they play a key role in modulating the adhesion, proliferation, and migration
of VSMC by interacting with various integrins and proteins [45]. ECM degradation in
tunica media and tunica adventitia has proven to be involved in aneurysm formation [3,4].

Collagen, as the main structural protein in the aortic wall, mainly consists of fibrillar
collagens type I and III, accounting for 80–90% of the total collagen. Both increased collagen
I/III levels enhancing arterial stiffness and decreased collagen I/III levels weakening the
aortic wall have been proven to favor aortic aneurysm and dissection [46,47]. Augmented
expression of MMPs is well documented in human and mouse aortic aneurysm [48]
leading to degradation of aortic ECM and collagen cleavage in particular. In contrast,
Menges et al. [14] revealed an altered collagen composition in AAA and EVAR patients
compared to healthy aorta with a high abundance of collagen I and decreased expression
of collagen III, respectively. Underlining the importance of collagen integrity, Lee et al. [49]
associated the use of fluoroquinolones to collagen degradation and higher risk of aortic
aneurysm formation aortic dissection. Particularly with a significant decrease in collagen
types I and III seen after EVAR, our data might provide further evidence that collagen
is continued to be cleaved and degraded after stentgraft implantation. Based on this
assumption, this may result in progression of aneurysm formation and lowers the tensile
strength of the remaining aortic wall in case of reinstating pulsatile blood flow in case
of EL.

As previously mentioned, depending on the phenotype, the increased expression
of elastolytic enzymes by synthetic VSMC results in ECM degradation. The shift of the
VSMC phenotype from actin- and desmin-expressing contractile phenotype to synthetic
phenotype weakens the aortic wall [50,51]. Desmin, actin, and tubulin [52] can be used to
define contractile phenotype in VSMC. In comparison to non-AAA samples, AAA samples
contain significantly less actin and desmin, suggesting higher levels of synthetic VSMC in
AAA patients [47].

Bogunovic et al. [19] examined if the observed decreased contractility might depend
on the phenotype defect of VSMC. Therefore, changes in VSMC-specific marker genes
(ACTA2, CNN1, TAGLN) and protein expression (aSMA, Calponin, SM22) of VSMC
marker proteins were studied using quantitative PCR and Western blot, respectively. Again,
the heterogeneous results in the small-sized comparison groups prevented a significant
result. We observed a lower expression of desmin and tubulin after EVAR, which could
be a potential sign of a lower level of contractile VSMCs. Aforementioned, we already
assume to provide evidence for reduced VSMC contractility due to decreased expression
of proteins necessary for contractile function. In addition, the lower expression of desmin
and tubulin might support the idea that not only reduced expression of contractile proteins
but also a lower proportion of contractile VSMCs in the aortic wall after EVAR might be
able to reduce resistance of the aortic wall in case of pulsatile blood flow. Thus, ECM
degradation and reduced VSMC contractility might benefit the risk of rupture due to aortic
wall destabilization.
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4.4. Alteration of the Energy Supply after EVAR

The transport of electrons to the membrane-bound respiratory chain also involves elec-
tron transferring falvoproteins (ETFs) [53]. ETFs are soluble heterodimeric FAD-containing
proteins [54] and function as electron carriers between various flavoprotein-containing de-
hydrogenases. At least nine mitochondrial matrix flavoprotein dehydrogenases (acyl-CoA
dehydrogenase, isovaleryl-CoA dehydrogenase, 2-methyl branched-chain acyl-CoA dehy-
drogenase, glutaryl-CoA dehydrogenase, dimethyl-glycine and sarcosine dehydrogenases)
donor electrons to ETFs. Thus, ETFs are indirectly involved in several energetic pathways
(fatty acid β-oxidation, amino acid oxidation, choline metabolism [55,56]. Electrons are
transported by ETFB to the membrane-bound ETF-ubiquinone oxidoreductase [57], which
results in a reduction of ubiquinone to ubiquinol.

No studies are available regarding impaired mitochondrial function or respiratory
chain disorders in TAA and/or AAA formation. Nevertheless, our data might provide
evidence for a reduced or nearly eliminated capacity of the ETF in AAA and EVAR patients.
Particularly after implantation of an endovascular stentgraft, restricted nutrition might
be the reason for reduced energy production. Under normal conditions, cells of the
aortic wall are largely dependent on intimal diffusion [58]. Not only ending endoluminal
diffusion, the endovascular implantation of the stentgraft may restrict the collateral supply
of nutrition brought by the vasa vasorum. However, the significantly lower concentration
of ETF in AAA than in TAA may additionally suggest a relevant role in the formation of
AAA through reduced energy supply. Since ATP as a universally usable energy carrier
is indispensable for triggering a muscle contraction and thus also the contraction of the
VSMCs; additionally, the circle might be closed to the assumption of a limited functional
capacity of the contractile unit.

5. Conclusions

In summary, our data successfully demonstrate the feasibility of using MALDI-MSI
to discriminate aortic wall specimens in patients with aneurysm disease and after the
implantation of an endovascular stentgraft. Not only by detecting various alterations of
protein distributions in general but also by directly assigning them to specific wall layers,
MALDI-MSI is ideally suited for detecting ongoing remodeling processes after EVAR.
The advantage of preserving the spatial coordinates could be used to link remodeling
alterations to specific regions, even to regions inside the single aortic layers, and might
allow conclusions about location-related changes in specific regions of interest.

The collected data might support the hypothesis of impaired contractility of VSMCs
in the aortic wall after EVAR due to reduced synthesis of aSMA, Tm, and Tn, proteins that
are elementally important for contraction. In addition, a reduced supply of the energy
carrier ATP could promote decreased contractility through reduced electron transport to
the respiratory chain. In combination with a continuous degradation of ECM proteins, this
might result in a weakened aortic wall not able to react on reinstating pulsatile blood flow
in case of EL after EVAR.

Nevertheless, the findings should only be interpreted in the context of a small sample
size. Additionally, comparison to non-AAA samples and further analysis with methods
such as immunohistochemistry could validate the results and might help to support
the hypothesis. However, if the results can be confirmed in further studies, MALDI-
MSI appears to be an excellent method to detect initial remodeling processes leading
to complications after EVAR and could be an important tool for initiating subsequent
preventive therapy concepts.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomedicines9091088/s1, Figure S1: Differential intensity distributions of electron transfer
flavoprotein subunit beta in all specimens Relative peptide expression (color bar) is shown for MALDI
m/z ion peaks. Red lines represents tunica media. Figure S2: Differential intensity distributions of
vimentin, tubulin, collagen alpha-1 (I) chain and desmin in TAA, AAA and EVAR specimens Relative
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peptide expression (color bar) is shown for MALDI m/z ion peaks. Red lines represents tunica media
and green lines represent tunica adventitia. Hematoxylin and eosin (H&E) staining in sections is
shown for orientation. Table S1: Overall differential intensity distributions of m/z values in TAA,
AAA and EVAR specimens. Table S2: Peptides identified by nanoLC-MS/MS. Table S3: Differential
intensity distributions of all peptides (MALDI-MSI) and their corresponding proteins from the tunica
adventitia in TAA, AAA and EVAR tissue sections. Table S4: Differential intensity distributions of all
peptides (MALDI-MSI) and their corresponding proteins from the tunica media in TAA, AAA and
EVAR tissue sections. Table S5: Differential intensity distributions of all peptides (MALDI-MSI) and
their corresponding proteins from the tunica media in TAA, AAA and EVAR tissue sections.
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Abstract: Background: There is still an unmet need for therapeutic drugs for patients with an
abdominal aortic aneurysm (AAA), especially for candidates unsuitable for surgical or interventional
repair. Therefore, the purpose of this in silico study is to identify significant genes and regulatory
mechanisms in AAA patients to predicate the potential therapeutic compounds for significant genes.
Methods: The GSE57691 dataset was obtained from Gene Expression Omnibus (GEO) and used
to identify the differentially expressed genes (DEGs) and weighted correlation network analysis
(WGCNA). The biological function of DEGs was determined using gene ontology (GO) and the
Kyoto Encyclopedia of Genes and Genomes (KEGG). AAA-related genes were obtained from the
Comparative Toxicogenomics Database (CTD) using the keywords: aortic aneurysm and abdominal.
The hub genes in AAA were obtained by overlapping DEGs, WGCNA-based hub genes, and CTD-
based genes. The diagnostic values of hub genes were determined using ROC curve analysis. Hereby,
a TF-miRNA-hub gene network was constructed based on the miRnet database. Using these data,
potential therapeutic compounds for the therapy of AAA were predicted based on the Drug Gene
Interaction Database (DGIdb). Results: A total of 218 DEGs (17 upregulated and 201 downregulated)
and their biological function were explored; 4093 AAA-related genes were derived by text mining.
Three hub modules and 144 hub genes were identified by WGCNA. asparagine synthetase (ASNS),
axin-related protein 2 (AXIN2), melanoma cell adhesion molecule (MCAM), and the testis-specific
Y-encoded-like protein 1 (TSPYL1) were obtained as intersecting hub genes and the diagnostic values
were confirmed with ROC curves. As potential compounds targeting the hub genes, asparaginase
was identified as the target compound for ASNS. Prednisolone and abiraterone were identified as
compounds targeting TSPYL1. For MCAM and TSPYL1, no potential therapeutic compound could
be predicted. Conclusion: Using WGCNA analysis and text mining, pre-existing gene expression
data were used to provide novel insight into potential AAA-related protein targets. For two of these
targets, compounds could be predicted.

Keywords: AAA; WGCNA; CTD

1. Introduction

Abdominal aortic aneurysm (AAA) is a common and potentially life-threatening dis-
ease that leads to more than 150,000 global deaths yearly [1–5]. While there is conclusive
data on the role of environmental factors in the development of AAA in patients, there
are also distinct genetic factors that have been found to play an important role in AAA
progression [6]. These large dataset-based RNA-seq and microarrays datasets include dif-
ferentially expressed single genes (for example, H19, BRG1-associated factor 60A (BAF60a),
Kruppel-like factor 5 (Klf5), and thyroid receptor-interacting protein 13 (TRIP13)) [7–9],
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single nucleotide polymorphism (SNP) of genes such as the matrix metalloproteinase
(MMP) family, transforming growth factor-beta (TGFBR2), and sortilin (SORT1) [10], or
gene families such as the MMP family.

MicroRNAs (miRNAs) are a class of non-coding RNAs that regulate target gene
expression by region binding to the 3’ UTR of target mRNA and regulation of many
bioprocesses to silence and activate the target gene expression at the transcriptional and
post-transcriptional level [11–13]. These oligonucleotides have also been associated with
the development of AAA [14]. Interestingly, a large number of miRNAs have been shown
to be associated with the regulation of key gene expression during the pathophysiology of
AAA. One example of these is miRNA-21 (miR-21). Overexpression of miR-21 can inhibit
the viability of vascular smooth muscle cells (VSMCs) and stabilize the aortic wall in animal
models of AAA by downregulating the expression of phosphatase and tensin homolog
(PTEN) [15].

MiRNAs may also interact with other key players for the development of AAA:
transcription factors (TFs). By interacting with miRNAs, TFs act as master regulators
of several genes at once by constituting transcriptional complexes. Identifying miRNAs
and their respective TFs from co-expressed genes can thus provide important insights
into the regulatory mechanism affecting vascular disorders such as AAA [14,16]. During
AAA progression, miRNAs have been shown to regulate the extracellular matrix (ECM)
turnover, the matrix metalloproteinase (MMP) family, different inflammatory components,
and VSMCs by forming TF–miRNA network networks [17].

Based on the public dataset and bioinformatic analysis, multiple studies have been
conducted to explore the regulatory mechanism of AAA at the genetic level [18–21]. Public
datasets for further analysis are still scarce. In our study, we combined the GEO dataset
with the Comparative Toxicogenomics Database (CTD) dataset to identify differential genes
and reveal potential TF–miRNA-hub gene regulatory networks related to AAA.

2. Materials and Methods

2.1. Data Download and Processing

Microarray data of the GSE57691 dataset, which includes 49 AAA samples (20 patients
with small AAA (≤55 mm), 29 patients with large AAA (>55 mm)), and 10 normal con-
trol full-thickness aortic wall biopsies and corresponding clinical data were downloaded
from gene expression omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/, 23 August
2021) [22]. The expression data were generated by Illumina HumanHT-12 V4.0 expression
bead chips [22]. In the present study, the normalized data were downloaded and used for
subsequent analyses. Figure 1 displays the flow chart of the data analysis.

Figure 1. Flowchart of the data analysis.
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2.2. AAA-Related Genes Obtained from Comparative Toxicogenomics Database (CTD)

The Comparative Toxicogenomics Database (CTD: http://ctdbase.org, 23 August
2021) is a public database that contains a wide spectrum of information on chemicals, genes,
phenotypes, diseases, and exposures to advance the understanding of human health [11,18].
A total of 21,684 AAA-related genes were obtained from CTD using the keywords aortic
aneurysm and abdominal and 4093 AAA-related genes were found according to previous
studies (Table S5) [19,20].

2.3. Identification of the Differentially Expressed Genes (DEGs) in AAA and Normal Tissues

The DEGs between AAA and normal tissues were screened by the Limma R 3.46.0
package [22] with cutoff values of |log2 (fold change, FC) | > 1 and p-value < 0.05. All
results were visualized by the ggplot2 R 3.3.3 package [22].

2.4. Gene Ontology (GO) Annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) Analysis

Gene ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis, GO annotation including biological process (BP),
cellular component (CC), molecular function (MF), and KEGG pathway enrichment analy-
ses were performed by the cluster profile R 3.14.3 package [23] with false discovery rate
(FDR) < 0.05 and the analyses were visualized by the ggplot2 R 3.3.3 package.

2.5. Weighted Gene Co-Expression Network Analysis (WGCNA)

The transcripts and samples from the GSE57691 dataset were analyzed by the WGCNA
R 1.70-3 package [22]. All samples were clustered according to Pearson’s correlation analysis
and the outliers were removed. The community dissimilarity was speculated according
to the similarity. Afterward, the adjacency matrix was transformed into a topological
overlap matrix (TOM). Genes were assigned to different gene modules according to the
TOM-related dissimilarity measure and the soft-thresholding setting. The numbers of gene
modules were obtained according to the dissimilarity and the criterion of dynamic tree
cutting with a minimal module size of 30 genes. The modules that correlated the most
with the clinical traits were identified as AAA-related modules in this study. All biological
functions of the hub genes with gene significance (GS) > 0.2 and module membership (MM)
> 0.8 were analyzed by GO enrichment.

2.6. Identification of the Hub Genes in AAA Based on Receiver Operating Characteristic (ROC)
Curve Analysis

Two-hundred and eighteen DEGs between AAA and normal tissues, 4093 AAA-
related genes from CTD, and 144 hub genes from WGCNA were overlapped to identify the
intersection genes in AAA. The diagnostic values of four intersection genes for AAA were
detected by ROC curve analysis and the area under the ROC curve (AUC) using the pROC
R 1.17.0.1 package [24].

2.7. Construction of the Transcription Factor (TF)-miRNA-Hub Gene Network

MiRNAs and TFs related to four hub genes were screened out based on the miRNet2/0
online database (https://www.mirnet.ca, 23 August 2021) [18]. Nine TFs and 290 miRN0As
related to four hub genes were identified and constructed in the network using Cytoscape
(San Diego, CA, USA) [24].

2.8. Screening the Potential Therapeutic Compounds for AAA in Drug-Gene Interaction Database (DGIdb)

DGIdb (https://www.dgidb.org, 23 August 2021) was used as a drug–gene interaction
database to supply the drug–gene interactions and gene–drug ability information from
papers, databases, and web resources [24]. In the present study, the target therapeutic
compounds for four hub genes were identified based on the DGIdb.
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3. Results

3.1. Identification of the DEGs and Analysis of Their Function in AAA

A total of 218 DEGs, including 17 upregulated and 201 downregulated DEGs, were
identified from the GSE57691 dataset using the Limma R package [22–24] with the thresh-
olds |log2 (FC) | > 1 and p-value < 0.05 (Figure 2A and Table S1). The biological function
of these genes was explored by GO and KEGG enrichment analyses with FDR < 0.05. The
most significant BP terms included establishment of protein localization to endoplasmic
reticulum, signal recognition particle (SRP)-dependent co-translational protein targeting to
membrane, detoxification, cellular response to cadmium ion, and co-translational protein
targeting to membrane (Figure 2B and Table S2). The significant CC terms included I
band, cytosolic ribosome, contractile fiber, sarcomere, and cytosolic large ribosomal subunit.
The significant MF terms included haptoglobin binding, oxygen carrier activity, struc-
tural constituent of ribosome, cytochrome-c oxidase activity, and heme-copper terminal
oxidase activity. Several genes were also significantly associated with several degenera-
tive disease-related pathways and others, such as ribosome, cardiac muscle contraction,
oxidative phosphorylation, fatty acid degradation, pyruvate metabolism, and diabetic
cardiomyopathy based on KEGG (Figure 2C and Table S3).

3.2. Identification of the Hub Modules and Genes by WGCNA

A total of 17,784 genes were derived from the 49 samples from the GSE57691 dataset.
These genes were used to construct the co-expression network. The results of the clus-
ter analysis of the samples are shown in Figures 3 and 4A,B. All outliers, including
GSM1386795, GSM1386831, and GSM1386798 were removed and the remaining 46 samples
were used for subsequent analysis (Figure 3A,B). Because the scale-free topology fit index
(signed R2) was less than 0.85 (Figure 4A), a soft-setting of threshold power was achieved
according to the criterion with samples > 40 (Figure 3A). When the soft-threshold power
was set as 12 and 13, modules could be identified with a minimal module size of 30 genes
(Figure 4B).

To correlate the modules with sample information, we analyzed the data according
to the heatmap of module–clinical trait correlations. Hereby, we correlated data for the
clinical traits. Hereby, red, green, and pink modules were identified as the most correlated
with clinical traits (Figure 4C). The red and green ones, which were identified as the hub
modules associated with clinical traits, were used to deeply explore the correlation between
module membership (MM) and gene significance (GS) to identify the hub genes in AAA.
In the results demonstrated in Figure 4D–F and Table S4, 47, 60, and 37 hub genes were
respectively identified from red, green, and pink modules with the MM > 0.8 and GS > 0.2.
Furthermore, the biological function of the hub genes from three modules was analyzed by
GO analysis with FDR < 0.05. The results revealed that the hub genes of the red module are
mostly enriched in tissue homeostasis, bone resorption, disaccharide metabolic process,
monosaccharide metabolic process, mononuclear cell migration, anatomical structure
homeostasis, lymphocyte migration, and hexose metabolic process. All genes are associated
with GTPase activator activity (Figure 4G). The hub genes of the green module significantly
correlated with mitochondrial matrix (Figure 4H). The hub genes of the pink module are
enriched in ribosome biogenesis, rRNA processing, rRNA metabolism process, ncRNA
processing, ncRNA metabolism processing, and ribonucleoprotein complex biogenesis.
The CC terms included organellar, large ribosomal subunit, mitochondrial large ribosomal
subunit, ribosome, large ribosome subunit, organellar ribosome, mitochondrial ribosome,
mitochondrial protein-containing complex, and mitochondrial inner membrane (Figure 4I).

3.3. Identification and Validation of AAA-Related Hub Genes

Based on CTD (search keywords: aortic aneurysm and abdominal), a total of 21,684
AAA-related genes were obtained. Moreover, 4093 AAA-related genes included genes
with more than 4 references (Table S2). By overlapping the AAA-related 218 DEGs, the
144 WGCNA-based hub genes, and the 4093 CTD-based genes, 4 AAA-related genes were
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obtained (Figure 5A). Then, the diagnostic values of four genes for AAA were confirmed
by ROC curve analysis and the AUC value. As shown in Figure 5B, the AUC values of
ASNS, AXIN2, MCAM, and TSPYL1 were shown to be of prognostic power in AAA with
0.8612, 0.9276, 0.9082, 0.8745, respectively.

Figure 2. Identification of DEGs and analysis of their function in AAA. (A) Volcano plot of DEGs
with cutoff value |log2 (FC)| > 1 and p-values < 0.05. (B) Bar charts of the GO analysis with FDR >
0.05, including BP, CC, and MF terms. (C) Bar charts of the KEGG pathway enrichment analysis with
FDR > 0.05.
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Figure 3. Soft-setting of threshold power. (A,B) GSM1386795, GSM1386831, and GSM1386798 were
excluded as outliers. (C) The minimum number of genes per module was set to 30 according to the
criteria of the dynamic tree-cutting algorithm. Thirteen modules were generated. Genes are grouped
into modules by hierarchical clustering, with different colors representing different modules, where
the grey default is for genes that cannot be grouped into any module.
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Figure 4. Cont.
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Figure 4. Identification of the hub modules and genes by WGCNA. (A) The soft-threshold power
selecting processes included the scale-free fit index (left) and the mean connectivity (right) analysis.
(B) Eigengene adjacency heatmap of correlation between the modules. (C) Heatmap of the correlation
between module eigengenes and clinical traits of AAA. (D–F) Scatter plots of the correlation between
MM and GS of red, green, and pink modules, respectively. (G–I) Bar charts of the GO analysis of
genes from red, green, and pink modules, respectively.
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Figure 5. Identification and validation of the AAA-related hub genes. (A) Venn plots of intersection
genes among the AAA-related 218 DEGs, 144 WGCNA-based hub genes, and 4093 CTD-based
genes. (B) ROC curves and AUC values of the ASNS, AXIN2, MCAM, and TSPYL1. x-axis indicates
specificity; y-axis indicates sensitivity.

3.4. Construction of the TF-miRNA-Hub Gene Network in AAA

We further investigated the regulatory mechanism of these four genes in AAA. The
target miRNAs and TFs of four genes were identified and then the TF–miRNA-hub gene
network was constructed based on miRnet. Finally, a TF–miRNA-hub gene network, which
included 4 genes, 9 TFs, and 290 miRNAs, was constructed with 347 edges (Figure 6).
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Figure 6. Construction of the TF–miRNA-hub gene network in AAA based on miRnet. Red triangle
indicates 4 hub genes (ASNS, AXIN2, MCAM, TSPYL1), pink circles display miRNAs, and green
squares show TFs.

3.5. Identification of the Potential Therapeutic Compounds for AAA

In the search for common potential therapeutic compounds for the four hub genes,
DGIdb was used (Table 1). Asparaginase has been identified as the target compound of
ASNS; prednisolone and abiraterone were found as the target compounds of TSPYL1. For
the other two genes, no drug compound could be identified.

Table 1. The potential compounds of two genes were identified using DGIdb.

Gene Drug Interaction Type Sources PMIDs

ASNS ASPARAGINASE NASE NCI, CIViC,
PharmGKB

28069604, 24268318,
11556848

TSPYL1 PREDNISOLONE LONE PharmGKB
TSPYL1 ABIRATERONE ONE PharmGKB

4. Discussion

To date, several druggable molecules have been described to play roles in AAA
development, progression, and rupture, such as the matrix metalloproteinase (MMP) family,
transforming growth factor beta receptor 2 (TGFBR2), and sortilin 1 (SORT1) [10]. However,
not only single protein-expressing genes may be involved but also whole pathway networks
may be deregulated, such as the Wnt/β-catenin pathway and TGF beta/SMAD pathway.
This may be mediated by miRNAs. MiRNAs have been studied to be associated with
the pathophysiological process of many diseases [11]. Various studies have reported that
miRNAs are involved in the occurrence and development of AAA [12]. Especially, it is
important to construct TF–miRNA-hub gene networks for miRNAs as they may regulate
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several pathways. These networks may help to find novel therapeutic compounds for
significant genes.

Here, we built an in silico approach TF–miRNA-hub gene network depending on the
shared dataset and published literature. Unlike our previous study which only focused on
WCGNA to mine key genes of mouse AAA progression [21], we here applied text mining
and WCGNA. Hereby, four hub genes (ASNS, AXIN2, MCAM, TSPYL1) were obtained.
These four hub genes are all reported to be associated with the function of vascular cells,
but no study has so far studied the connection between these four hub genes and the
pathophysiology of AAA [23,24].

Asparagine synthetase (ASNS) is associated with asparaginase therapy in acute lym-
phoblastic leukemia [25]. ASNS is also reported to be essential for endothelial cell growth
and angiogenesis [26]. Interestingly, the proliferation of fibroblasts is impaired under
conditions of asparagine deprivation which may be the potential link connecting ASNS
and AAA pathogenesis [26].

Testis-specific protein, Y-encoded-like 1 (TSPYL1) is a member of the TSPYL protein
family which exerts its regulatory effects on vascular cells and promotes endothelial cell
proliferation, migration, and neoangiogenesis [27]. AXIN2, a scaffold protein involved in
the degradation of β-catenin, plays a vital role in the Wnt/β-catenin pathway and its gene
expression is suggested to be associated with endothelial cell proliferation and function [28].
AXIN2 mutations have been studied in different cancer entities including digestive tract
tumors and melanoma [29]. MCAM is highly expressed in many tumors and endothelial
cells. It plays an important role in the regulation of vascular permeability, cell–cell cohesion,
leukocyte transmigration, and angiogenesis [30].

MiRNAs may be a potential tie between TSPYL5, AXIN2, and MCAM and AAA
formation. MiRNAs have been shown to regulate the ECM turnover, MMP family, different
inflammatory components, and VSMCs by forming TF–miRNA network networks [17].

We here identified nine TFs and 290 miRNAs as the master regulators of the resulting
gene regulatory network, as they have the largest connectivity with the co-expressed
four genes associated with AAA. The diagnostic values of the four genes for AAA were
confirmed using ROC curves. These data confirmed that ASNS, AXIN2, MCAM, and
TSPYL1 showed significant prognostic values in AAA.

The compound search was based on the analysis of a TF–miRNA-hub gene network.
Increasing evidence has indicated that TF-related networks exert key roles in cancer. A
prominent example is the SOX4–Axin2 network and the CDX2–Axin2 network, both of
which are reported to inhibit the proliferation and tumor formation of cancer cells by
suppressing Wnt/β-catenin signaling [31]. The WWTR1–ASNS network, ATF4–ASNS
network, and DDIT3–ASNS network are reported to inhibit the proliferation and tumor
formation of cancer cells [32]. The CEBPB–ASNS network and ATF3–ASNS network can
activate the placental mammalian amino acid response pathway [33]. Furthermore, the
TFAP2A–MCAM network is reported to be associated with melanoma metastasis [34]. All
TF–miRNA networks have been previously associated with the development of AAA.

With the help of DGIdb, the target therapeutic compounds for two of the hub genes
were identified. Asparaginase has been identified as the target compound of ASNS, while
prednisolone and abiraterone were identified as target compounds of TSPYL1. Since all
four hub genes were firstly connected to AAA in the present study, there is so far no
experimental evidence for the drug compounds. This will also be an issue for further
experimental studies.

In summary, our study has firstly demonstrated a novel TF–miRNA-hub network
linked to AAA based on text mining and WCGNA analysis. While this is a novel approach
with novel findings, our work also has some limitations. Our work has focused on poten-
tial regulators of the most significantly overexpressed genes, TFs, and miRNAs of AAA,
without ruling out the possibility that other regulatory mechanisms, which may not only
depend on gene overexpression, may still be important in the development and progression
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of AAA. Therefore, our in silico findings will have to be confirmed by in vitro and in vivo
AAA models.

Moreover, the number of datasets available is still limited. We here used the GSE57691
dataset as the most complete available dataset to combine hits with the AAA-related genes
that we obtained from CTD to identify the DEGs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10051052/s1, Table S1: Differentially expressed
gene; Table S2: GO analysis; Table S3: KEGG analysis; Table S4: hub genes of hub modules; Table S5:
AAA-related genes from CTD.
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Abstract: Abdominal aortic aneurysm (AAA) is a prevalent aortic disease that causes high mortality
due to asymptomatic gradual expansion and sudden rupture. The underlying molecular mechanisms
and effective pharmaceutical therapy for preventing AAA progression have not been fully identified.
In this study, we identified the key modules and hub genes involved in AAA growth from the
GSE17901 dataset in the Gene Expression Omnibus (GEO) database through the weighted gene co-
expression network analysis (WGCNA). Key genes were further selected and validated in the mouse
dataset (GSE12591) and human datasets (GSE7084, GSE47472, and GSE57691). Finally, we predicted
drug candidates targeting key genes using the Drug–Gene Interaction database. Overall, we identified
key modules enriched in the mitotic cell cycle, GTPase activity, and several metabolic processes.
Seven key genes (CCR5, ADCY5, ADCY3, ACACB, LPIN1, ACSL1, UCP3) related to AAA progression
were identified. A total of 35 drugs/compounds targeting the key genes were predicted, which may
have the potential to prevent AAA progression.

Keywords: abdominal aortic aneurysm; weighted gene co-expression network; key module; hub
gene; functional enrichment; drug–gene prediction

1. Introduction

Abdominal aortic aneurysm (AAA) is a localized dilation or bulging of the abdominal
aorta, commonly occurring in the infrarenal region [1]. Most patients with AAA remain
asymptomatic for years or even decades. It is estimated that around 200,000 AAA rupture
cases are diagnosed worldwide annually, and the mortality after rupture remains around
80% [2–4].

Currently, AAA requiring intervention, e.g., large aneurysms with a diameter more
than 5.5 cm, aneurysms that expand rapidly in a short period, or aneurysms that com-
promise the perfusion to distant organs are indicated for open surgical or endovascular
aortic repair. However, the outcomes from these measures are not so satisfactory [5,6].
For patients with small AAAs or those who are not eligible for AAA repair, close aneurysm
surveillance and adjuvant therapy are recommended [5]. So far, no effective pharmaco-
logical treatments have been developed to prevent AAA growth or rupture [7,8]. Hence,
there is a need to elucidate the possible mechanisms of AAA progression and explore
corresponding pharmaceutical treatments.

A number of preclinical mouse AAA models have been developed to understand the
pathogenesis of AAA [9,10]. Among these models, angiotensin II-infused ApoE−/− mice
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are the commonly used [11–15]. Although the inherent pathology of aneurysm is different
between mice and humans, it shares some of the important properties of human AAA,
like pronounced inflammatory responses and aortic rupture [11–15]. Based on the findings
from mouse models and human samples, AAA is currently accepted as an inflammation-
driven disease, as many related processes (such as infiltration of macrophages, neutrophils,
B cells and T cells, and activation of inflammatory pathways) were found both in humans
and mice [16–19]. Overactivation of the inflammatory response leads to the destruction of
aortic media through the release of proteolytic enzymes and the death of vascular smooth
muscle cells, which further promote AAA development [20].

Several studies based on the high-throughput microarray profiling further confirmed
the involvement of the above biological processes in AAA, including the immune response,
chronic inflammation, and reactive oxygen species [21–23]. Dozens of genes related to
AAA development were identified through gene expression profiles [24–26]. However,
these studies exclusively focused on the differentially expressed genes (DEGs) between
AAA and control groups, which ignored some key genes that are highly correlated to
specific sample traits of AAA. Weighted gene co-expression network analysis (WGCNA) is
a bioinformatics algorithm developed by Horvath et al. [27]. By constructing a scale-free
weighted network, WGCNA can investigate biologically meaningful gene sets connected
to sample features and explore inner module hub genes that are highly associated inside
the co-expression module. WGCNA has been successfully used to identify key modules
and hub genes related to cardiovascular diseases, such as atherosclerosis, heart failure,
and acute myocardial infarction [28–30]. So far, data collected at different time points
of AAA progression have not been subjected to WGCNA analysis to identify the critical
modules and hub genes.

In this study, WGCNA analysis was performed using the explore dataset GSE17901
in the Gene Expression Omnibus (GEO) database. Key modules of AAA development
and hub genes in each module were identified. Gene functional enrichment analysis of
key modules was applied to show their potential biological activities. Hub genes were
screened in the STRING database and further selected in the Cytoscape software (San
Diego, CA, USA). Key genes from hub genes were validated using mouse AAA model
GSE12591 dataset and human AAA sample GSE7084, GSE47472, and GSE57691 datasets.
Candidate drugs for AAA treatment were screened in the Drug Gene Interaction Database
(DGIdb) based on the above-identified key genes.

2. Materials and Methods

2.1. Data Sources and Preprocessing

The workflow of this study is shown in Figure 1. Datasets related to AAA—GSE17901,
GSE12591, GSE7084, GSE47472 and GSE57691 (Table 1) were downloaded from the GEO
database (accessed on 1 April 2020 from https://www.ncbi.nlm.nih.gov/geo/). In the
explore dataset GSE17901 [26], aortic samples were taken on day 7, day 14, and day 28
from ApoE−/− mice treated by angiotensin II or saline. The diameters of the treated
aortas increased throughout the 28-day course, which we defined as the progression
of AAA, so samples with AAA (n = 18) were selected for weighted gene co-expression
network (WGCNA) analysis. Mouse dataset (GSE12591) and human datasets (GSE7084,
GSE47472, and GSE57691) were used to validate the hub genes. The GSE12591 dataset
included 18 mouse aortas exposed to saline (n = 6) or angiotensin II (n = 12) infusion [25].
The GSE7084 included control samples (n = 10) and AAA samples from patients (n = 9) [24].
The GSE47472 contained AAA neck specimen (n = 14) and normal aortic tissue from organ
donors (n = 8). The GSE57691 included AAA samples (n = 49) and normal aortic specimens
of organ donors (n = 10) [31]. Each dataset was processed by background correction,
including removal of batch effect using the sva R package (version 3.12) and quantile
normalization with the limma R package (version 3.38.3) [32] for further analysis.
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Figure 1. Flowchart of analysis in the study. GSE17901 was a mouse dataset containing AAA samples
collected on day 7, day 14 and day 28, which was used for exploring the key modules and hub genes
related to AAA progression. Hub genes were identified through the STRING database and Cytoscape
software (San Diego, CA, USA). Key genes were further selected from the hub genes and validated
in the mouse (GSE12591) and human (GSE7084, GSE47472 and GSE57691) AAA datasets. Finally,
potential drugs or compounds targeting these key genes were screened in the DGIdb database.
AAA: abdominal aortic aneurysm. The flowchart was created with BioRender.com (accessed on 11
April 2021).

Table 1. GSE datasets included in the study.

Catalog. GSE Dataset Organism Sample Number * PMID

Explore dataset GSE17901 Mouse
AAA day7: 7,

AAA day14: 5,
AAA day28: 6

21712436

Validate dataset

GSE12591 Mouse Control: 6, AAA: 5 19580648
GSE7084 Human Donor: 10, AAA: 9 17634102

GSE47472 Human Donor: 8, AAA: 14 NA
GSE57691 Human Donor: 10, AAA: 49 NA

*: Number of samples (control or AAA) used in this study; NA: not applicable.

2.2. Construction of WGCNA

The WGCNA R package (version 1.69) was used to perform the weighted co-expression
network analysis. Genes with the top 25% variance from the explore dataset GSE17901
were selected for the following analysis step. Using the pick Soft Threshold function,
the soft-thresholding power was determined and used to construct a scale-free network.
Thereafter, gene co-expression modules were identified using the one-step network con-
struction method and labeled with different colors. The reassign threshold was set at 0.25,
and the minimum number of genes in each module was 30.

2.3. Selection of Key Modules Corresponding to Sample Traits

To explore the key modules that are significantly associated with sample traits of AAA,
we calculated the relevancy between module eigengene (ME), which summarizes each
module’s expression profiles. The correlation results were shown using the ggcorrplot R
package (version 0.1.3) [33]. Furthermore, Gene Significance (GS) was quantified by the
absolute value of the association between the gene expression and sample trait. In every
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module, measurement of module membership (MM) was defined as the correlation of
the ME and gene expression profile. Modules with high significance (p-value < 0.05) and
relationships (correlation >0.6 or <−0.6) were defined as key modules of AAA and used
for hub gene selection.

2.4. Functional Enrichment Analysis of the Key Modules

To understand the biological activities of genes in key modules, we conducted Gene
Ontology (GO) function enrichment analysis and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis with the clusterProfiler R package (version 3.10) [34].
Adjusted p-value < 0.05 was considered a statistically significant difference in enrichment
analysis, and the top 10 of each analysis were extracted for visualization.

2.5. Identification of Hub Genes in the Key Modules

Hub genes are those that have a high degree of intramodular connectivity. In this
study, hub genes were defined as the top 10% of genes from key modules with the highest
connectivity. We uploaded them into the search tool for the retrieval of the interacting genes
(STRING) website (accessed on 1 May 2020 from www.string-db.org) for protein–protein
interaction analysis, choosing the confidence >0.4 [35]. Cytoscape software (San Diego,
CA, USA) was used for network visualization and hub gene selection [36]. The top 10 hub
genes in each module were selected with the maximal clique centrality (MCC) method
using cytoHubba plugin software in Cytoscape (San Diego, CA, USA) [37].

2.6. Hub Genes Validation and Key Genes Selection

The validation of hub genes was performed by comparing the normalized gene expres-
sion value between control and AAA groups. The validated datasets GSE12591, GSE7084,
GSE47472, and GSE57691 were downloaded from the GEO database, and data were pre-
processed as mentioned before. In the GSE12591 mouse dataset, the gene expression of the
selected hub genes in AAA and controls were compared, and genes with p < 0.05 were
confirmed as the key genes. In the GSE7084, GSE47472, and GSE57691 human datasets,
genes were extracted as described for dataset GSE12591. Genes with p < 0.05 were con-
firmed as the key genes. Common genes in both the mouse dataset and human datasets
were defined as the final key genes.

2.7. Predication of Drug–Gene Interaction

The Drug–Gene Interaction Database (DGIdb) (accessed on 8 June 2020 from http:
//www.dgidb.org/) is an online database of drug–gene interaction data aggregated from
various sources, including several drug databases (DrugBank, PharmGKB, ChEMBL),
clinical trial databases, and literature from PubMed [38]. The selected key genes that were
considered the potential pharmaceutical targets for AAA treatment were imported into
DGIdb to explore existing drugs or small organic compounds. Results were displayed
using the R packages ggplot2 (version 3.2.1) [39] and ggalluvial (version 0.11.1) [40].

2.8. Statistical Analysis

To define the statistical significance of differences between the two groups, we per-
formed analysis using a non-parametric test or t-test based on data distribution charac-
teristics. All analyses were conducted with R software (version 3.5.5). p-value < 0.05 was
assigned statistical significance.

3. Results

3.1. Construction of Weighted Gene Co-Expression Network

After cleaning the data in the explore dataset GSE17901 by WGCNA, 5408 genes from
17 samples were analyzed for co-expression network construction. A scale-free network
was constructed with a soft-threshold at nine, and a correlation coefficient threshold set
at 0.85 (Figure 2A), and 15 related co-expression modules were obtained (Figure 2B).
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Four main clusters were observed. The turquoise module (1394 genes) was the biggest
cluster, followed by the blue module (897 genes), brown module (793 genes), and yellow
module (586 genes). All the ungrouped genes (199 genes) were included in the grey module.

Figure 2. Construction of gene co-expression network by WGCNA. (A) Determination of soft-
thresholding power for scale-free network construction. Here, we set the coefficient threshold at 0.85,
and the soft-threshold was 9; (B) cluster analysis of the dendrogram and identification of co-expressed
modules. In this study, we got 15 related co-expression modules.

3.2. Construction of Module-Trait Relationships and Detection of Key Modules

The related sample traits (time—day 7, day 14, day 28; dissection of abdominal
aorta) were obtained from the sample information in the GSE17901 dataset (Figure S1A).
The relationships between these traits and each module were defined by the correlation
between ME and sample traits (Figure 3, Figure S1B). These results indicated that three
modules (blue, green, and brown) were strongly related to the time trait, representing the
progression of AAA (Figure 3, Figure S2A–C). Blue and green modules also significantly cor-
related with the dissection sample trait (Figure 3, Figure S2D–E). Thus, the blue (897 genes),
green (436 genes), and brown (793 genes) modules were defined as the key modules that
were highly correlated with AAA.
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Figure 3. Identification of the key modules associated with AAA progression. Green, blue and brown
modules were highly correlated (correlation > 0.6 or −0.6 and p-value < 0.01) to the time of sample
collecting which stands for AAA progression. Besides, green and blue modules were also related to
the dissection happening in the AAA sample (correlation > 0.6 or −0.6 and p-value < 0.01). AAA:
abdominal aortic aneurysm.

3.3. Functional Enrichment Analysis of Genes in the Module

To investigate the biological functions of key modules related to sample traits, we con-
ducted GO and KEGG enrichment analysis for genes in every key module. The GO
analysis showed that genes in the blue modules were mainly involved in the organelle
fission, regulation of mitotic cell cycle, and nuclear division related to cell development or
differentiation (Figure 4A). The green module was involved in GTPase activity (Figure 4B),
and the brown module was clustered in cellular metabolic processes, especially cofactor
metabolism, purine-containing compound metabolism, and purine nucleotide metabolism
(Figure 4C). The results of the KEGG analysis revealed that the blue module was enriched
in fluid shear stress and atherosclerosis pathway, highly related to the progression of AAA
(Figure 5A). Genes in the green module were enriched in the regulation of lipolysis in the
adipocyte pathway and the pancreatic secretion pathway (Figure 5B). The brown module
was enriched in the citrate cycle (TCA cycle) pathway (Figure 5C).
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Figure 4. Gene ontology enrichment analysis of key modules of AAA progression. (A) blue mod-
ule; (B) green module; (C) brown module. Count—the number of genes in the given GO term.
Gene ration—the percentage of total genes in the given GO term.
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Figure 5. KEGG pathway enrichment analysis of key modules. (A) blue module; (B) green module;
(C) brown module. Count—the number of genes in the given KEGG pathway. Rich factor—the ratio
of the number of genes annotated in a pathway to the number of all genes annotated in this pathway.
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3.4. Identification of Hub Genes in the Key Modules

To explore the hub genes that regulate AAA development, we imported the top 10%
of genes with the highest connectivity into the String online database for protein–protein
interaction detection, and networks were formed in Cytoscape (San Diego, CA, USA)
(the PPI networks were stored in the NDEx: accessed on 11 December 2020 from https:
//bit.ly/37XZZWh; https://bit.ly/3a7Q2sc; https://bit.ly/38fyckz). With the cytoHubba
plugin using the MCC method, the top 10 hub genes were identified in the key modules,
namely, in the blue module (Ccr5, Fpr2, Ccr2, Fpr1, P2ry12, Hcar1, Ppbp, Aif1, Sirpb1b,
Clec4n), green module (Gnai1, Adcy5, Adcy3, Rnase2a, Cxcl13, Clca1, Ear10, Ear1, Npr1,
Ccl11), and brown module (Lpl, Dgat2, Fasn, Acacb, Lpin1, Acsl1, Mogat1, Lep, Ucp3,
Pdk4) (Table 2).

Table 2. Top 10 ranked genes in key modules with the MCC method in cytoHubba.

Catalog
Key Modules

Blue Green Brown

Top 10 Gene

Ccr5 Gnai1 Lpl
Fpr2 Adcy5 Dgat2
Ccr2 Adcy3 Fasn
Fpr1 Rnase2a Acacb

P2ry12 Cxcl13 Lpin1
Hcar1 Clca1 Acsl1
Ppbp Ear10 Mogat1
Aif1 Ear1 Lep

Sirpb1b Npr1 Ucp3
Clec4n Ccl11 Pdk4

3.5. Hub Genes Validation and Key Genes Selection

To further validate and evaluate the hub genes identified through the above analysis,
the mouse dataset GSE12591 was checked using the same mouse angiotensin II-induced
AAA model as GSE17901. In the blue module, Ccr5 and P2ry12 were significantly upregu-
lated in the AAA group (Figure 6A), and Hcar1 was significantly down-regulated in the
AAA group (Figure 6A). In the green module, Adcy5 and Adcy3 were the two significantly
expressed genes (Figure 6B). All significantly expressed genes (Dgat2, Fasn, Acacb, Lpin1,
Acsl1, Mogat1, Ucp3, Pdk4) in the brown module were down-regulated in the AAA group
(Figure 6C). In the human AAA datasets GSE7084, GSE47472, and GSE57691, all of the sig-
nificantly expressed genes were identified by comparing organ donors and AAA patients
(Table 3). Considering the individual differences within each sample, genes expressed
significantly in every human dataset were defined as human key genes. Finally, CCR5,
ADCY5, ADCY3, ACACB, LPIN1, ACSL1, and UCP3 were the common genes that showed
up both in the mouse AAA dataset and human AAA datasets and these were selected as
the key genes in AAA progression.
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Figure 6. Validation of gene expression from hub genes in mouse dataset GSE12591. (A) Ccr5, P2ry12
and Hcar1 were differentially expressed in the blue module; (B) Adcy5 and Adcy3 were differentially
expressed in the green module; (C) Dgat2, Fasn, Acacb, Lpin1, Acsl1, Mogat1, Ucp3 and Pdk4 were
differentially expressed in the brown module. *: p < 0.05, **: p < 0.01, ***: p < 0.001 (Wilcoxon
rank-sum test).

Table 3. Significantly expressed hub genes in human AAA datasets.

Datasets
Key Modules

Blue Green Brown

GSE7084 CCR5, CCR2,
FPR2, FPR1, AIF1 GNAI1, RNASE2, NPR1 NA

GSE47472 CCR2, FPR2, PPBP GNAI1, RNASE2, CLCA1, LYVE1 LPIN1, UCP3

GSE57691 CCR2, FPR2, PPBP, CLEC6A, SIRPB1 ADCY5, ADCY3, CXCL13,
CLCA1, CCL11 ACACB, LPIN1, ACSL1, LEP

Human CCR5, CCR2, FPR2, PPBP, AIF1,
CLEC6A, SIRPB1, FPR1

GNAI1, RNASE2, NPR1, CLCA1,
LYVE1, ADCY5, ADCY3,

CXCL13, CCL11

ACACB, LPIN1, ACSL1,
LEP, UCP3

3.6. Predication of Drug-Gene Interaction

The seven key genes CCR5, ADCY5, ADCY3, ACACB, LPIN1, ACSL1, and UCP3
were used as the potential druggable targets for AAA treatment. The drug–gene interaction
results from the DGIdb database revealed 35 potential target drugs/compounds for AAA
treatment. Of these, 23 drugs targeted CCR5, among which maraviroc had the highest
score of prediction; seven drugs targeted ACACB, two drugs each targeted ACSL1 and
ADCY5, and one drug targeted LPIN1 (Figure 7, Table S1). No potential drugs could be
identified for ADCY3 and UCP3
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Figure 7. Drug–gene interaction prediction of key genes. Five key genes—ACACB, ACSL1, ADCY5, CCR5 and LPIN1 were
targeted in the DGIdb database. A total of 35 potential target drugs/compounds were predicted from the database. AMP:
Adenosine monophosphate; ATP: Adenosine triphosphate.

4. Discussion

In the present study, we used WGCNA analysis to identify the key genes involved
in AAA progression and the drugs that target these genes, which could be potentially
effective for the repression of AAA growth. WGCNA was performed on the available
mouse dataset (GSE17901), where AAA samples were obtained at day 7, day 14, and day 28
from ApoE−/− mice treated by angiotensin II or saline. We identified three modules (blue,
green, and brown) as key modules that correlated closely with AAA growth. In these
three modules, we further identified hub genes using Cytoscape software (San Diego,
CA, USA) and validated the model in mouse and human datasets. Seven genes—CCR5,
ADCY5, ADCY3, ACACB, LPIN1, ACSL1, and UCP3 were identified as the key genes in
AAA progression. Finally, using the DGIdb database, we identified 35 drugs as potential
candidates/compounds that could target the key genes and yield beneficial effects in
treating AAA.

WGCNA is a systematic biological method that describes the gene co-expression
pattern between different samples. It identifies gene sets with highly coordinated varia-
tions. The candidate biomarkers or targets of the disease are based on the connectivity
between gene modules and sample traits. Compared to the traditional differential gene
expression analyses, which focus solely on genes characterizing the difference between
groups, WGCNA groups co-expressed genes in an unbiased manner into modules that can
be connected to sample traits.

Among the 15 co-expression modules obtained by WGCNA, the blue, green, and brown
modules were mostly related to the AAA progression. The enrichment analysis of these
key modules’ biological functions and pathways revealed that genes in the blue module
were mainly enriched in the cellular process, particularly the regulation of the mitotic cell
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cycle. This has also been reported in several studies. For instance, Butt et al. performed
peripheral blood transcriptome profiling of individuals with AAA and healthy donors.
They described that significantly expressed genes were enriched in this GO term [41]. An-
other study showed that the mitotic cell cycle was also significantly associated with dilated
aortic perivascular adipose tissue [16]. The most enriched pathway of the blue module in
KEGG was fluid shear stress and atherosclerosis. Several studies have shown the association
of atherosclerosis disease with AAA [1,42]. Shear stress induced by abnormal blood flow
was also previously reported to contribute to the growth or rupture of AAA [43,44]. The GO
analysis of the green module showed that the biological process of GTPase activity was
involved in AAA development. Dysregulation of GTPase activity would influence normal
functions of endothelial cells and vascular smooth cells, including re-endothelialization,
cell migration, and proliferation [45,46]. KEGG pathway enrichment of genes in the green
module demonstrated that the regulation of lipolysis in the adipocyte pathway is also
engaged in AAA growth. Adventitia of the aorta which contains the mass of adipocytes
is a new direction of AAA research. One recent study revealed the key regulatory fac-
tors in perivascular adipose tissue of AAA [19]. Another study further proved that the
increase in AAA diameter was correlated with lipid-related processes in the adventitia [18].
Results from functional enrichment analysis of the brown module indicated that some
metabolic processes or pathways are also involved in AAA progression. In our study,
cofactor metabolism was the most enriched process. This is in agreement with previously
published studies that have shown that cofactors like cobalamin (vitamin B12) and glu-
tathione could slow down the progression of AAA to some extent [47,48]. These findings
confirm the involvement of the mitotic cell cycle, GTPase activity, and metabolic process in
the pathogenesis of AAA.

The hub genes in the present study were selected by a combined analysis of gene
intramodular connectivity and protein–protein interaction in the STRING database and Cy-
toscape software (San Diego, CA, USA). These selected hub genes were further confirmed
in mouse and human datasets with gene differential expression analysis. Seven key genes
were eventually identified—CCR5 from the blue module, ADCY5 and ADCY3 from the
green module, ACACB, LPIN1, ACSL1, and UCP3 from the brown module. The vital role of
CCR5, C-C motif chemokine receptor 5, in HIV-1 infection has been accepted since the dis-
covery of this receptor [49]. It is expressed in many immune cells, including macrophages,
T cells, and natural killer cells. CCR5 and its ligands regulate the inflammatory response
by affecting the biological activities of the above-mentioned immune cells [50]. The re-
sults from GSE12591 identifying Ccr5 as a differential gene upregulated in the mouse
aortas with aneurysms [25]. CCR5 signaling in the macrophage pathway was enriched
by functional analyses of differential genes in GSE7084 [24]. Furthermore, patients with
AAA frequently have CCR5 Delta 32 deletion mutations and are vulnerable to rupture of
aneurysms [51]. Thus, CCR5 may be a potential biomarker for AAA progression and an
indication of rupture. The hub gene ADCY5 (mouse—Adcy5) in the green module was
related to mouse AAA progression and dissection. This was consistent with the findings
by Phillips et al. which showed Adcy5 was one of the differentially expressed genes in
the murine dissecting AAA [52]. ADCY3 is an enzyme that regulates the cyclic adenosine
monophosphate (cAMP). Besides its role in AAA progression, loss of ADCY3 increases the
risk of obesity and type 2 diabetes [53], and the single nucleotide polymorphisms of this
gene are related to hypertension [54], which are the risk factors leading to the initiation of
AAA [55]. LPIN1, ACSL1, and UCP3 were related to adipocyte differentiation and muscle
growth [56–60], so dysregulation of these three genes may lead to AAA initiation, growth or
rupture, as adipocytes residing in the perivascular tissue, and vascular smooth muscle
cells play an important role in the development of AAA [19,60]. According to the reviewed
literature, the remaining key gene ACACB had no apparent connection with AAA. This,
however, requires further investigation to clarify its function in AAA progression.

So far, there is no effective drug therapy for the prevention of AAA progression or
rupture. In this study, seven key genes were identified and used for predicting drug-gene
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interactions. A total of potential 35 drugs or compounds were presented in the DGIdb
database. Most of these targeted the CCR5 gene. We checked these 35 candidates from the
literature and ClinicalTrials.gov (accessed on 18 July 2020 from https://clinicaltrials.gov/),
the largest clinical trials database containing over 329,000 trials worldwide. Five targetable
drugs (PF-05175157, firsocostat, and metformin targeting ACACB; maraviroc targeting
CCR5; rosiglitazone targeting LPIN1) were found to be used for AAA treatment. PF-
05175157 and firsocostat are two novel acetyl-CoA carboxylase (ACC) inhibitors for lipid
disorders [61,62], which could potentially rebalance dysregulated lipid metabolism in
AAA to limit the development of the disease. Metformin is the first-line oral antidiabetic
drug [63]. It also has proven effects on cardiovascular diseases through the reduction of
inflammation and oxidative stress [64–66]. Several epidemiological studies have indicated
that the use of metformin use could decrease yearly AAA growth [67,68]. Though mar-
aviroc is a CCR5 antagonist prescribed for HIV-1 treatment, it could also be applied for
AAA treatment since it was reported that maraviroc could reduce cardiovascular risk by
modulation of atherosclerotic progression in vivo and in vitro [69,70]. Rosiglitazone (RGZ)
is a potent peroxisome proliferator-activated receptor-γ (PPAR-γ) agonist that can pro-
tect against ischemia/reperfusion injury due to its anti-inflammatory effects [71]. It has
been reported that RGZ reduces stent-induced neointimal formation by decreasing the
inflammatory responses and vascular smooth muscle hyperplasia [72]. Through the same
anti-inflammatory effect, RGZ could also inhibit the growth and rupture of mouse aor-
tic aneurysms induced by angiotensin II and high cholesterol [73]. No drugs could be
predicted for the ADCY3 and UCP3 genes. These two gene candidates will have to be
evaluated as potential targets in AAA treatment in further studies.

Though our study is the first that performed WGCNA analysis with samples collected
at different points of time in AAA growth, this study still has some limitations. Firstly, upon
screening of the public database mouse dataset, GSE17901 was the only dataset available
that allowed us to follow gene function over time and was used as an exploration dataset
for WGCNA analysis. As a result, the sample size used for WGCNA analysis (n = 17) just
passed the minimum official criteria (n = 15), therefore there may be noise for the biological
network construction. The angiotensin II-induced AAA in mice may share similar features
with human AAA, but the inherent pathology is different and thus, our results should be
interpreted with caution. This study has indeed predicted interesting key genes involved
in the progression of AAA and potentially useful drugs, however these findings should be
validated further with in vitro and in vivo models of AAA.

In summary, this study identified key co-expression modules, key genes, and several
critical biological processes related to AAA progression. With drug–gene interaction
prediction, target drugs or compounds may provide the possibility of developing a medical
treatment for AAA.

5. Conclusions

Our study using WGCNA analyses revealed seven key genes (CCR5, ADCY5, ADCY3,
ACACB, LPIN1, ACSL1, UCP3) in three modules correlated to AAA progression. Mitotic
cell cycle, GTPase activity, and metabolic process were involved in the pathogenesis of
AAA. The therapeutic potential of several predicted drugs for the treatment of AAA could
be further explored.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9050546/s1, Figure S1: Sample clustering and module relations to sample traits.
(A) Sample dendrogram and trait heatmap. The color intensity of time was proportional to the day of
the sample collected. The red color in dissected represents the occurrence of dissection in the sample;
(B) Module trait relationships. Each row corresponds to a module eigengene (ME) and each column
to a sample trait, Figure S2: Correlation of the module membership and the gene significance. (A–C)
The relationship between gene significance of time and module membership; (D–E) The relationship
between gene significance of dissection and module membership. The color indicates the module,
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and the dot indicates the gene within the module., Table S1: Potential target agents identified based
on drug-gene interaction in DGIdb database.
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Abstract: The lack of medical therapy to treat abdominal aortic aneurysm (AAA) stems from our
inadequate understanding of the mechanisms underlying AAA pathogenesis. To date, the only
available treatment option relies on surgical intervention, which aims to prevent AAA rupture.
Identifying specific regulators of pivotal pathogenetic mechanisms would allow the development
of novel treatments. With this work, we sought to identify regulatory factors associated with
co-expressed genes characterizing the diseased perivascular adipose tissue (PVAT) of AAA patients,
which is crucially involved in AAA pathogenesis. We applied a reverse engineering approach
to identify cis-regulatory elements of diseased PVAT genes, the associated transcription factors,
and upstream regulators. Finally, by analyzing the topological properties of the reconstructed
regulatory disease network, we prioritized putative targets for AAA interference treatment options.
Overall, we identified NFKB1, SPIB, and TBP as the most relevant transcription factors, as well
as MAPK1 and GSKB3 protein kinases and RXRA nuclear receptor as key upstream regulators.
We showed that these factors could regulate different co-expressed gene subsets in AAA PVAT,
specifically associated with both innate and antigen-driven immune response pathways. Inhibition of
these factors may represent a novel option for the development of efficient immunomodulatory
strategies to treat AAA.

Keywords: gene regulatory network; transcription factors; perivascular adipose tissue; immune
response; inflammation; abdominal aortic aneurysm; vascular diseases

1. Introduction

Despite intensive efforts over the last decades, abdominal aortic aneurysm (AAA) remains an
elusive disease for which no effective treatment aiming to hinder or reduce its growth is yet available [1,2].
This reflects our incomplete understanding of the etiology and pathogenetic mechanisms leading to the
development and evolution of AAA. Mechanistic studies mainly rely on animal models, which despite
the large number of different methods available to induce an “acute” form of AAA, have not been
individually able to thoroughly elucidate the pathogenesis of the disease, which instead presents a
natural history characterized by a multifactorial, slow, and chronic process [3]. Thus, integration of
in vivo models with knowledge from preclinical research on human patients is needed for a greater
understanding of the processes underlying AAA [2].

A successful approach to dissecting complex phenotypes is molecular profiling, which allows
a large-scale exploration of pathological processes in diseased tissues without the need for an a
priori selection of the factors to be tested; therefore, it is potentially capable of uncovering new and
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unrecognized causes of disease onset or progression [4,5]. We have recently used this approach to
explore the transcriptome of the perivascular adipose tissue (PVAT) in patients with abdominal aortic
diseases [6,7]. PVAT has received growing interest in the study of large artery diseases, either because
it has a fundamental role in the regulation of vascular physiology [8–10] or because its dysfunction
is recognized to affect the development of both dilated and atherosclerotic aortic diseases [11].
Indeed, by comparing the adipose layer of a dilated abdominal aorta with that of a non-dilated aortic
neck in each patient, we revealed locally restricted gene expression patterns characterizing the dilated
PVAT of AAA. Overall, these genes were functionally associated with inflammatory and innate or
adaptive immune responses, which along with other relevant pathways, including cell-death and
extracellular matrix degradation, led us to hypothesize that AAA is an immunological disease with a
possible underlying autoimmune component [6]. However, the regulatory elements underlying the
pivotal pathogenetic processes associated with PVAT in AAA patients remained to be defined.

Reverse engineering from RNA expression data is a valuable and grounded approach that allows
reconstruction of gene regulatory networks by identifying cis-regulatory elements, which are the targets
of sequence-specific transcription factors (TFs) [12,13]. TFs are often defined as the master regulators
of cellular processes because they can control the simultaneous expression of many genes at once [14].
TFs regulate the transcription of their target genes by interacting with other TFs and co-factors to
constitute transcriptional complexes, but can also be directly targeted by other regulators acting
upstream of the TFs, e.g., protein kinases. Identifying cis-regulatory elements and their respective TFs
from co-expressed genes can, thus, provide important insights into the regulatory mechanism affecting
a specific biological process.

In the present work, we aimed to identify the regulators that may control the most prominent
pathogenetic processes we found associated with PVAT in AAA patients. For this purpose, we first
applied a reverse engineering approach on co-expressed genes, distinguishing the dilated PVAT
(diseased) from the non-dilated (healthy) aortic neck to find cis-regulatory elements and associated
TFs. Then, we sought upstream regulators that could directly affect (e.g., activate) the TFs identified
above or help form transcriptional complexes. Finally, exploring the topological properties of the
resulting regulatory network, we outlined the most likely putative targets for AAA interference
treatment options.

2. Materials and Methods

2.1. Study Population and Gene Expression Data

This study relies on the cohort of 30 AAA patients characterized in the previous study by Piacentini
et al. [6]. Patient features, including demographic data, risk factors, medications, and exclusion criteria,
have been extensively described in the aforementioned work. AAA patients enrolled in the study
underwent elective surgery at the Centro Cardiologico Monzino IRCCS, Milan, Italy, between 2010 and
2014. Elective repair of AAA was done in compliance with the international and national guidelines
for the care and treatment of AAA [15,16]. From each patient, adipose tissue specimens were collected
at the time of surgery, which included the periaortic adipose tissue obtained from the aortic neck
proximal to the aneurismal sac (non-dilated PVAT) and periaortic adipose tissue surrounding the
aneurysmal sac (dilated PVAT).

The expression data produced in the study have been made publicly available at the NCBI’s GEO
repository and can be accessed at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE119717.

2.2. Selection of Differentially Expressed (DE) Genes in Dilated PVAT of AAA

Based on our previous results, we selected 172 unique genes positively associated with dilated
AAA, corresponding to the most significant set of DE probes (transcripts), which distinguished dilated
(diseased) from non-dilated (healthy) PVAT. Supplementary Data 1a shows the annotation of these 172
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DE genes. We used these DE genes as the seed gene list for the identification of cis-regulatory elements
and candidate TFs.

2.3. Identification of Cis-Regulatory Elements and TFs

To identify regulatory elements, we relied on a reverse engineering approach to infer transcriptional
regulatory network underlying the 172 DE genes by cis-regulatory sequence analysis. This analysis
was performed in the Cytoscape environment v3.7.1 [17] through the iRegulon software v1.3 [18].
Briefly, iRegulon performs a “rank-and-recovery” procedure. The ranking step allows genes (RefSeq
annotation) to be ranked for a library of positional weight matrices (PWMs), which represent matrices
of regulatory motifs. Then, for each gene a regulatory search space around the transcription start site
(TSS) is scanned for homotypic cis-regulatory modules (CRM) using a hidden Markov model across
multiple vertebrate species. A ranked list of genes is generated, with the most likely genomic target of
a specific motif at the top of the ranking. In the recovery step, the enrichment of genes from the input
gene list (i.e., DE genes) is tested against the gene rankings by calculating the area under the cumulative
recovery curve (AUC) in the top of the ranking (3%), which is then normalized into a normalized
enrichment score (NES). The method exploits a wide collection of 18 databases of 9713 non-redundant
TF motifs and 3 databases of 1120 chromatin immunoprecipitation sequencing (ChIP-seq) signals along
the genome (i.e., tracks).

Parameters used for the ranking step were: motive collection: “10K (9713 PWMs)” (i.e., the most
extensive motif collections); track collection: “1120 ChIP-seq tracks (ENCODE raw signals)” (i.e., full
collection of ChIP-seq data against TFs); putative regulatory region: “20 kb centered around TSS”
(i.e., it may return promoter-based and/or distal regulators); motif rankings database: “20 kb centered
around TSS (7 species)” (including the mammalian species Bos taurus, Canis familiaris, Mus musculus,
Monodelphis domestica, Pan troglodytes, Macaca mulatta, and Rattus norvegicus, as well as considering the
conservation among them).

Parameters for the recovery step were: enrichment score threshold = “3.0” (raising the post-hoc
threshold to 3.5); receiver operating characteristic (ROC) threshold for AUC calculation = “0.03”;
rank threshold = “5000”; minimum identity between orthologous genes = “0”; maximum false
discovery rate (FDR) on motif similarity = “0.001”.

Resulting motifs and tracks were ranked according to NES and labeled with the motif or track
identifier (ID) of their original database. Motifs that shared a higher level of similarity were grouped
into clusters using the default method (see [19]). The motif-to-TF association procedure for the
algorithm, based on motif similarity and orthology, returns the TFs that more likely bind to the enriched
motif. The TFs with the highest levels of confidence (i.e., TFs recorded as having a direct annotation,
meaning that the PWM was determined for a certain TF in that species) were selected as the most
reliable candidate TFs for each cluster of motifs or tracks.

2.4. Inferring the TFs’ Upstream Regulatory Factors

To infer regulatory modules upstream of the “hub” candidate TFs, additional proteins that
directly connect to TFs were firstly identified (i) by using experimentally reported protein–protein
interactions (PPI) or protein complexes; and then (ii) by identifying protein kinases regulating the
above extended transcriptional complexes. The Expression2kinase (X2K) software v1.6.1207 [20] was
used with default parameters for both protein network expansion and kinase retrieval, except for the
“allow a maximum of 10,000 node links from a node”, “allow a maximum of 100,000 interactions from
an article”, and “allow a minimum of 1 article reporting a specific interaction” options, which were
enabled to ensure a higher quality of interactions in outputted additional proteins. The method for
drawing PPI exploits experimentally validated mammalian interactions from 18 databases containing
more than 24,000 proteins and almost 390,000 interactions. The kinase–substrate interactions are instead
from other sources for a consolidated dataset of 14,374 interactions from more than 3400 publications
on 436 kinases (see [20] for details).
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2.5. Topological Analysis

Topological analysis was performed on two different networks through Network Analyzer
v3.3.2 [21] and CentiScape 2.2 software [22] into the Cytoscape environment v3.7.1. The first analyzed
network was the whole regulatory network (cf. Figure 2) drawn to connect candidate TFs (regulators;
source nodes) with their target DE genes (regulated; target nodes). This facilitated visual inspection
of clusters of shared and unique target regulated genes and their relationships. To disentangle
the complexity of the network and to find the most relevant “hub” TFs, three centrality measures,
i.e., connectivity degree (aka degree), betweenness, and radiality, were evaluated. The higher the
values of these topological indexes among nodes, the higher the relevance of a specific node in the
network in relation to the others [23]. TFs ranked in the upper tertile for the three centrality measures
were selected as the “hub” master regulators.

The second topological analysis was performed on the regulatory transcriptional complex
network made of “hub” TFs, additional or intermediate proteins, and upstream kinases (cf. Figure 3).
The network was treated as a directed network because the regulator–regulated target relationships
were highlighted by directed edges. Measures of in-going and out-going direct connections (edges)
of a node were defined as the in-degree and out-degree, respectively. Additionally, radiality, stress,
betweenness, bridging, centroid, closeness, eccentricity, eigenvector centralities were also assessed.
The relevance of the topological index for each node was weighted through the z-score calculation,
which assesses how a specific observation (node) moves away from the mean of the total observations,
measured in terms of standard deviations from the mean. A node with a z-score ≥2 was deemed as
very relevant for that topological index.

For an easier interpretation of topological indexes [22,23], it should be considered that nodes with
a large degree of connectivity are defined as “hubs”, since they are likely crucial factors that might play
key (e.g., causative) roles in the biological context (e.g., disease) of interest [24,25]. Nodes with high
betweenness (and with similar but not equal stress, bridging, closeness, and eigenvector values) are
defined as “bottlenecks”, which are likely important factors that can hold together communicating
proteins or genes and which might be relevant as organizing (or very central) regulatory molecules [26].
Nodes with high eccentricity show how easily a protein or gene can be functionally influenced by
all other proteins or genes in the network. High centroid values instead show those nodes that are
functionally able to organize subclusters of proteins or genes, thus possibly coordinating the activity
of nodes with high connectivity. A node with high radiality, high eccentricity, and high closeness
provides a consistent indication that it plays a central position in the network.

2.6. Linking Transcriptional Complex Clusters with AAA Pathogenetic Biological Functions

Functional association of transcriptional complex clusters (each including a subset of the seed list
of DE genes and additional or intermediate proteins and kinases) with AAA pathogenetic biological
processes or pathways was performed by measuring the overlap of the transcriptional complex cluster
gene sets with the results of the original gene set enrichment analysis (GSEA; see Supplementary
Materials of [6]). The collection of transcriptional complex cluster gene sets was generated in the Gene
Matrix Transposed file format (*.gmt) and imported into the Enrichment Map software v3.2.1 [27] to
visualize and measure the overlap of these gene sets with the enrichment network drawn from GSEA,
which displayed all of the significant Gene Ontology–biological process (GO-BP) orpathway gene sets
that were suggested to be pathogenically associated with dilated PVAT in AAA. The consistency of
the overlap was tested through a hypergeometric test. Associations were deemed to be significant
for adjusted p-values < 0.01 (Benjamini–Hochberg method for multiple testing correction) and with a
gene set overlap corresponding to ≥5% of the genes for each specific transcriptional complex cluster.
To facilitate visualization of the most significant relationships of each transcriptional complex cluster
with their associated GO-BP or pathways, an enrichment subnetwork was subsequently generated.
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3. Results

For this work, we selected the 172 unique genes we found overexpressed in dilated PVAT compared
with non-dilated PVAT in AAA patients (see Supplementary Materials of [6]). Gene annotation is
reported in Data Supplement 1a. These genes were positively associated with the layer of adipose tissue
surrounding the dilated (diseased) abdominal aorta and included several factors of the inflammatory
and immune responses, which were claimed as being the most relevant for the pathogenesis of
AAA [28,29]. We, thus, sought the regulatory sequence motifs (i.e., target gene nucleotide sequences
used to control its expression) and tracks (i.e., ChIP-seq signals along the genome) for these 172 genes
and reconstructed a gene regulatory network.

3.1. Identification of Motifs and Tracks of Genes Over-Expressed in Dilated PVAT of AAA Patients

By cis-regulatory sequence analysis, which leverages the use of combined multiple collections
of motifs and tracks, we identified 30 motifs and 1 track with NES values >3.5 and AUC values
>0.06. The selected NES and AUC thresholds were chosen to reduce the probability of recovering
false-positive associations, which would, therefore, ensure more robust and accurate results [18].
Exploring the motif enrichment results, we observed that subgroups of the 30 motifs showed a high
sequence overlap, which were, thus, grouped into 8 different clusters based on similarity (M1 to 8;
Data Supplement 1b). Notably, each cluster included one TF with a direct annotation, which represents
the highest level of confidence for a motif-to-TF association. Thus, we ranked the TF with the direct
annotation as the most reliable candidate TF for each related motif or track cluster (Table 1, Figure 1,
and Data Supplement 1b).

Table 1. Summary of enriched motifs and tracks aggregated in clusters.

Cluster TF NES AUC # Targets # Motifs/Tracks

M1 TBP 6.20 0.098 74 5

M2 NFKB1 5.91 0.095 91 7

T1 CHD1 5.23 0.130 29 1

M3 SPIB 5.12 0.085 104 4

M4 SRF 4.66 0.080 53 6

M5 BCL6 4.14 0.074 55 3

M6 PAX3 4.07 0.073 48 2

M7 ATF2 3.58 0.068 46 1

M8 CEBPE 3.53 0.067 50 2

Transcription factors (TFs) with direct annotation, normalized enrichment score (NES), and area under the cumulative
recovery curve (AUC) values refer to the highest enriched motif or track of each cluster. Motif (M) and track (T)
clusters are ordered by NES. #, number of.
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Figure 1. Target nucleotide sequences. Logos of cis-regulatory elements corresponding to the highest
enriched motif of each cluster are shown. Motif IDs are reported on top of each sequence. The logo for
tracks, i.e., CHD1, is not available.

3.1.1. Regulatory Network of TFs and Over-Expressed Genes in Dilated PVAT

To visually explore the relationships between candidate TFs and their relative target genes,
we drew a gene regulatory network consisting of TFs as source nodes, presenting direct evidence for
significant motifs with the highest NES values, as well as the DE genes as target nodes (Figure 2).
The network shows the complex relationships between TFs and their targets, with TFs displaying both
shared and unique target genes.
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Figure 2. Gene regulatory network. The network shows the connectivity between candidate
transcription factors (source nodes; green hexagons) and differentially expressed (DE) genes
(target nodes; pink ovals). Edge color refers to clusters of DE genes based on the connections
to a specific TF.

3.1.2. Selection of “hub” TFs through Topological Analysis

Although all of the identified TFs presented a significant association with DE genes, we tried
to figure out the regulatory elements that more likely associate with the most relevant pathogenetic
processes in dilated PVAT of AAA. For this purpose, we applied a network topology analysis to
identify TFs representing the most relevant “hub” in the whole regulatory network. With this approach,
we found that three TFs, i.e., TBP, NFKB1, and SPIB, displayed the highest values for all the assessed
topological centrality measures (Table 2). The advantage of this approach is that we could extract
key TFs by taking into account both the statistics of motif and track identification and TF “centrality”
ranking in a complex gene regulatory network. In particular, the degree index indicates the relevance
that SPIB, NFKB1, and TBP have within the network—they displayed the highest connectivity by
interacting with large numbers of the 172 DE genes (104, 91, and 74, respectively), suggesting a central
regulatory role.
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Table 2. Summary of topological indexes used to evaluate the centrality of each candidate TF in the
reconstructed gene regulatory network.

TF (Cluster) Degree Betweenness Centrality Radiality

SPIB (M3) 104 0.36 3.41

NFKB1 (M2) 91 0.22 3.24

TBP (M1) 74 0.14 3.02

BCL6 (M5) 55 0.08 2.77

SRF (M4) 53 0.08 2.75

CEBPE (M8) 50 0.08 2.71

PAX3 (M6) 48 0.05 2.68

ATF2 (M7) 46 0.06 2.65

CHD1 (T1) 29 0.04 2.43

Candidate transcription factors (TFs) of each cluster are ranked by degree. The selected “hub” TFs are highlighted
with bold characters.

3.2. Identification of Transcriptional Complexes and Upstream Regulators

We refined our search for regulatory molecules by including those that physically connect
to and act on the identified “hub” TFs. To this end, we first extended the regulatory network
by retrieving intermediate direct interactors of SPIB, NFKB1, and TBP, and by drawing putative
transcriptional complexes. Then, we inferred upstream protein kinases that could regulate those
transcriptional complexes.

3.2.1. Connecting Additional Proteins to TFs through Protein–Protein Interactions (PPI)

By leveraging experimentally validated PPI, we identified 28 intermediate proteins (annotated
in Data Supplement 1d) directly linked to SPIB, NFKB1, and TBP. Then, we drew a directional
network to show the relationships (i.e., from regulator-to-regulated target) among the “hub” TFs
and all the retrieved intermediate proteins (Figure 3). NKFB1 and TBP displayed the highest direct
connections, with 8 out-degree (outcoming connections) and 19 in-degree (incoming connections) and
with 12 out-degree and 15 in-degree connections, respectively. SPIB presented 4 out- and 3 in-degree
connections but displayed a direct edge towards TBP, suggesting that their possible interaction
constitutes a transcriptional complex together with other proteins. Notably, we found 18 other TFs
among the additional proteins (i.e., AR, BCL3, CEBPB, CREBBP, E2F1, ELF3, ESR1, FOS, JUN, KLF5,
NCOA1, NCOA6, NR3C1, REL, RELA, RXRA, SP1, and SPI1), which may participate in forming such
transcriptional complexes (Figure 3; green ovals). Consistently, some of them were also predicted to
associate with motif clusters M2 (i.e., BCL3, E2F1, REL, RELA), M3 (i.e., SPI1), and M8 (i.e., CEBPB;
cf. Data Supplement 1b), strengthening the idea that these TFs may cooperate with “hub” TFs to
target common sequence motifs and coordinate transcription of DE genes. Furthermore, relying on the
Transcription co-Factor DataBase (TcoF-DB) [30], we could annotate 7 proteins that act as transcriptional
co-factors (i.e., that may regulate transcription by interacting with TFs), but in contrast to TFs these
do not bind directly to regulatory DNA regions (Figure 3; orange ovals). Six of them (i.e., CTNNB1,
HDAC1, HMGB1, RUVBL2, SIN3A, and TRIP4) have experimental evidence for both involvement
in transcriptional regulation and for presence in the cell nucleus (classified as class high-confidence);
RUVBL1 has evidence: inferred from electronic annotation” (classified as class 2) for involvement in
transcriptional regulation.
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Figure 3. Extended regulatory network. The network shows the relationships (directed dashed edges)
among the hub transcriptional factors, the additional proteins inferred by protein–protein interactions,
and the most significant kinases identified by kinase enrichment analysis. Node shapes distinguish hub
TFs (hexagon) from all the other inferred proteins (ovals). Node colors reflect node types or functions:
hub TFs = red; inferred TFs = green; kinases = light blue; TcoFs = orange; inferred molecules with other
functions = light orange. Also see Data Supplement 1d for detailed annotation.

3.2.2. Identification of Protein Kinases Upstream Transcriptional Complexes.

The expansion of the network to protein–TF interactions allowed an increase of the number
of possible regulatory molecules that can influence specific functions in the dilated PVAT of AAA.
The search for further kinase–substrate interactions can add an upstream level of control of gene
expression and helps to identify key target regulators. Indeed, by kinase enrichment analysis, we found
42 associations with protein kinases (nominal p-values < 0.01), of which 28 stood correction for multiple
testing (adjusted p-values < 0.01; Data Supplement 1c). To focus on the most significant kinases,
we selected those that were ranked in the upper tertile of the distribution according to the “combined
score”, i.e., CHUK, CSNK2A1, CSNK2A2, GSK3B, MAPK1, MAPK14, MAPK3, MAPK8, PRKDC,
and TAF1 (Figure 3, light blue ovals; annotation in Data Supplement 1d).

Network analysis showed that CHUK, CSNK2A1, GSK3B, and PRKDC were directly associated
with NFKB1; TAF1 targeted TBP; and CSNK2A1, CSNK2A2, GSK3B, MAPK3, MAPK8, and MAPK14
interacted with SPIB. Specifically, GSK3B, MAPK1, and CSNK2A1 displayed the highest out-degree
values (17, 15, and 13, respectively), which suggests that they can be functionally relevant for most of
the protein–TF interactions in the regulatory network.

3.2.3. Topological Analysis of Regulatory Transcriptional-Complex

Topological analysis of the regulatory transcriptional complex network (cf. Figure 3), inferred
the relative importance that specific proteins and genes may have as regulators in the network
(Data Supplement 1e). First, we observed that centrality measures with similar meanings were
highly correlated, indicating their consistency (Figure 4). Indeed, out-degree, radiality, and closeness,
which indicate the possibility that a node is functionally relevant for several others, showed high
positive correlations, with Pearson’s coefficient r values ranging from 0.89 to 0.99 (p-values < 0.001).
Similarly, betweenness, bridging, and stress indexes, whose values if elevated suggest that a gene or
protein likely connects (i.e., holds together) pivotal regulatory molecules, were positively correlated,
with r values ranging from 0.65 to 0.97 (p-values < 0.001).
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(a)

Figure 4. Cont.

112



Biomedicines 2020, 8, 288

(b)

Figure 4. (a) Topological analysis of the extended regulatory network. Each panel represents the
scatterplot of the index-over-index topological measures calculated for the extended regulatory network.
To draw the representative scatterplots, only one index was chosen among those that were highly
correlated and with very similar meanings. The presence of a non-uniform distribution of nodes,
with most nodes having a low index and a few having a high index, identifies those nodes that
clearly differ from the average measure of the index throughout the network (red and orange dots
or labels). Red, orange, and blue colors, respectively, refer to nodes with z-scores > 2.0, between 1.5
and 2.0, and <1.5. Detailed results are reported in Data Supplement 1e. (b) Correlation plot of the
topological indexes. Indexes with similar meanings show a highly significant Pearson’s correlation
(p-values < 0.001). Numbers and circle sizes (from smaller to bigger) refer to correlation coefficient
r values. Positive and negative correlations are displayed by a gradient color from white (low) to
blue (high) and from white (low) to red (high), respectively. To simplify visualization, crosses mark
non-significant correlations.

Specifically, we showed that NFKB1 showed the highest degree (total connectivity), in-degree, and
eccentricity, suggesting that it is likely affected by the activity of many other proteins. Interestingly, REL,
which is part of the well-known NK-kB complex together with NFKB1, has high eccentricity as well,
although with lower global connectivity. NFKB1 also presents high betweenness and stress, suggesting
the capability to hold together communicating proteins and to play a role as an organizing regulatory
molecule. Similarly, RELA, which is also a subunit of the NF-kB complex, has the highest betweenness,
stress, and bridging centrality values, leading to the hypothesis that it can serve in an organizing
module along with NFKB1, “bridging” another possible set of regulatory proteins. For example,
RELA targets TBP, which also displays very high betweenness and stress indexes and may serve as a
central regulatory protein. Another remarkable finding concerns the role of MAPK1. Indeed, we can
postulate that MAPK1 could be functionally essential for several other proteins, as indicated by its
eigenvector index, out-degree (n = 15), and high closeness and radiality values compared to the mean
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of the network, which overall suggests a prominent regulatory role for this kinase in the network.
Similarly, GSK3B showed a high out-degree (n = 17), radiality, and closeness over the network mean.
Together these results provide a consistent suggestion that both MAPK1 and GSK3B kinases might have
central regulatory roles in the network. CREBBP, as with NFKB1, RELA, and TBP, showed a high-stress
index, indicating that it may be functionally relevant in connecting other regulatory molecules. CREBBP
presents a high total degree of connectivity (15 in-degree and 13 out-degree connections), with a direct
connection towards NFKB1 and incoming connections from RELA and SPIB. TBP displayed high
stress and betweenness, which underlie its important roles as a “hub” TF and an organizing regulatory
protein. Finally, RXRA showed the most consistent bridging index together with RELA, indicating its
possible role as a connector of other central regulatory proteins. Indeed, RXRA is directly linked to
very central proteins, such as the TFs NFKB1, RELA, and TBP, and the kinases MAPK1 and GSK3B.
In line with this, we observed that the connection between RELA and RXRA showed the highest
“edge-betweenness” value (33; with network mean ± SD = 8 ± 5, over 311 total edges), which indicates
that this connection separates highly interconnected subgraph clusters.

3.3. Association of Regulatory Subnetworks with AAA Pathogenetic Pathways

We eventually built the entire regulatory network obtained by reverse engineering, including DE
genes, candidate TFs, intermediate protein interactors, and upstream kinase regulators. By selecting the
first neighbors of each “hub” TF throughout the network, we generated three “transcriptional clusters” to
infer specific functional association with AAA-related pathways. This approach allowed matching each
transcriptional cluster with those GO-BP or pathways associated with dysfunctional PVAT that could
have a pathogenetic role in the development or progression of AAA (see Supplementary Materials in [6]).
The significance of the overlapping genes, which measure the consistency of the association between
each transcriptional cluster and specific GO-BP pathways, was estimated through a hypergeometric
test. We found 69, 54, and 32 GO-BP pathways with a significant number of genes overlapping those of
the transcriptional clusters of NFKB1, SPIB, and TBP, respectively (adjusted I-values < 0.01 and overlap
size threshold ≥ 5% for the genes of the transcriptional cluster; Data Supplement 2). Interestingly,
the 3 transcriptional clusters presented both shared unique associations with pathogenetic GO-BP
pathways. To summarize results and reduce redundancy of the overlapping GO-BP pathways, we drew
an enrichment network (Figure 5). We found that the NFKB1 transcriptional cluster was uniquely
associated with “regulation of lymphocytes proliferation” (specifically T-cells), “regulation of protein
secretion”, and “vasculature development”. The SPIB transcriptional cluster was univocally associated
with “regulation of phagocytosis”, “granulocyte or neutrophil chemotaxis”, “humoral immune
response”, and “Fc receptor-mediated signaling”. TBP displayed a distinctive association with
“regulation of cytokine’s biosynthetic process”. NFKB1 and TBP transcriptional clusters shared GO-BP
pathways involved in TLR signaling (in particular, TRAF6-mediated induction of NFkB and MAP
kinases upon endosomal TLR activation) and in the regulation of the JAK/STAT cascade. NFKB1 and
SPIB transcriptional clusters shared GO-BP pathways involved in the regulation of lymphocyte
activation and differentiation and inflammatory response, as well as in leukocyte cell–cell adhesion.
Finally, we found common GO-BP pathways between the three transcriptional clusters, e.g., “response
to molecule of bacterial origin”, “leukocyte chemotaxis”, “regulation of ERK1 and ERK2 cascade”,
and “IL-4 and IL-13 signaling”.
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Figure 5. Enrichment network of transcriptional clusters. NFKB1, SPIB, and TBP transcriptional
clusters (squared green nodes) and pathogenetic Gene Ontology–biological process (GO-BP) pathways
associated with abdominal aortic aneurysm perivascular adipose tissue (red nodes) are connected
by dashed orange edges, which indicate significant overlaps between two gene sets. Edge thickness
(from thinner to thicker) is proportional to the number of overlapping genes. GO-BP pathway node
colors (from lighter to darker) and sizes (from smallest to bigger) are proportional to the original
normalized enrichment score calculated by gene set enrichment analysis. Groups of redundant gene
sets were manually circled and labeled by relevant overview GO-BP pathways terms.

4. Discussion

The pathogenic mechanisms responsible for AAA formation and expansion are largely unknown.
PVAT is a well-known vessel homeostasis regulator that can have a major role in vascular disease
pathogenesis [11,31]. Mounting evidence suggests that dysfunctional PVAT may play a role in
vascular diseases, including AAA development [32]. To date, large-scale gene expression profiling
of AAA has been carried out only on full-thickness aortic walls, excluding the adipose layer of the
vessel [33]. Through genome-wide expression studies, we have recently gained insights into the
important role that PVAT can play in both atherosclerotic and non-atherosclerotic abdominal aortic
diseases in humans [6,7]. In AAA patients, our data suggested that an altered immune response in
PVAT, alongside other concurring mechanisms, is a crucial pathogenetic element that leads to the
progression of AAA, and ultimately to its rupture, by amplifying inflammation and degenerative
mechanisms (e.g., loss of aorta structural integrity) [6].

With this work, we inferred the regulatory molecules that govern the most prominent pathogenetic
processes in PVAT of AAA patients. Our study consistently shows that subsets of co-expressed genes
characterizing the diseased PVAT in AAA present common cis-regulatory elements, which are the
targets of specific TFs.

The reconstruction of regulatory networks proves to be particularly enlightening, as the disease
phenotype is only occasionally the result of a single gene or protein effector, but is more commonly
the combination of multiple pathobiological effectors acting together in complex relationships [24].
Analyzing molecular networks through their topological properties can help to identify both crucial
disease genes (hubs) and potential drug targets [24,34]. However, it is worth noting that pharmacological
targets are not necessarily the network “hub nodes”, because these are often essential factors with a
strong influence on the phenotype of the cell or organism. Hub genes or proteins should be targeted
only in particular subsets of cells with a strong and direct pathogenetic role. Otherwise, interference
with the activity of essential genes may influence physiological processes that are crucial to the normal
functioning of the organism. On the contrary, proteins that act as connectors (or presenting lower
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degrees of connectivity) have a lower impact on the overall structure of the network, thus resulting in
likely safer candidate disease targets [35,36].

We identified SPIB, NFKB1, and TBP (i.e., “hub” TFs) as the master regulators of the resulting gene
regulatory network, as they have the largest connectivity with the co-expressed genes associated with
diseased PVAT. Therefore, we hypothesized that these TFs could be responsible for regulating the most
impactful pathogenetic mechanisms of dysfunctional PVAT in AAA patients. Additionally, we identified
additional proteins that can directly interact with the “hub” TFs to form transcriptional complexes, as well
as protein kinases that can regulate the state of activation of “hub” TFs and transcriptional complexes.

We showed that the transcriptional clusters of SPIB, NFKB1, and TBP have strong functional
associations with mechanisms of the innate and adaptive immune response, which we assumed to
be the main drivers of the (auto)immune mechanisms in AAA PVAT. Specifically, we associated the
NFKB1 transcriptional cluster with the positive regulation of lymphocyte proliferation, and together
with TBP with the expression of genes involved in the innate immune response, i.e., the toll-like
receptor (TLR) signaling. This is consistent with the well-known role of NF-kB complex activation
in guiding both lymphocyte function, including cell proliferation and differentiation [37], and TLR
signaling [38], which ultimately ends in NF-kB-triggered downstream transcription of genes that
allow for an effective response to primary stimuli, such as antigens (or self-antigens) and danger- or
pathogen-associated molecular patterns [39]. Additionally, NFKB1, REL, and RELA may differently
combine to form heterodimers and carry out both unique and overlapping roles in T-cell proliferation
during different stages of the cell cycle [40]. The relevance of the NF-kB complex in AAA pathogenesis
has already been shown in in vivo AAA-induced models. Activation of the NF-kB complex has been
proposed as a key factor inducing macrophage infiltration and osteoclastogenic differentiation [41,42]
and affecting the inflammatory response in other cell types (e.g., vascular smooth muscle cells and
mesenchymal cells) [43,44], ultimately leading to aortic inflammation and vessel wall degeneration.
Nonetheless, our data suggest that lymphocyte activation and proliferation mechanisms could be crucial
for amplifying the local antigen-driven immune response in the PVAT of AAA patients. Interfering with
NK-kB signaling [45] in immune cells may, thus, have a significant impact on the evolution of AAA.
Although immune-suppressive treatment should be carefully evaluated [46], selectively inhibiting
NF-kB signaling in activated and proliferating lymphocytes in dysfunctional AAA PVAT may be a
targeted therapeutic intervention without compromising the healthy effect mediated by NF-kB in other
immune cells.

Mechanisms of the innate and adaptive immune response can also be mediated by SPIB and its
cognate SPI1, which we found to be directly connected to SPIB in the regulatory network. Both SPIB
and SPI1 are required for all of the signaling pathways by which B-lymphocytes sense and respond to
local environmental stimuli, including antigens and molecules acting through TLRs [47]. Accordingly,
we found that the SPIB transcriptional cluster was associated with response to TLR engagement,
humoral immunity, and lymphocyte activation in PVAT of AAA. Interestingly, we also found a
significant association with Fcγ receptor signaling, which underlies a localized antigen-specific
humoral immune response. This signaling mechanism can be activated by B cells or neutrophils in the
presence of immunoglobulin–antigen aggregates [48,49], and has been involved in the pathogenesis of
AAA [50]. The downregulation of Fc receptor actions has been proposed as a therapeutic approach
for other inflammatory and autoimmune diseases [51]. Targeting Fc receptor signaling regulators by
manipulating the SPIB/SPI1 complex could be tested to block or minimize the local self-sustaining
chronic inflammation observed in AAA PVAT.

Evaluating topological indexes of the extended regulatory network, we found that the protein
kinases MAPK1 and GSK3B and the nuclear receptor RXRA (a type of retinoid X receptor) appear to
play key roles in AAA pathogenetic mechanisms, and thus may be intended for interference therapy,
as they are “non-hub” connecting proteins that could regulate signaling through the “hub” TFs. Both
MAPKs and GSK3s have been recognized as having considerable roles in the immune response. MAPKs
are strongly involved in innate immunity, including signaling related to TLRs [52]. Additionally, the
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MAPK/ERK pathway is an important modulator of matrix metalloproteinases during AAA formation
in in vivo models, and its inhibition could represent a possible therapeutic approach to prevent AAA
formation [53]. Consistently, we found that NFKB1, SPIB, and TBP transcriptional clusters were
associated with the regulation of ERK1 and ERK2 cascade in the PVAT, reinforcing the concept that
specific protein kinases play central roles in the regulation of inflammation and immune response
in AAA. A direct role of GSK3s in AAA pathogenesis has not been established, although GSK3s
were shown to regulate the production of pro- and anti-inflammatory cytokines and to influence
the proliferation, differentiation, and survival of T-cells. GSK3s mainly work through the regulation
of critical transcription factors, including NF-kB, the inhibition of which has been proposed for the
treatment of several pathological conditions with underlying altered immune responses in animal
models [54]. Evidence concerning the roles of retinoid X receptors in AAA is also limited [55]. It has
been proposed that RXR activation may have a beneficial role in AAA by inhibiting the angiotensin
type 1 receptor in vascular smooth muscle cells, a factor which is known to affect AAA development
in angiotensin II–induced AAA models [56]. However, RXRA is also known to be involved in
the regulation of innate immunity [57], and thus its inhibition could suppress immune-mediated
pathogenetic mechanisms in AAA PVAT.

Since SPIB, TBP, MAPK1, GSK3B, and RXRA have not yet been associated with AAA in humans,
they may be considered as newly identified targets for disease treatment.

Other proteins or kinases with less connectivity in the regulatory network may be potential
therapeutic targets for AAA [35]. An example is histone deacetylase 1 (HDCA1), which despite
its low centrality in our regulatory network, directly interacts with both NFKB1 and TBP, and thus
might be considered as a possible target for interference treatments. Consistently, the use of HDACs
inhibitors has been demonstrated to be effective in in vivo AAA models and has been proposed for
treatment in humans [58]. Notably, HDACs have many TFs as natural substrates, including NF-kB,
and are well-known regulators of the T-cell immune response. HDAC inhibition enhances T-regulatory
cell survival and immune-modulating functions, and affects the development of T-cell response,
including T-cell proliferation in response to antigen stimulation [59].

In summary, innate and adaptive immune responses are characterized by complex crosstalking
mechanisms [60] and are both involved in AAA pathogenesis [28]. Additionally, communication
between perivascular adipocytes and immune cells may also play a role in these complex relationships.
For example, adipocytes secrete soluble factors (e.g., adipokines, chemokine, or pro-inflammatory
interleukins), which may trigger signaling pathways in target cells involving the activation of the NF-kB
complex, among others. Immune cells, in turn, produce inflammatory molecules and recognize antigens
presented by the class I or II human leukocyte antigens (HLAs) expressed on adipocytes [8,61,62].

Innovative strategies for treating AAA may include both immune modulation to stimulate
local anti-inflammatory mechanisms and targeting of specific pathogenetic lymphocytes and their
interactions with other cells, such as antigen-presenting cells [63–65]. In our previous research,
while showing that the activation of several pathways can contribute to the evolution of the disease,
we assumed that immune response processes were essential to sustain a chronic inflammatory cycle that
characterizes AAA, since they were involved in both the early and later stages of AAA [6]. It is tempting to
speculate that interventions on these specific pathogenetic pathways could be therapeutically beneficial,
because they could limit the main harmful mechanism that appears to be necessary for all phases
of AAA. Notably, an immune phenotyping analysis in human AAA samples recently found that
T-lymphocytes are the primary cell leukocyte population in AAA, with the largest concentration in
PVAT, and that these PVAT-associated T-lymphocytes correlated with the severity of the disease [66].
Assessing the presence of a locally restricted, antigen-driven clonal expansion in PVAT of AAA could,
thus, be the goal of future studies, which will allow for the precise detection of pathogenic lymphocytes
for direct interference treatment [45], possibly through the above-suggested disease gene targets.

To our knowledge, this is the first study that describes the regulatory elements that may contribute
to controlling the major pathogenetic processes observed in PVAT of AAA patients. Our study takes
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advantage of a reverse engineering approach that emerged as a valuable tool for elucidating cellular
function and dysregulation in pathological contexts, and which promises to increase our ability to
identify potential therapeutic targets and disease biomarkers as well [13].

Our work also has limitations. It relies on inferential analysis and suggests putative sensitive AAA
target genes, for which formal evidence should still be provided showing that they can be used for
effective interference treatments. Furthermore, our work has focused on the potential regulators of the most
significant overexpressed genes restricted to the diseased PVAT of our AAA patient cohort, without ruling
out the possibility that other regulatory mechanisms may still be important in the development and
progression of the disease. Finally, we did not evaluate any possible interactions with genetic variants
known to be associated with AAA [67]. However, given their putative relevance in aneurysm diseases,
it may be important in future research to explore the existence of specific polymorphisms that could affect
gene expression and offer insight into the molecular pathogenesis of AAA.

5. Conclusions

After a long-lasting period of research, our understanding of AAA is still in its “adolescence”.
Despite a clear knowledge of the pathological hallmarks, the enigmatic “trait” characterizing AAA
is still unknown, and is a relentless obstacle to its overall comprehension and the potential for
effective care.

The translational gap between preclinical disease models and successful clinical studies prompts
the research on AAA to explore and find novel candidates for treatments. Due to its critical role in
AAA pathogenesis, PVAT promises to be a reliable target for testing innovative treatment options.

With this work, we identified master regulators of prominent pathogenetic processes associated
with PVAT of AAA patients, i.e., altered immune response, including antigen-specific lymphocytes
activation or proliferation and TLR signaling. Through the reconstruction of a gene regulatory network
and the associated upstream regulators, we also suggested novel possible targets that may be considered
for locally restricted interference treatments of AAA.
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Abstract: Background: The aim of this systematic review was to pool evidence from studies testing if
pentagalloyl glucose (PGG) limited aortic expansion in animal models of abdominal aortic aneurysm
(AAA). Methods: The review was conducted according to the PRISMA guidelines and registered
with PROSPERO. The primary outcome was aortic expansion assessed by direct measurement.
Secondary outcomes included aortic expansion measured by ultrasound and aortic diameter at
study completion. Sub analyses examined the effect of PGG delivery in specific forms (nanoparticles,
periadventitial or intraluminal), and at different times (from the start of AAA induction or when AAA
was established), and tested in different animals (pigs, rats and mice) and AAA models (calcium
chloride, periadventitial, intraluminal elastase or angiotensin II). Meta-analyses were performed
using Mantel-Haenszel’s methods with random effect models and reported as mean difference (MD)
and 95% confidence intervals (CIs). Risk of bias was assessed with a customized tool. Results:
Eleven studies reported in eight publications involving 214 animals were included. PGG significantly
reduced aortic expansion measured by direct observation (MD: −66.35%; 95% CI: −108.44, −24.27;
p = 0.002) but not ultrasound (MD: −32.91%; 95% CI: −75.16, 9.33; p = 0.127). PGG delivered
intravenously within nanoparticles significantly reduced aortic expansion, measured by both direct
observation (MD: −116.41%; 95% CI: −132.20, −100.62; p < 0.001) and ultrasound (MD: −98.40%;
95% CI: −113.99, −82.81; p < 0.001). In studies measuring aortic expansion by direct observation,
PGG administered topically to the adventitia of the aorta (MD: −28.41%; 95% CI: −46.57, −10.25;
p = 0.002), studied in rats (MD: −56.61%; 95% CI: −101.76, −11.46; p = 0.014), within the calcium
chloride model (MD: −56.61%; 95% CI: −101.76, −11.46; p = 0.014) and tested in established AAAs
(MD: −90.36; 95% CI: −135.82, −44.89; p < 0.001), significantly reduced aortic expansion. The
findings of other analyses were not significant. The risk of bias of all studies was high. Conclusion:
There is inconsistent low-quality evidence that PGG inhibits aortic expansion in animal models.

Keywords: pentagalloyl glucose; abdominal aortic aneurysm; aortic aneurysm

1. Introduction

Abdominal aortic aneurysm (AAA) rupture is estimated to be responsible for approxi-
mately 200,000 deaths per year worldwide [1]. The only current treatments for AAA are
open or endovascular surgical repair [2,3]. Randomized controlled trials have suggested
that the surgical repair of small AAAs (<55 mm) does not reduce mortality [4]. Clinical
guidelines recommend that small asymptomatic AAAs are treated conservatively [2,3];
however, up to 70% of non-surgically treated AAAs continue to grow in size, thereby
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increasing the risk of rupture [5]. A drug therapy for small AAAs would be of great
clinical value.

Past preclinical and clinical AAA research has focused on testing drugs that reduce
aortic inflammation, inhibit extracellular matrix degradation or lower blood pressure [6–8].
Despite hundreds of preclinical studies and multiple clinical trials, none of these drugs
have come into routine clinical practice for treating AAA [6,7]. Pentagalloyl glucose (PGG)
is a polyphenolic derivate of tannic acid that is currently under investigation as a treatment
to stabilize AAA [9]. PGG has been proposed to reduce the turnover of collagen and elastin
by cross-linking these key extracellular matrix proteins [9]. A growing number of studies
have examined the effect of PGG administration on aortic expansion in animal models of
AAA. Many of these studies have reported reduced aortic expansion [10–13]. However, a
recent study reported no effect in two rodent models [14].

Given the conflicting findings of these animal studies and since PGG is now being
tested as a treatment for small AAA in patients, a critical review of the past preclinical
evidence is needed. The aim of this study was to undertake a systematic review and
meta-analysis by pooling data from studies testing the effect of PGG on aortic expansion in
animal models of AAA.

2. Methods

2.1. Search Strategy and Eligibility Criteria

This systematic review was conducted according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) statement and was registered in the
PROSPERO database (Registration number: CRD42021275777) [15]. The PubMed and Web
of Science (via ISI Web of Knowledge; 1965) databases were searched from inception to
14 September 2021. The search string ((“Pentagalloyl”[All Fields] AND (“glucose”[MeSH
Terms] OR “glucose”[All Fields] OR “glucoses”[All Fields] OR “glucose s”[All Fields]))
OR “PGG”[All Fields]) AND (“AAA”[All Fields] OR (“aneurysm”[MeSH Terms] OR
“aneurysm”[All Fields] OR “aneurysms”[All Fields] OR “aneurysm s”[All Fields] OR
“aneurysmal”[All Fields] OR “aneurysmally”[All Fields] OR “aneurysmic”[All Fields]))
was used. No language or date restrictions were used. Reference lists of the studies
identified were also searched. Eligibility criteria for inclusion were: an animal study
involving any AAA model testing the effect of PGG on aortic diameter increase; aortic
diameter reported at a minimum of one time point after PGG administration; and inclusion
of a control group not receiving PGG but otherwise receiving similar care. Studies including
animals receiving PGG but not reporting aortic diameter, or where this could not be
extracted or obtained from the authors, were excluded. In vitro or ex vivo studies were
also excluded.

2.2. Data Extraction

The primary outcome was relative increase in the maximum diameter of the aorta after
PGG administration, as compared to controls not receiving PGG, reported as percentage.
This was required to be measured by direct observation by analysis of the in situ aortas at
laparotomy, or the excised aortas using calipers or pictures. Secondary outcomes were aortic
expansion measured by ultrasound, final maximum AAA diameter reported in millimeters,
and AAA incidence and aortic rupture reported as numbers and percentage in mice
allocated to PGG compared to controls. Other data extracted included: the types of AAA
models; animal age, sex and strain; sample sizes; method of aortic diameter measurement;
definition of AAA incidence; days after AAA induction that PGG or control were first
administered; duration over which aortic expansion was studied; PGG form, dose and
route of administration; and the findings of histological, biochemical and biomechanical
studies. Data were extracted by three authors separately and inconsistencies were resolved
through discussion. In studies where aortic diameters were reported only in graphs, they
were extracted using ImageJ 64-bit version 1.8.0_172 (National Institute of Health, Bethesda,
MD, USA).
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2.3. Risk of Bias

A risk of bias tool was developed by combining the Systematic Review Centre for
Laboratory Animal Experimentation (SYRCLE) and a previously developed risk of bias tool
for AAA model research [16,17]. This incorporated the first nine questions of the SYRCLE
tool and four questions from the AAA model risk of bias tool. These additional questions
were focused on: the justification of the dose of PGG used; sample size estimation; whether
aortic diameter was reported at first allocation to PGG or control and at study completion;
and the reproducibility of aortic diameter measurement. Risk of bias was assessed by three
authors and differences were resolved by discussion. The scores of the finally agreed upon
risk of bias assessment were summed and reported as a percentage. The studies were rated
as high (<50%), medium (51–70%) or low (71–100%) risk of bias.

2.4. Data Analysis

Meta-analyses were planned to be performed for any of the primary and secondary
outcomes if data were reported in at least two studies. Sub analyses were also planned, and
limited to studies using similar modes of PGG administration (nanoparticle incorporated,
aortic periadventitial, or intraluminal); separating treatment starting at the time AAA
induction commenced (i.e., testing effect on AAA development) versus starting after AAA
had been established for at least one day (i.e., testing effect on AAA growth); performed
in the same animals species (e.g., pigs, mice and rats), or AAA model types (calcium
chloride, periadventitial, intraluminal elastase or angiotensin II); and excluding studies
deemed to be at high risk of bias [18]. A leave-one-out-sensitivity analysis was performed
to assess the contribution of each study to the pooled estimates of the primary outcome by
excluding individual studies one at a time and recalculating the pooled estimates [19]. All
meta-analyses were performed using Mantel-Haenszel’s statistical methods and random
effect models anticipating substantial heterogeneity [20]. The results were reported as
mean differences (MDs), with 95% confidence intervals (CIs), for aortic diameter increase
and relative risk (RR) and 95% CIs for AAA incidence and rupture. All statistical tests
were two-sided and p-values < 0.05 were considered significant. Statistical heterogeneity
was assessed using the I2 statistic and interpreted as low (0 to 49%), moderate (50 to 74%)
or high (75 to 100%) [21]. Publication bias was assessed by funnel plots comparing the
summary estimate of each study and its precision (1/standard error) [19]. A minimum of
ten studies were required to develop funnel plots to analyze publication bias [19]. Meta-
analyses were conducted using ‘meta’ package, and the sensitivity analysis was performed
using the ‘dmetar’ package of R program version 4.0.3.

3. Results

3.1. Included Studies

From 139 unique publications identified by the search, eight publications met the
inclusion criteria and provided a total of 11 unique studies (Figure 1). Three publications
included two different eligible studies [10,13,22], while the other five publications included
one eligible study each [11,12,23–25]. Six studies used rats, four used mice and one used
pigs (see Table 1). Overall, a total of 214 animals were included, with total sample sizes
in individual studies varying from 12 to 30 (Table 1). The AAA models used included
periadventitial infrarenal aortic calcium chloride application in five studies, intralumi-
nal infrarenal aortic elastase in three studies (including the addition of aortic balloon
dilatation and juxta-renal stenosing cuffs in the pig study) [25], periadventitial infrarenal
aortic elastase application in two studies and subcutaneous angiotensin II infusion in one
study (Table 1). In six studies, PGG and the control interventions were initiated at the
time when AAA induction was commenced, whereas in the other five studies, PGG and
the control interventions commenced between 10 and 42 days after AAA induction (see
Table 2). Animals were monitored for between 14 and 42 days after the PGG and control
interventions commenced (Table 2). The routes, forms and doses of the PGG administered
varied (see Table 2). Four studies tested the intravenous delivery of PGG incorporated
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in nanoparticles, another four studies tested PGG applied topically to the adventitia of
the aorta and three studies tested PGG infused into the lumen of the aorta (in one case,
this was delivered by a drug-eluting balloon). Nine studies included a vehicle control
and no intervention was given to the controls in two studies (see Table 2). All eleven
studies reported percentage increases in aortic diameter for both the interventional and the
control groups. Measurements were performed by direct observation alone in five studies,
ultrasound alone in four studies and both measurement methods in two studies (Table 2).
Six studies reported the actual aortic diameter at the end of the study. Measurements were
performed by direct observation alone in two studies, ultrasound alone in three studies
and both measurement methods in one study (Table 2). Only two studies reported AAA
incidence [13,24]. Aortic rupture is not a feature of the models used in most studies, with
only one study reporting this outcome [10].

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram. A
total of 153 publications were screened and, after exclusion of irrelevant studies, 8 publications
were included.

126



Biomedicines 2021, 9, 1442

Table 1. Characteristics of included studies and animals.

Model Animals
Age

(Months)
Sex Sample

Size †
Sample
Size ‡ Modality *

Aortic Diameter
Measurement Protocol Reference

Periadventitial
infrarenal

aortic elastase
C57BL/6 mice NR M 10 10

Ultrasound
Photographs of excised
aortas (end) and in situ

measurements at
laparotomy (start)

Systolic maximum inner to
inner diameter

Maximum outer to outer
diameter

[11]

Angiotensin II
infusion sub-
cutaneously

LDLR−/−
mice 2 M 12 12 Ultrasound Inner to inner aortic

diameter [23]

Intraluminal
infrarenal

aortic elastase

Sprague-
Dawley

rats
NR M 9 10 Photographs of in situ aortas Maximum outer to outer

diameter [10]a

Intraluminal
infrarenal

aortic elastase

Sprague-
Dawley

rats
NR M 15 ** 15 ** Ultrasound

Photographs of in situ aortas

Maximum inner to inner
anterior posterior aortic

diameter
Maximum outer to outer

diameter

[10]b

Periadventitial
infrarenal

aortic calcium
chloride

Sprague-
Dawley

rats
1 M 6 6 Photographs of aortas Maximum outer to outer

diameter [24]

Periadventitial
infrarenal

aortic calcium
chloride

Sprague-
Dawley

rats
1 M 6 6 Photographs of in situ aortas Maximum outer to outer

diameter [12]

Periadventitial
infrarenal

aortic calcium
chloride

Sprague-
Dawley

rats
NR F 11 12 Photographs of in situ aortas Maximum outer to outer

diameter [13]a

Periadventitial
infrarenal

aortic calcium
chloride

Sprague-
Dawley

rats
NR F 11 12 Photographs of in situ aortas Maximum outer to outer

diameter [13]b

Intraluminal
infrarenal

aortic elastase
following
balloon

dilatation and
juxtarenal

stenosing cuff

Danish
Landrace pigs NR F 10 10 Ultrasound

Maximum outer to outer
anterior posterior aortic
diameter measured in

transverse and longitudinal
plane

[25]

Periadventitial
infrarenal

aortic elastase
C57BL/6 mice 2–3.5 NR 8 9 Ultrasound Inner to inner diameter

during systole [14]a

Periadventitial
infrarenal

aortic calcium
chloride

C57BL/6 mice 2–3.5 NR 8 6 Ultrasound Inner to inner diameter
during systole [14]b

NR = Not reported; M = Male; F = Female; LDLR−/− = Low-density lipoprotein-receptor-deficient mice maintained on a high fat diet. a/b:
Three of the publications included two separate studies that were considered independently; * Represents imaging modality performed at
end point; ** One rat was reported to die during the experiment, but outcomes were reported on 15 rats; † Sample size for intervention
group; ‡ Sample size for control group.
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3.2. Risk of Bias of Included Studies

All 11 studies were considered to have a high risk of bias with overall scores on the
13 item quality assessment tool ranging between 8% and 31% (see Table 3). Common
risks of bias identified were failure to randomize animals to the intervention and control
group, failure to blind investigators and outcome assessors, failure to justify PGG dose,
absence of sample size rationales and not reporting the reproducibility of aortic diameter
measurement (Table 3).

Table 3. Quality assessment of included studies using a modified SYRCLE’s tool for assessing risk of bias.

Quality Criteria

Reference
[11] [23] [10]a [10]b [24] [12] [13]a [13]b [25] [14]a [14]b

Was the allocation sequence
adequately generated and applied? 0 0 0 0 0 0 0 0 0 0 0

Were the groups similar at baseline or
were they adjusted for confounders in

the analysis?
1 1 1 1 1 0 1 1 1 1 1

Was the allocation
adequately concealed? 0 0 0 0 0 0 0 0 0 0 0

Were the animals randomly housed
during the experiment? 0 0 0 0 0 0 0 0 0 0 0

Were the caregivers and/or
investigators blinded from

knowledge of which intervention
each animal received during

the experiment?

0 0 0 0 0 0 0 0 0 0 0

Were animals selected at random for
outcome assessment? 0 0 0 0 0 0 0 0 0 0 0

Was the outcome assessor blinded? 0 0 0 1 0 0 0 0 0 0 0

Were incomplete outcome data
adequately addressed? 0 0 1 0 1 1 0 0 1 0 0

Are reports of the study free of
selective outcome reporting? 0 0 1 0 1 1 0 0 1 0 0

Was the dose of intervention
(PGG) justified? 0 0 0 0 0 0 0 0 0 0 0

Was the sample size
estimation performed? 0 0 0 0 1 0 0 0 0 0 0

Was the aortic diameter reported
within 1 day prior to first allocation to

PGG or control and at
study completion?

0 1 1 1 0 0 1 1 1 1 1

Was the reproducibility of aortic
diameter measurement reported? 0 0 1 1 0 0 0 0 0 0 0

Total Score 1 2 5 4 4 2 2 2 4 2 2

Percentage of possible score 7.69 15.38 38.46 30.77 30.77 15.38 15.38 15.38 30.77 15.38 15.38

Risk of bias High High High High High High High High High High High

a/b: Three of the publications included two separate studies that were considered independently.
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3.3. Effect of PGG on Aortic Expansion

PGG was reported to significantly reduce the percentage increase in aortic diameter
in six of the seven studies where this was measured by direct observation, and three
of the six studies that measured aortic diameter percentage increase by ultrasound (see
Table 2). A meta-analysis suggested that PGG significantly reduced aortic expansion
when measured by direct observation (MD: −66.35%; 95% CI: −108.44, −24.27; p = 0.002),
but not ultrasound (MD: −32.91%; 95% CI: −75.16, 9.33; p = 0.127), compared to the
controls (Figures 2 and 3). In studies measuring aortic expansion by direct observation,
PGG administered intravenously through nanoparticles (MD: −116.41%; 95% CI: −132.20,
−100.62; p < 0.001), topically to the adventitia of the aorta (MD: −28.41%; 95% CI: −46.57,
−10.25; p = 0.002), studied in rats (MD: −56.61%; 95% CI: −101.76, −11.46; p = 0.014),
in the calcium chloride model (MD: −68.17%; 95% CI: −115.12, −21.22; p = 0.004), and
where PGG treatment was initiated after model development on days ranging between
10 and 42 (MD: −90.36; 95% CI: −135.82, −44.89; p < 0.001), significantly reduced aortic
expansion (Figure 2). A sensitivity analysis of the studies reporting aortic expansion
by direct measurement found that the individual removal of any single study did not
change the significance of the findings (Supplementary Table S1). In studies measuring
aortic expansion by ultrasound measurement, PGG administered intravenously using
nanoparticles significantly reduced aortic expansion (MD: −98.40%; 95% CI: −113.99,
−82.81; p < 0.001) (Figure 3). The findings of other sub analyses were not significant
(Figure 3). Funnel plots were not performed, due to data not being available from a
minimum number of 10 studies.

3.4. Effect of PGG on Final AAA Diameter

One of three studies reported that PGG significantly reduced AAA diameter measured
by direct observation at study completion (Table 2). One of four studies reported that
PGG significantly reduced AAA diameter measured by ultrasound at study completion
(Table 2). Meta-analyses suggested that PGG did not significantly reduce aortic diameter
assessed by both direct measurement (MD: −0.35 mm; 95% CI −1.82, 1.12; p = 0.642) and
ultrasound (MD −0.93 mm; 95% CI −3.00, 1.15; p = 0.381) (Figure 4). The findings of other
sub analyses were not significant (Figure 4).

3.5. Effect of PGG on AAA Incidence

Two studies reported the incidence of AAA (see Table 2), but only one study initiated
PGG treatment on the day of AAA induction, with 66.7% of rats in the control group
developing AAA, compared to 18.2% of the rats receiving periadventitial aortic PGG
at study completion [13]. Another study found that 100% of rats receiving PGG-loaded
nanoparticles delivered intravenously 42 days after AAA induction developed AAA similar
to the control group [24]. A meta-analysis of the two studies suggested that AAA incidence
was not significantly different between rats receiving PGG and the controls, with large CIs
(RR: 0.62; 95% CI: 0.00, 1751.32; p = 0.588, Supplementary Figure S1).

3.6. Findings from Histological and Molecular Biology Analyses

Histology findings from some studies found that animals receiving PGG had less
aortic media elastic fiber degradation, more desmosine content and decreased macrophage
infiltration (See Table 4). PGG was also reported to significantly reduce aortic matrix
metalloproteinase (MMP) activity in three studies and increase lysyl oxidase (LOX) activity
in two studies (Table 4). One study reported no significant effect of PGG on MMP-2 and
MMP-9 [13]. Another two studies reported no significant effect of PGG on LOX or the
markers of aortic macrophage infiltration [10].
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Figure 2. Meta-analysis of studies testing the effect of pentagalloyl glucose on aortic expansion measured by direct observa-
tion. MD = Mean difference; Ne = Number of animals in experimental group; Nc = Number of animals in control group;
CI = Confidence interval. a/b: Three of the publications included two separate studies that were considered independently.
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Figure 3. Meta-analysis of studies testing the effect of pentagalloyl glucose on aortic expansion measured by ultrasound.
MD = Mean difference; Ne = Number of animals in experimental group; Nc = Number of animals in control group;
CI = Confidence interval. a/b: Three of the publications included two separate studies that were considered independently.

Figure 4. Meta-analysis of studies testing the effect of pentagalloyl glucose on final aortic diameter in animal models of
abdominal aortic aneurysm. MD = Mean difference; Ne = Number of animals in experimental group; Nc = Number of
animals in control group; CI = Confidence interval. a/b: Three of the publications included two separate studies that were
considered independently.
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Table 4. Reported effects of PGG on aortic histology and molecular biology findings.

Histology Findings Molecular Biology Findings Reference

Suggested aortic elastic fibers were restored in the
medial layer (no quantitation); Significantly decreased

CD68 positive aortic macrophages (p < 0.05)

Suggested decreased MMP-2 (p = NR), MMP-9
(p = NR) and TGF-b1 (p = NR) [11]

Repaired aortic elastic laminae, improved morphology,
and minimal cell infiltration.

Significantly reduced aortic MMP-2 (p < 0.05)
activity and increased TIMP-1 and -2 (p < 0.05).

Significantly reduced serum IFN-y and spleen CD68
positive cells (p < 0.05)

[23]

Controls had significantly more degraded aortic medial
elastic fibers than the PGG-administered group (p < 0.01)

mRNA levels of LOX and macrophage marker F4/80
not significantly different between groups [10]a

NR
mRNA levels of LOX, LOXL1 and macrophage

marker F4/80 not significantly different
between groups

[10]b

Reduced aortic collagen deposition in
PGG-administered compared to controls

(not quantitated)

Significant suppression of aortic MMP (p < 0.05) and
increased LOX (p < 0.05) activity compared

to controls
[24]

Reduced elastin degradation, calcification, macrophage
staining in the adventitial layers (not quantitated)

Significant suppression of aortic MMP (p < 0.05) and
increased LOX (p < 0.05) activity and desmosine

content (p < 0.05) compared to controls
[12]

Minimal decrease in elastin content and preserved
elastic laminar integrity and waviness visually;
Significantly greater aortic desmosine (p < 0.05)

No significant difference in MMP-2, 9 and TIMP-2.
Macrophages and lymphocytes were unaffected (All

p > 0.05).
[13]a

Improved preservation of elastic laminar integrity and
waviness and overall preserved tissue architecture.
Aorta media thickness was significantly reduced

(p < 0.05).

NR [13]b

Integrity of elastic lamellae was preserved. Light to
moderate irregular scattered focal muscle atrophy in the

tunica media
NR [25]

Unchanged levels of calcium and elastin content. Did
not exhibit inflammatory characteristic seen in controls. NR [14]a

Calcium content was found to be significantly lower in
the PGG-treated cohort (p = 0.036). No change in elastin

content. The extracellular microarchitecture was well
preserved (p = NR).

NR [14]b

NR = Not reported; MMP = Matrix metalloproteinase; TIMP = Tissue inhibitor of MMP; CD68 = Cluster of Differentiation 68; LOX = Lysyl
oxidase; LOXL1 = Lysyloxidase-like protein 1; IFN-y = Interferon gamma; TGF-b1 = Transforming growth factor beta-1; PGG = Pentagalloyl
glucose. a/b: Three of the publications included two separate studies that were considered independently.

4. Discussion

This systematic review of past studies found that the administration of PGG reduced
aortic expansion within AAA animal models when measured by direct observation. The
findings were not consistent when measured by ultrasound. PGG administered within
intravenously injected nanoparticles significantly reduced aortic expansion in studies
consistently, whether measured by direct observation or ultrasound. Surprisingly, when
PGG treatment was initiated later than when AAA induction commenced (range from 10
to 42 days), it significantly reduced aortic expansion. This was, however, not the case when
PGG treatment was started at the time of AAA induction. The findings of other analyses
were inconsistent, depending on the method used to measure aortic expansion. A number
of important limitations of these prior studies should be noted. Firstly, all studies had a
high risk of bias. None of the studies included methods typically thought to be critical
in human clinical trials, such as randomization and blinding. Only one study included
a sample size calculation [24]. All studies were small and there has been concern that
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findings from animal models do not translate to AAA patients. This has been particularly
reported in relation to doxycycline, but also for fenofibrate, an angiotensin receptor blocker
and an angiotensin-converting enzyme inhibitor, which have all been reported to limit
aortic expansion in animal models but have not been found to limit AAA growth in clinical
trials [7,8,26–28].

In addition to the animal experiments reported in this study, there have been other
experimental studies reporting the beneficial effects of PGG. In vitro studies have suggested
that PGG reduces oxidative stress and MMP secretion and improves the elastic properties
of a myoblast cell line [22]. Ex vivo studies of the carotid arteries of mice suggest that
PGG protected against elastase-induced artery destruction and limited the mechanical
failure of the artery by repairing the elastic lamellae and limiting changes in the mechanical
properties of the tissue [29]. A similar ex vivo study using pig aortic samples reported
that PGG partially protected against elastase- and collagenase-induced biomechanical
changes [30].

One of the key challenges to the use of PGG as a clinical treatment is clarity on the
most appropriate route of delivery. None of the animal studies used oral administration,
which would be the most straightforward way to administer a medical treatment for AAA.
The pharmacokinetics of oral PGG administration are poorly understood, as summarized in
detail in a recent review [9]. Low and variable bioavailability of PGG has been reported after
oral administration [9]. As illustrated in the included animal studies, a wide range of other
routes of administration have been proposed, such as nanoparticles and periadventitial
routes, but all are not ideal. Given the low risk (approximately 1% per year) of rupture
of small AAAs, any treatment needs to have a good safety profile and, ideally, should be
minimally invasive [7].

Despite the limitations of the past animal studies, the positive findings of some studies
have encouraged the investigation of PGG as an AAA treatment in patients. In a recent
presentation at Aortic Asia, it was announced that PGG delivery via an endovascularly
placed balloon to the lumen of the infrarenal aorta is being tested as a treatment of small
AAA within a clinical trial. Whether this route of administration, given its relatively inva-
sive nature, is appropriate and feasible to use on a wider scale needs further consideration.
Most AAAs contain large volumes of intraluminal thrombus that may interfere with PGG
delivery to the aortic wall, and also be at risk of embolization during balloon inflation [31].
Further information on the safety and efficacy of intraluminal PGG is thus required. It is
possible that, if this initial clinical trial is encouraging, there could be scope to combine
PGG treatment with the endovascular repair of large AAA. A recent systematic review
reported a long-term reintervention rate of 18% following endovascular aneurysm repair
due to the continued expansion of the AAA sac [32]. The combination of an effective
drug and surgical treatment could be a valuable addition to the clinical care of patients
with large AAAs. This would need widescale testing to ensure that it is an effective and
durable treatment.

A number of limitations of this systematic review should be noted. Firstly, the included
studies were small and at high risk of bias. There was insufficient investigation or reporting
of aortic rupture to assess this outcome. Finally, and most importantly, since all the current
evidence is from animal, ex vivo, or in vitro studies, the clinical relevance of these findings
remains unclear. The failure to translate past findings from these types of experiments is
again emphasized.

In conclusion, this systematic review suggests inconsistent and low-quality evidence
from animal studies that PGG may represent a treatment to restore aortic structure in
patients with early-stage AAA. Whether this can translate into a clinically useful treatment
is currently unclear, but under investigation by at least one company.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomedicines9101442/s1, Figure S1: Meta-analysis of studies testing the effect of penta-
galloyl glucose on AAA incidence. RR = Relative risk; Ne = Number of animals in experimental
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group; Nc = Number of animals in control group; CI = Confidence interval, Table S1: Leave-one-out
sensitivity analysis of studies reporting aortic expansion through direct measurement.
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Abstract: The pathogenesis of abdominal aortic aneurysm involves vascular inflammation and elastin
degradation. Astragalus radix contains cycloastragenol, which is known to be anti-inflammatory and
to protect against elastin degradation. We hypothesized that cycloastragenol supplementation
inhibits abdominal aortic aneurysm progression. Abdominal aortic aneurysm was induced in male
rats by intraluminal elastase infusion in the infrarenal aorta and treated daily with cycloastragenol
(125 mg/kg/day). Aortic expansion was followed weekly by ultrasound for 28 days. Changes in
aneurysmal wall composition were analyzed by mRNA levels, histology, zymography and explorative
proteomic analyses. At day 28, mean aneurysm diameter was 37% lower in the cycloastragenol
group (p < 0.0001). In aneurysm cross sections, elastin content was insignificantly higher in the
cycloastragenol group (10.5% ± 5.9% vs. 19.9% ± 16.8%, p = 0.20), with more preserved elastin
lamellae structures (p = 0.0003) and without microcalcifications. Aneurysmal matrix metalloprotease-
2 activity was reduced by the treatment (p = 0.022). Messenger RNA levels of inflammatory- and
anti-oxidative markers did not differ between groups. Explorative proteomic analysis showed no
difference in protein levels when adjusting for multiple testing. Among proteins displaying nominal
regulation were fibulin-5 (p = 0.02), aquaporin-1 (p = 0.02) and prostacyclin synthase (p = 0.007).
Cycloastragenol inhibits experimental abdominal aortic aneurysm progression. The suggested
underlying mechanisms involve decreased matrix metalloprotease-2 activity and preservation of
elastin and reduced calcification, thus, cycloastragenol could be considered for trial in abdominal
aortic aneurysm patients.

Keywords: aortic aneurysm; pathogenesis; pharmacological therapy; experimental model; drug delivery

1. Introduction

Abdominal aortic aneurysm (AAA) is a localized enlargement of the aorta exceeding
3 cm in diameter and is potentially life-threatening [1]. Globally, AAA rupture is a major
cause of mortality in elderly men, being responsible for the death of 1% of men above
65 years [1,2]. Today, patients with known AAAs are carefully monitored and offered
surgical repair when the AAA possesses a diameter above 5–6 cm. Thus, an urgent unmet
clinical need of medical therapies for small AAAs exists, to prevent progressive dilatation,
acute or elective surgical repair, rupture, and death [3–5].

Chronic inflammation, due to persistent infiltration of inflammatory cells into the
aortic wall and degradation of elastin, seems to fundamentally characterize the pathology
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of AAAs [6]. Elastin in the medial layer of the aortic wall is degraded when the aneurysm
is formed. This loss of elastin is partly compensated by the continuous formation of col-
lagen and elastin by vascular smooth muscle cells along with expression of structural
proteins such as tropoelastin and fibrillin 1, which is cross-linked by lysyl oxidase (LOX)
and fibulin-5 to form elastic fibers [6–8]. This process is diminished by inflammation when
elastin-degrading enzymes, such as matrix metalloproteases (MMPs), are released from
macrophages, monocytes, neutrophils and activated vascular smooth muscle cells [6,7].
Especially the M1 proinflammatory macrophages, which produce proinflammatory cy-
tokines and MMPs, augment AAA progression [9]. Moreover, reactive oxygen species
(ROS) contribute to AAA expansion by enhancing MMP activity, which further degrades
the extracellular matrix (ECM) and weakens the aneurysm wall [6,10–13].

A promising dietary supplement in the fight against AAA progression is cycloas-
tragenol (CAG). It is a crystalline solid triterpenoid saponin compound and a hydrolyzed
product of the main active ingredient in the Chinese herb Astragalus membranaceus. CAG has
been used in traditional Chinese medicine for over 2000 years with no commonly known
side effects [14]. Recent literature describes various anti-inflammatory effects of CAG in
heart, vascular, liver and skin tissue including inhibition of lymphocyte activation. CAG
also reduces MMP-2 and MMP-9 expression and activity, thereby preserving extracellular
matrix (ECM) integrity [15–19]. CAG supplement has recently been proven to attenuate
AAA expansion in mice using an elastase wrapping model and in angiotensin-II induced
AAA in Apolipoprotein E (ApoE)−/− mice [19]. However, the model can be criticized
for not producing human-like-AAA in contrast to the elastase perfusion model in rats,
which uses porcine pancreatic elastase (PPE) applied intraluminally in the infrarenal aortic
segment through laparotomy and atherectomy [20]. This imitates human AAA well, as
it displays various pathological similarities, such as inflammation, elastin degradation,
thrombus formation and calcification [21]. Thus, the growing base of evidence describing
the anti-inflammatory properties of CAG illustrates its potential as a possible future medical
treatment against AAA expansion in humans.

In this study, we hypothesize that CAG inhibits the progressive dilatation of AAA in
the rat PPE aneurysm-model by its anti-inflammatory and anti-oxidative effects leading to
reduced protease activity and, thereby, preserving elastin integrity.

2. Materials and Methods

2.1. Study Design

The rats were randomly allocated to either CAG treatment (125 mg/kg/day) or con-
trols, starting on the first postoperative day, by an external investigator, not participating in
any of the experimental procedures. Therefore, rats were housed independent of treatment,
and daily caretakers were blinded to treatment.

2.2. Outcomes

The primary outcome was peak-systolic infrarenal aortic anterior to posterior inner-
to-inner diameter. Secondary explanatory outcome were: AAA wall content of elastin, its
structure and LOX mRNA levels. Determine the effect of CAG on matrix-dependent MMP-
2, -9 and -12 mRNA levels and MMP activity. Measure mRNA levels of leukocyte marker
CD45 mRNA, macrophage marker F4/80 mRNA and IL-6 and -10 mRNA levels together
with the pro-inflammatory M1 macrophage marker iNOS, the antioxidative markers Nrf2
and HO-1 in the aneurysms. Furthermore, perform histological assessments of cluster of
differentiation (CD)68 and CD206 and the presence of calcification in the aneurysm wall.
Finally, identify potential new targets of CAG treatment in aneurysm wall by discovery
proteomic analysis.

Potential harm outcomes were weight of liver, spleen, heart, and kidneys, as well as
morphology of the inferior right liver lobe.
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2.3. Sample Size Calculation

We have, in previous experiments with the rat model, observed a mean diameter
increase of 158.75% ± 77.5 SD. To detect a 50% difference, which is considered clinically
relevant, by a t-test using 5% significance level and 80% power, 24 rats are needed (12 in
each group). This sample size estimation is conservative, as two-way repeated measure
ANOVA tests were used to determine the correlation of the aortic diameters between the
groups over time.

2.4. Experimental Animals, Ethical Statement, Housing and Husbandry

Male Sprague-Dawley rats purchased from Janvier Laboratories, Le Genest-Saint-Isle,
France, were housed in cages of up to 4 rats per cage under twelve-hours light/dark cycle,
room temperature of 20 ◦C, air humidity of 55% with free access to standard chow and
tap water at the Biomedical Laboratory at the University of Southern Denmark. Rats were
acclimatized for at least one week after delivery before entering the experimental protocol.

All animal experiments were conducted in accordance with a protocol ethically ap-
proved by the Danish Animal Experiments Inspectorate (license nr. 2016−15−0201−01046),
and in accordance with arrive guidelines [22]. As females are generally protected against
AAA formation [1,2,23,24], we only used males in this study.

2.5. Induction of Abdominal Aortic Aneurysm by Perfusion of Pancreatic Porcine Elastase (PPE) in
the Infrarenal Region of the Aorta

On the day of surgery, male Sprague-Dawley rats (260–435 g corresponding to age
7–10 weeks) were given 0.2 mg temgesic (buprenorphine, Indivior, North Chesterfield,
VA, USA) administered in 1 g of nut paste (Nutella) for pain management [25]. Then, the
rats were anesthetized by a subcutaneous injection of a mixture of fentanyl (236 μg/kg),
fluanisone (7.5 mg/kg, Skanderborg Apotek, Skanderborg, Denmark) and midazolam
(3.75 mg/kg, Hameln Pharma, Hamelin, Germany) and underwent AAA induction by
intraluminal PPE infusion of the infrarenal region by the procedure previously described
by Shack et al. [26]. The only variation was that pancreatic porcine elastase concentration
was increased to 12 units/mL for 30 min and post-surgical pain management was provided
with additional 0.2 mg temgesic in nut paste (Nutella) [25]. The surgical procedure lasted
between 60–70 min. If needed rats were supplemented with 20% of the initial dose of
anesthesia by subcutaneous injection during the operation. Representative pictures of
the surgical steps and post-surgery day 28 are shown in Figure 1. All rats were observed
post-surgery until they were fully awake from anesthesia. They were housed in individual
cages in a heated cabinet until next morning, where treatment of the rats was initiated, and
the rats were housed together throughout the rest of the experimental period. Rats were
treated daily from day 1 post-surgery with CAG (125 mg/kg, Chengdu King-tiger Pharm-
chem. Tech. Co., Ltd., Chengdu, China, n = 12) or vehicle (deionized reverse osmosis
water containing 0.05% methylcellulose (w/v, Merck), 2% tween 80 (v/v, Merck), n = 12)
by oral gavage using Soft Flex feeding tubes (Vetagree, Oslo, Norway) for 28 consecutive
days; AAA expansion was monitored weekly by ultrasound measurements, as described
below. Four rats were excluded; two vehicle controls died due to surgical and post-surgical
complications and two did not consistently receive CAG due to difficulties with oral gavage.

2.6. Ultrasound Measurement of Aneurysm Progression

The abdominal aorta was video recorded from the renal artery to the bifurcation
using ultrasound (LogiQ e ultrasound machine and a L10-22-RS transducer, GE Healthcare,
Brøndby, Denmark) on the day of AAA induction, day 0 prior to surgery and, thereafter,
on days 7, 14, 21 and 28 during treatment using 4% isoflurane inhalation anesthesia (Sigma-
Aldrich, Søborg, Denmark). All ultrasound scans were performed by the same investigator,
as our pilot study of 76 ultrasound recordings from 16 rats displayed a 6.9% variance
between two investigators and stored for later analysis. Measurements of maximal vertical
anterior to posterior diameter of the aorta spanning from internal edges during peak
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systolic blood pressure were performed blinded to the treatment group by two independent
investigators using standard software on the LogiQ e Ultrasound machine. Inter-observer
variation of the measured diameters was determined to be 3.7% based on the 76 pilot study
ultrasound recordings. Values for the relative increase were obtained by adjusting to the
diameter on day 0.

Figure 1. Induction of the surgical steps. (A) Isolated infrarenal aorta, (B) placing catheter in the
infrarenal aorta, (C) intraluminal porcine pancreatic elastase infusion, (D) isolated AAA on day
28 post surgery.

2.7. At Termination

All rats were euthanized by exsanguination 28 days after AAA induction, resulting
in 10 rats in each group. Liver, spleen, heart, and kidneys were collected and weighed.
Subsequently, a specimen from the inferior right liver lobe was fixed as described below
for morphological analysis.

The aneurysm specimens were isolated and divided into two pieces; the cranial
piece was fixed in a 10% normal formalin buffer (Hounisen Laboratorie udstyr A/S,
Skanderborg, Denmark) over night at 4 ◦C, then placed in phosphate-buffered saline (PBS)
(Thermo Fisher, Slangerup, Denmark) with 0.05% azide (Sigma-Adrich, Søborg, Denmark)
and subsequently embedded in paraffin for morphological analysis. Two samples from
the vehicle-group and three from the CAG-group, were unfortunately damaged in the
embedding process. The caudal piece was immediately snap frozen in liquid nitrogen and
kept at −80 ◦C until RNA and protein isolation.

2.8. Miller’s Elastin and Calcium Von Kossa’s Staining

Five μm cross-sections of paraffin embedded aneurysm specimens were sectioned,
deparaffinized and hydrated. For identification of elastin fibers, Miller’s elastin stain kit
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(Atom Scientific, Hyde, UK) was used according to the manufacturer’s instructions. In
brief, sections were stained for 3 h in Miller’s elastin stain, subsequently washed and
counterstained with Van Gieson’s stain.

Micro-calcium deposits in the aneurysm wall were detected by the silverplating kit
according to Von Kossa’s stain instructions (Merck, Søborg, Denmark). Calcium deposits
were visualized using a 20-watt energy-saving lamp (Quantification method, described
below). One additional sample from the vehicle group was damaged during the Von Kossa
staining process.

2.9. Immunohistochemistry

Aneurysm cross-sections were deparaffinized and hydrated, followed by antigen retrieval
by heating to 100 ◦C for 15 min in a citrate buffer (10 mM; pH 6, Merck, Søborg, Denmark)
for CD206, MMP2or in a TEG-buffer (10 mM TrisBase; 0.5 mM EGTA; pH 9, Sigma Aldrich,
Søborg, Denmark) for CD68.

Sections were subsequently blocked for endogenous peroxide activity using, respec-
tively, a 3% and a 1.5% hydrogen peroxide (Merck, Søborg, Denmark) in tris-buffered saline
(TBS, Sigma Aldrich, Søborg, Denmark) solution for, respectively, 10 and 30 min. This was
followed by one hour blocking in a 5% milk/1× TBS/0.05% Tween-20 (TBST) solution for
CD68 and α-actin 3% BSA-TBST solution for CD206 and MMP2.

After washing in TBST, the aneurysm sections were incubated overnight at 4 ◦C
with primary anti-CD68 (Abcam, Cambridge, UK) 1:500 and α-actin (Sigma Aldrich,
Søborg, Denmark) 1:500 in 5% milk/TBST and anti-CD206 (Abcam, Cambridge, UK)
1:1000 and MMP2 (Abcam, Cambridge, UK) 1:500, both in 3% BSA/TBST. The next day
sections were washed in TBST and incubated with horseradish peroxidase (HRP) con-
jugated goat-anti-rabbit (DAKO, Glostrup, Denmark) 1:1000 or HRP conjugated anti
mouse (DAKO, Glostrup, Denmark) 1:1000 in 5% milk/TBST or 3% BSA/TBST. Pos-
itive staining was visualized with 3,3′-Diaminobenzidine tetrahydrochloride hydrate
(DAB, Merck, Søborg, Denmark) and sections were counterstained in Mayer’s hema-
toxylin (Merck, Søborg, Denmark) and rinsed in tap water. As negative controls rabbit
immunoglobulin IgG corresponding to the primary antibody concentration was applied
(DAKO, Glostrup, Denmark). All staining was analyzed in an Olympus Bx51 microscope
and micrographs were captured using an Olympus DP26 camera. After analysis, whole
frame micrographs were adjusted for brightness and contrast using Photoshop (ver. 9,
San Jose, CA, USA).

2.10. Elastin Content Analysis and Immunohistochemical Cell Count

For the assessment of elastin percentage in the medial layer, Image J software (ImageJ
1.53a Wayne Rasband, National Institutes of Health, Bethesda, MD, USA) was used. The
external edge of the medial layer was defined as the transition site from disrupted or
concentric rings of elastin to connective tissue in the adventitial layer. To quantify the
percentage of elastin, the color threshold tool was used. For the scoring of aneurysmal wall
disruption, each micrograph was divided into 8 areas, and each field was scored from 1–4,
4 being severe wall disruption and 1 minimal wall disruption. All assessments of elastin
content were performed by two investigators blinded to treatment. The interobserver
variation was 2.2% and the average score was used for statistical calculations.

Thereafter, elastin lamellae externa was used to identify the border between the medial
layer and adventitial layer when identifying the adventitial area with CD68 and CD206
positive cell count per mm2. The total area of adventitial layer was divided by the number
of positive labeled cells to determine positive cells per mm2. One investigator blinded to
treatment determined numbers of positive CD68 and CD206 cells per adventitial area.

2.11. Zymography

Aneurysm samples were homogenized in protein extraction buffer (0.3 M sucrose;
25 mM Imidazole, 1 mM EDTA, pH 7.2 complete protease inhibitor cocktail 2 and 3, Sigma
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Aldrich, Søborg, Denmark). Samples were centrifuged for 10 min at 6000× g at 4 ◦C. Protein
concentration was determined by Bicinchoninic Acid Kit for Protein Determination (Sigma
Aldrich, Søborg, Denmark) using bovine serum albumin as the standard. A total of 12 μg
protein samples and 1.25 μL recombinant MMP-2 (Sigma Aldrich, Søborg, Denmark) were
mixed with an equal amount of 2× tris-glycine SDS sample buffer (Thermo Fischer) loaded
onto a Novex zymogram gel containing 10% gelatin (Thermo Fisher, Slangerup, Denmark)
and proteins were separated by gel electrophoresis at 125 V for 90 min. Proteins were
then allowed to refold 30 min in renaturation buffer (Thermo Fisher, Slangerup, Denmark)
followed by 24 h at 37 ◦C in developing buffer (Thermo Fischer, Slangerup, Denmark).
Finally, undigested proteins in the gel were stained with simple blue stain (Thermo Fisher)
for 30 min. White bands were inverted and quantified in Molecular Imager Image Lab
(ChemiDoc WRS+, Biorad, Copenhagen, Denmark).

2.12. Proteomic Analysis

Preparation of AAA tissue for mass spectrometry was performed as previously de-
scribed [27]. In brief, snap frozen tissue was homogenized in a lysis buffer, then dena-
tured, alkylated, and digested with trypsin overnight. Tryptic peptides were purified on
custom-made Poros R2/R3 (Thermo Fisher Scientific, Slangerup, Denmark) columns, and
peptide concentration was normalized across samples. Samples (4 μg tryptic peptides
per sample) were randomly labelled with 10-plex tandem mass tags (TMT, Thermo Sci-
entific, Waltham, MA, USA); mass tag 126 was a pool of all AAA samples and served as
internal control. Proteome data are protein abundances relative to the internal control.
Mixed peptide samples were high-pH fractionated and analyzed by nano-LC–MS/MS
virtually, as previously described [28]. All Eclipse raw data files were processed and quan-
tified using Proteome Discoverer version 2.4 (Thermo Scientific, Waltham, MA, USA) as
previously described [28].

2.13. Quantitative Polymerase Chain Reaction Measurements (qPCR)

The methods of total RNA isolation, cDNA synthesis and qPCR quantification have
been described previously by Wintmo et al. [29]. Addition of 1 μL glycoblue (Thermo
Fisher, Slangerup, Denmark) as a carrier for enhancement of RNA precipitation was the
only modification. Primers used for determining mRNA levels are shown in Table 1.

Table 1. Primer sequences for qPCR analyses. The coefficient of correlation obtained for the standard
curve expressed as R2-value is stated for each PCR product.

Target Forward Primer (5′-3′) Reverse Primer (5′-3′) R2-Value

Lysyl oxidase (LOX) ACCTGGTACCCGATCCCTAC AGTCTCTGACATCCGCCCTA 0.99

Inducible nitric oxidase synthase (iNOS) AGGCAAGCCCTCACCTACTT GATGGGAACTCTTCCAGCAC 0.98

Mature macrophages (F4/80) TTTTGGCTGCTCCTCTTCTG TGGCATAAGCTGGACAAGTG 0.98

Interleukin-6 (IL-6) CAGAGTCATTCAGAGCAATAC CTTTCAAGATGACTTGGATGG 0.98

Interleukin-10 (IL-10) TCTCCCCTGTGAGAATAAAA TAGACACCTTTGTCTTGGAG 0.96

Matrix Metalloprotease 2 (MMP-2) GATCTTCTTCCTTCAAGGATCG TACACGGCATCAATCTTTTC 0.99

Matrix Metalloprotease 9 (MMP-9) TACTTTGGAAACGCAAATGG GTGTAGGATTCTACTGGG 0.99

Matrix Metalloprotease 12 (MMP-12) CAATATTGGAGGTACGATGTG GTCATATTCCAATTGGTAGGC 0.90

Cluster of differentation 45 (CD45) GCTATAAAAGACCCCTTCAG CATTAGGCAAATAGAGACACTG 0.99

Heme oxygenase 1 (HO-1) ACAGAAGAGGCTAAGACCG CAGGCATCTCCTTCCATT 0.99

Nuclear factor erythroid-2-related factor (Nrf2) CCATTTGTAGATGACCATGAG CTATTAAGACACTGTAACTCGG 0.95

Ribsomal Protein L41 (RPL41) TGGCGGAAGAAGAGAATGC TGGACCTCTGCCTCATCTTT 0.99
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Messenger RNA (mRNA) levels of genes of interest and five standards (10-fold di-
lutions) were run in duplicate using SYBR green (Biorad, Copenhagen, Denmark) as the
detector system. RNase-free water and RNA samples without reverse transcriptase were
used as negative controls. All samples were loaded on 96 Aria Max well plates (Agilent
Technologies, Santa Clara, CA, USA), and the PCR amplification was done using three
steps (initial 3 min at 95 ◦C, followed by 40 cycles: 95 ◦C 20 s; 60 ◦C 20 s, 72 ◦C 15 s)
followed by a melting curve for the determination of PCR-product selectivity. RNA yield
in one sample from each group was low; therefore, these samples were only included in
RPL41, LOX, F4/80 and iNOS. Each mRNA expression level of the gene of interest was
normalized to the complimentary expression level of the housekeeping gene ribosomal
protein L41 (RPL41) that we first tested and did not change significantly between vehicle-
and CAG-treated aneurysms.

2.14. Statistical Methods

D’Angostino and Pearson test was used for normality testing. A two-way repeated
measures ANOVA adjusted for weight at entry with a Greenhouse-Geisser correction,
due to the violation of the assumption of sphericity (Mauchly’s test), was used to analyze
difference in relative aneurysm diameter between groups, calculated in SPSS (IBM SPSS
Statistics, IBM Corporation, Endicott, NY, USA, 1989, 2020). Sidak’s multiple comparison
test was subsequently applied in Graphpad Prism (ver. 8, San Diego, CA, USA) for each
time point.

For the secondary explanatory data, two-tailed unpaired Student’s t-test was used to
analyze normally distributed data. Values are presented as mean ± standard deviation
(SD). Welch’s correction was used if F-test for variance was significant. A non-parametric
Mann–Whitney test was used if data failed normality testing by the D’Angostino and
Pearson test. Values are then presented as median ± interquartile range (IQR). Chi-square
test was used for categorial outcome variables.

Explorative proteomics data were analyzed by Student’s t-test for each protein and sub-
sequent false discovery rate (FDR) correction for multiple testing and GO enrichment anal-
ysis was performed using default settings of the DAVID Bioinformatics Resources [30,31].
The p-values < 0.05 were considered significant.

3. Results

All rats tolerated daily treatment well, except for the two CAG rats excluded
due to difficulties with the daily gavage. Treatment did, however, seem to affect
liver, spleen, and heart to body weight ratios with a higher ratio among CAG treated
rats (Supplementary Figure S1A–C), while kidney to body weight ratio was unaffected
(Supplementary Figure S1D). Microscopic analysis of HE-stained liver lobes displayed
no obvious differences as evaluated by investigators. As mentioned, a total of four rats
were excluded causing an unintendedly higher non-significant mean initial body weight
in the vehicle treated rats when compared to the CAG-treated group. Furthermore, there
was a large variation in body weight within groups (vehicle: 351.8 g ± 52.2 g vs. CAG:
332.0 g ± 50.1 g, p = 0.33, n = 10/10). To make sure initial body weight did not influence
AAA expansion, the statistical analysis was adjusted for body weight. Body weight increase
during the experimental period was similar in both groups (Supplementary Figure S1E,
35.6% ± 11.3% vs. 36.78% ± 11.2%; p = 0.83, n = 10/10).

3.1. CAG Treatment Inhibited AAA Expansion

The relative increase in aortic aneurysm diameter at the widest point during peak sys-
tolic blood pressure, adjusted for weight at entry, increased gradually in both groups during
the experimental period of 28 days (Figure 2). CAG treatment led to significantly smaller
aneurysms on days 7, 14, 21 and 28 compared to vehicle treatment (Figure 2). Aneurysm
growth was most pronounced during the first 14 days after induction and reached maximal
enlargement after 21 days with a mean relative increase of 124% ± 10% and 88% ± 10% for
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vehicle and CAG groups, respectively (Figure 2). No further change in aneurysm growth
was observed at day 28 in either group.

Figure 2. The effect of CAG on AAA growth. Upper panel shows representative ultrasound record-
ings at baseline and post-surgery days 7, 14, 21, 28 for both vehicle and CAG treated rats. The
abdominal aorta (Ab. Aorta) just distal from the left renal artery was used as a reference point
for developmental aortic expansion in the experimental period (day 0 and post-surgery day 28).
D1: shows aortic diameter. Below, the relative increase in maximal aortic aneurysm diameter adjusted
for weight at entry from day 0–28 measured by ultrasound in CAG treated group and vehicle treated
group (n = 10/10). Values are mean ± standard deviation. **** indicates p < 0.0001.

3.2. CAG Treatment Affects Elastin Integrity

Comparing cross sections of aneurysms at day 28 from both groups to unaffected
abdominal aortas proximal to the aneurysm, revealed significant degradation and disrup-
tion of elastin lamellae in the medial layer (Figure 3A). Assessing the elastin content in
the medial layer in both the vehicle and CAG treated AAA sections showed the mean
percentage of elastin content was nearly doubled in the CAG treated group compared to
the vehicle treated group, though not significantly (Figure 3B, p = 0.20). Elastin degradation
and disruption was not affected uniformly in the aneurysm cross sections. Scoring 8 areas
on each cross-section showed that areas more prone to rupture (grade 4) were significantly
more pronounced in the vehicle-treated group, while larger areas in the CAG-treated group
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were minimally affected, with large areas scoring grade 1 (Figure 3C, p = 0.0003), indicating
less wall thinning and destruction, thus, less potential for rupture. This protective effect on
elastin was most likely not caused by augmented synthesis of elastin, as the mRNA levels
of lysyl oxidase (LOX), an enzyme involved in elastin synthesis and cross-linking [7], was
similar in both groups (Figure 3D, p = 0.57).

Figure 3. Elastin assessment in abdominal aortic aneurysms (AAA) (A) Representative micrographs
of Miller’s elastin stain (black) from abdominal aorta, vehicle AAA and CAG AAA at day 28 (en-
largements correspond to black square on the left image). Scale bar (black box) in micrographs to
the left: 100 μm and micrographs to the right: 50 μm (B) Percentage of elastin in medial layer in
vehicle and CAG group AAA at day 28 (n = 8/7). (C) Scoring of aneurysmal wall elastin disruption in
vehicle and CAG group 1–4, 4 being severe wall disruption and 1 minimal wall disruption (n = 8/7;
p = 0.0003). (D) Elastin related mRNA coding for LOX gene (n = 10/10) normalized to RPL41 mRNA
levels. Values are median ± inter quartile range. *** Indicates p < 0.001.
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To investigate whether CAG protects against elastin degradation, mRNA levels of
MMPs known to play a major role in AAA development [32] were determined. Neither
mRNA levels of MMP-2 (p = 0.22), MMP-9 (p = 0.24) nor MMP-12 (p = 0.60) were affected by
CAG treatment (Figure 4A–C). In contrast, MMP-2 activity measured by zymography was
significantly decreased in the CAG-treated group (Figure 4D), suggesting CAG treatment
partly prevents elastin degradation and AAA growth by dampening MMP-2 activity. MMP-
2 was associated with a subset of vascular smooth muscle cells in the aneurysm wall, where
weak labeling of MMP-2 was detected in the medial layer. There was no apparent difference
between the two groups (Figure 4E).

Figure 4. Quantity and activity of matrix metalloproteinases (MMPs) in AAAs. Assessment of
messenger RNA (mRNA) from aneurysmal wall samples from vehicle and CAG group coding for
(A) MMP-2 (n = 9/9), (B) MMP-9 (n = 9/9), and (C) MMP-12 (n = 9/9). (D) Zymography and
quantification of zymography showing significantly increased activity of MMP-2 in vehicle compared
to CAG group (n = 10/10; p = 0.02). (E) Displays weak MMP-2 labeling in a subset of vascular smooth
muscle cells of the aneurysm wall from both vehicle- and CAG-treated rats (n = 8/7), scalebar = 50 μm.
Values in (A–C) are median ± interquartile range and normalized to RPL41 mRNA levels. Values in
(D) are mean ± SD, * indicates p = 0.02.
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3.3. The Effect of CAG on Infiltration of Inflammatory Cells into the Aneurysm Wall

Next, we determined the suggested anti-inflammatory properties of CAG by determin-
ing infiltration of immune cells into the aneurysm wall. The mRNA levels of the common
lymphocyte marker CD45 (Figure 5A, p = 0.63) and the monocyte/macrophage marker
F4/80 (Figure 5B, p = 0.44) were not affected in the CAG treated aneurysms.

Figure 5. Immune cells in abdominal aortic aneurysms. (A) Relative mRNA levels from aneurysmal
wall samples from vehicle and CAG treated group of common lymphocyte marker CD45 (n = 9/9),
and (B) macrophage/monocyte marker F4-80 (n = 10/10). All RNA data were normalized to RPL41
mRNA levels. (C) Semi-quantification of aneurysmal CD68 positive cells in AAA of each group
per mm2 in the adventitial layer (n = 8/7). (D) Representative micrographs of CD68 positive cells in
vehicle and CAG AAAs on day 28 (enlargement represents black square on the left image). Arrows
mark positive cells (n = 8/7). Scale bar (black box) in micrographs to the left: 100 μm and in
micrographs to the left: 50 μm. Values are median ± interquartile range.

The number of infiltrating macrophages identified as CD68 positive cells, localized
to the adventitial layer of the aneurysms, did not show any difference between groups
(Figure 5C, D, p = 0.56).

As the balance between pro-inflammatory M1 macrophages and tissue repairing M2
macrophages has previously been shown to be important for AAA expansion [9], the M2
macrophages identified as CD206 positive cells were determined in the aneurysm wall
(Figure 6A). CD206 positive cells were limited to the adventitial layer, and there were
no differences in the number of CD206 positive cells per mm2 between the two groups
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(Figure 6B, p = 0.99). In agreement, there were no difference in the aneurysmal mRNA
levels of the anti-inflammatory cytokine IL-10 between groups (Figure 6C, p = 0.114).
Moreover, levels of iNOS mRNA, another marker for M1 macrophages, did not differ
between the vehicle and CAG treated groups (Figure 6D, p = 0.684) and there was no
difference in aneurysmal mRNA levels of the pro-inflammatory cytokine IL-6 between
groups (Figure 6E, p = 0.340). Thus, the inflammatory response seemed not to be affected
by CAG treatment.

Figure 6. Markers for M1 and M2 macrophages and cytokine expression in the aneurysm wall after
28 days on vehicle or CAG treatment. (A) Representative micrographs of CD206 positive staining
from vehicle and CAG AAAs at day 28 (enlargement represent black square on the left image).
Arrows mark positive cells (n = 8/7). Scale bar (black box) in micrographs to the left: 100 μm and
in micrographs to the right: 50 μm. (B) Semi-quantification of CD206 positive cells in each group
per mm2 in adventitia. (C) Relative mRNA levels of IL-10 (n = 10/10), (D) inducible NO synthase
(iNOS) (n = 10/10), and (E) IL-6 (n = 9/9) in the aneurysm tissue. All RNA data is normalized to
RPL41 mRNA levels. All values are median ± interquartile range.
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3.4. The Effect of CAG on Oxidative Stress and Calcification of the Aneurysm Wall

To determine if CAG dampens AAA progression by reducing oxidative stress, the lev-
els of antioxidative marker Nrf2 mRNA and its downstream target HO-1 were determined
in the aneurysms. Neither Nrf2 nor HO-1 mRNA levels differed between treatment groups
(Figure 7A,B; p = 0.171 and p = 0.489, respectively).

Figure 7. Effect of CAG on aneurysmal oxidative stress. (A) Relative mRNA levels of nuclear factor
erythroid 2–related factor (Nrf2) (n = 9/9) and (B) relative mRNA levels of Heme oxygenase (HO)-1
(n = 9/9) in the aneurysm tissue. All values are median ± interquartile range. All RNA data is
normalized to RPL41 mRNA levels.

In more advanced AAAs, calcifications become significant [33]; therefore, the effect of
CAG on calcifications was examined by Von Kossa’s calcium deposit staining. Calcifications
were present in 4 out of 7 AAA samples in the vehicle treated group, while no calcifications
were detected in 7 out of 7 in the CAG-treated group (Figure 8A,B, p = 0.018).

Figure 8. The effect of CAG treatment on aneurysm calcification. (A) Representative micrographs of
calcium deposits (Black) in the aneurysm wall visualized by Von Kossa’s staining (enlargement repre-
sent black square on the left image). Scale bar (black box) in micrograph to the left: 100 μm and in mi-
crograph to the right: 50 μm. (n = 7/7). (B) Donut plot of percentage of Von Kossa’s positive aneurysm
sections in CAG and vehicle treated groups (n = 7/7; p = 0.018). All values are median ± interquartile
range. All RNA data is normalized to RPL41 mRNA levels. * Indicates p < 0.05.
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3.5. The Effect of CAG AAA Protein Composition Using Explorative Proteomics

To identify new mechanisms of CAG in limiting aneurysm progression, protein sam-
ples of the aneurysms were analyzed by liquid chromatography mass spectrometry (LC-
MS/MS). We identified 2011 unique proteins (minimum n = 3/3), of which 57% were
detected across all samples (n = 10/10) (Supplementary Table S1). No significant differ-
ences were found between CAG-treated and vehicle-treated aneurysms when correcting
for multiple testing (Supplementary Figure S2); thus, one should bear in mind that some
unadjusted de-regulated proteins might be false positive.

The top 20 de-regulated proteins in the aneurysm wall are shown in Table 2. The
proteins identified in the aneurysm wall include the structural fibulin-5 involved in elastin
assembly [8], the anti-aggregatory and vasodilatory PGI2-producing enzyme prostacy-
clin synthase [34], and the water channel aquaporin-1 (AQP1). Table 2: Top 20 hits of
proteins deregulated in CAG treated AAA tissue compared to vehicle treated AAA by
explorative proteomics (n = 10/10). In this table, data is not adjusted for multiple testing.
FC: fold change.

Table 2. Top Deregulated Proteins in CAG Treated AAA vs. Vehicle Treated AAA.

Accession Description Fold Change p-Value

O08658 Nuclear pore complex protein 1.17 0.001
Q9Z1X1 Extended synaptotagmin-1 1.15 0.003
P61227 Ras-related protein Rap-2b 0.77 0.003
P20171 GTPase HRas OS = Rattus norvegicus 0.79 0.004
P53534 Glycogen phosphorylase, brain form (Fragment) 1.14 0.004
P21263 Nestin 1.71 0.005
Q62969 Prostacyclin synthase 1.25 0.007
O35353 Guanine nucleotide-binding protein subunit beta-4 1.22 0.010

Q4V8H8 EH domain-containing protein 2 1.16 0.012
P09414 Nuclear factor 1 A-type 1.39 0.014
O89043 DNA polymerase alpha subunit B 1.19 0.014
Q8CF97 Deubiquitinating protein VCIP135 0.80 0.014
P63029 Translationally-controlled tumor protein 0.90 0.014
P29975 Aquaporin-1 1.25 0.016
Q62745 CD81 antigen 1.07 0.016

B2RYW9 Fumarylacetoacetate hydrolase domain-containing protein 2 1.20 0.018
Q7TQ16 Cytochrome b-c1 complex subunit 8 1.18 0.018
P60892 Ribose-phosphate pyrophosphokinase 1 1.14 0.019
Q9JLZ1 Glutaredoxin-3 0.93 0.020

Q9WVH8 Fibulin-5 1.15 0.020

3.6. Effect of CAG on Vascular Smooth Muscle Cells

To determine if vascular smooth muscle cell layers in the aneurysm wall were changed
by CAG treatment, the α-actin positive cells were examined in aneurysm cross-sections
from the two groups. Intense α-actin labeling was detected in the medial layer of the
aneurysms in both groups; there was no difference in the area of positive α-actin staining
between vehicle and CAG-treated rats (Figure 9A,B, p = 0.56). That no major change in
vascular smooth muscle cell layer was observed was further supported by the quantita-
tive proteome analyses of the aneurysm wall showing no change in proteins associated
with vascular smooth muscle cells contractile phenotype [35]; myosin 11, α-actin, trans-
gelin/SM22, calponin-1, myosin regulatory light polypeptide 9, and topomyosin β chain
(Supplementary Table S2 and Supplementary Figure S2, yellow dots) between vehicle and
CAG-treated rats.
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Figure 9. CAG does not affect α-actin positive area in the aneurysm wall. (A) Representative
micrographs of α-actin staining from vehicle and CAG AAAs at day 28 (enlargement represent black
square on the left image, (n = 8/7). Scale bar (black box) in micrographs to the left: 100 μm and in
micrographs to the right: 50 μm. (B) Semi-quantification of α-actin positive area of total AAA area.
Values are mean ± SD.

4. Discussion

In the present study, we aimed to test the proposed protective effects of CAG supple-
mentation on AAA progression. We found that daily administration of CAG significantly
attenuated expansion of intraluminal elastase-induced AAA in rats. The aneurysms dis-
played more preserved elastic lamellae. The underlying mechanism could be linked to
diminished aneurysmal MMP-2 activity.

Preservation of elastic lamellae in the CAG treated AAAs could be explained by
decreased degradation of elastin or augmented synthesis. Our data suggest that it may
not be caused by increased elastin synthesis, as LOX mRNA levels were unchanged.
However, we did detect a non-significant upregulation of fibulin-5 by our explorative
proteome analysis (FC 1.15 and unadjusted p-value = 0.020). Both LOX and fibulin-5
enable the formation of elastin fibers in the aorta by binding to structural proteins such
as tropoelastin and fibrillin-1, thereby facilitating increased elastin assembly in AAAs [8].
Moreover, in cultured rat vascular smooth muscle cells, CAG restored the TNF-mediated
reduction in expression of fibulin-5 and -1 [19]. The effect of CAG is, however, more likely
caused by decreased MMP-2 activity in the CAG-treated aneurysms produced in vascular
smooth muscle cells. This is in line with previous murine studies showing a reduced AAA
expansion associated with decreased MMP activity, both in the murine elastase wrapping
model and the angiotensin II-induced AAA model in hyperlipidemic ApoE−/− mice [19].
That CAG directly affects vascular smooth muscle cells and, thereby inhibits MMP activity,
has been shown in TNF-stimulated cultured primary rat vascular smooth muscle cells;
the affected molecular signaling pathway was ascribed to dampening of the ERK/JNK
signaling pathway [19].

One of the critical elements in AAA progression includes chronic inflammation associ-
ated with continuous infiltration of macrophages and lymphocytes because of degradation
of the ECM in the aneurysm wall. The infiltrated immune cells release pro-inflammatory
cytokines and proteases that activate VSMCs to phenotypic shift and increased collagen
production as a compensatory mechanism for the degradation of elastin fibers. Eventually
VSMCs become stressed and undergo apoptosis resulting in high production of RNS and
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ROS [36–39]. In murine models, inflammation is the primary driver of AAA progression
in the first two weeks of AAA expansion [40,41]; thus, this could explain why we, in this
study, did not observe any effect of CAG on the monocyte/macrophage marker F4/80 at
the mRNA level, along with no reduction of CD68 positive macrophages in the wall of the
CAG treated aneurysms. A reduction in infiltrating CD68 positive cells in the aneurysm
wall has previously been observed after CAG treatment in aneurysms in mice induced by
local elastase wrapping around the abdominal aorta, and in mice where the component
3,4-benzopyrene (an active ingredient in cigarettes) enhanced angiotensin II AAA two
weeks, but also six weeks, after AAA induction [19,42]. The underlying mechanisms were
ascribed to reduction in transforming growth factor beta (TGFβ) and nuclear factor kB-
induced production of pro-inflammatory cytokines resulting in diminished inflammation.
A similar effect of CAG on macrophages was observed in chronic psoriatic skin lesions
in mice, where CAG administration reduced infiltration of macrophages and decreased
mRNA levels of the pro-inflammatory cytokines IL-1β, TNF, and IL-6 in the inflamed skin
and in LPS stimulated bone marrow-derived macrophages in vitro. The effect of CAG was
shown to dampen inflammation by preventing NRLP3 inflammasome activation in bone
marrow derived macrophages [18].

As there is consensus that CAG seems to inhibit macrophage infiltration and ex-
pression of pro-inflammatory cytokines, we would have expected to detect lower mRNA
expression levels of IL-6 in the CAG-treated aneurysms. IL-6 is believed to act as a chemoat-
tractant for immune cells in aneurysms. However, it has not been proven to individually
affect progression or expansion of AAAs in mice [43]. Our findings of no difference in
IL-6 expression between groups contradicts the existing literature [19]. IL-6 belongs to
one of the early inflammatory response genes in inflamed tissue [44]. However, we exam-
ined the aneurysmal tissue after 28 days, a phase that, in rats, is more regenerative [40];
macrophages shift to favor the anti-inflammatory and tissue repairing phenotype [12,45],
which could be why we did not detect any difference in IL-6 levels.

The balance between M1 and M2 macrophages is important for tissue homeostasis [12].
Dale et al. demonstrated that favoring M1 macrophages augmented AAA expansion, while
favoring M2 macrophages dampened AAA progression [9]. Thus, we expected that CAG
administration would favor the M2 phenotype. We did not find any difference between
groups in our semi-quantifications of CD206 positive cells in aneurysm wall cross-sections.
In addition, the mRNA levels of the anti-inflammatory cytokine IL-10 in the aneurysms
were not significantly different, nor were mRNA levels of iNOS used as an indicator of M1
macrophages in the aneurysms. Thus, in our study, CAG did not seem to favor a shift from
M1 to M2 macrophages. No change in inflammatory status was observed in the aneurysm
wall. This corresponds with the absence of changes in the media layer of α-actin positive
cells and the fact that we did not detect any difference in quantitative proteins associated
with vascular smooth muscle cell contractile phenotype.

As previously described, ROS contribute significantly to AAA progression in both hu-
man and murine models [46,47] as ROS promote macrophages to release pro-inflammatory
cytokines such as IL-6. Astragaloside IV (AST) obtained from Astragalus membranaceus is
easily converted by intestinal microbes to CAG by deglycosylation [48]. In murine models
of AAA, both AST and CAG reduced ROS and, thereby, dampened the release of pro-
inflammatory cytokines IL-6, TNF and MMPs from macrophages [19,42]. The underlying
mechanism relates to augmented Nrf2 and HO-1 signaling pathways. Nrf2 is a transcrip-
tion factor that controls the expression of antioxidant genes [10]. Thus, upregulation of Nrf2
will diminish ROS and, thereby, ROS-mediated inflammation [46]. HMOX1 is a cellular
stress response gene regulated by Nrf2 that produces HO-1. HO-1 is responsible for the
oxidative cleavage of heme groups released from damaged erythrocytes in the vascular
wall, leading to the generation of biliverdin with antioxidant properties, thereby scavenging
ROS, carbon monoxide with vasodilatory properties, and release of ferrous iron. Thus,
HO-1 has important antioxidant, anti-inflammatory, and cytoprotective effects in vascular
cells. Thus, the presence of HO-1 protects vascular smooth muscle cells and endothelial
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cells from further damage in response to injury. Furthermore, HO-1 deficiency in mice
augments AAA progression [49]. Moreover, in humans, polymorphisms in the promoter
region of the HMOX1 gene, resulting in decreased expression of HO-1, are associated with
increased risk of developing AAA [50]. In our experiments, neither Nrf2 nor HO-1 mRNA
levels changed after CAG treatment, suggesting that, in our setting, CAG did not influence
ROS or exert antioxidative effects at the examined time point. Perhaps, this could be
explained by species difference or the dose of CAG used. The studies showing that CAG or
AST reduced the expression of Nrf2 and HO-1 were performed in mice using two different
models: the elastase wrapping model and the angiotensin II and 3,4 benzopyrene-induced
AAA model in 8–10 months old C57BL/6 mice. As in our experiments, CAG was given
orally. In the angiotensin II and 3.4-benzopyrene model, they used daily doses of 20 mg/kg
and 80 mg/kg for 6 weeks [42], while CAG, in the elastase wrapping model, was given in a
low dose 62.5 mg/kg or high dose 125 mg/kg daily for 14 or 28 days perorally, starting at
the day of experiment or at 14 days (high dose only) after AAA induction [19]. We initiated
our CAG administration the day after surgery to prevent pre-priming of the aortic wall
prior to elastase treatment. The high dose in our experiment was chosen based on the daily
dose of CAG on an oral no-observed-adverse-effect-level (NOAEL) > 150 mg/day in rats,
achieved by oral administration of 150 mg CAG/kg/day for 91 consecutive days [51] and
corresponded to the dose used in Wang et al. [19], though there might be species difference.

To find new potential mechanisms that CAG might affect to dampen AAA progression,
we used an explorative proteome approach. We did not find any deregulated proteins in
the aneurysm wall in comparing the two groups, when adjustment for multiple testing was
done. This might reflect the highly heterogenous tissue that requires numerous samples
to detect differences. Amongst the unadjusted regulated genes with a p-value below
0.02 was prostacyclin synthase (PGIS) (FC 1.27, unadjusted p-value = 0.006). PGIS produces
prostacyclin with known vasodilatory, anti-inflammatory, and anti-thrombotic properties
counteracting the prothrombotic thromboxane [34,52,53]. The water channel AQP1 was
also upregulated (FC 1.26, unadjusted p-value = 0.01). We have previously shown that loss
of AQP1 accelerates angiotensin II-induced atherosclerosis in hyperlipidemic mice [29].
The underlying mechanism was not identified; however, AQP1 channels in the endothelial
cells could, perhaps, contribute to washing out substances, such as LDL, trapped in the
subendothelial intimal layer in areas of endothelial dysfunction.

The protective effect of CAG could also be mediated by lowering arterial blood
pressure. We did not measure blood pressure in our study, but we did observe a difference
in heart to body weight ratios, with a higher ratio among CAG-treated rats that could
suggest an elevated blood pressure. However, we believe that the elevated heart to body
ratio more likely relates to the relatively lower body weights within the CAG-treated rats,
as liver and spleen to body ratios were also slightly elevated. Others have reported that the
compound astragaloside IV, which is converted by intestinal microbes to CAG [54], did
not affect arterial blood pressure in pregnant rats [55]. They did, however, observe a dose-
dependent (20–80 mg/kg) blood pressure lowering effect in preeclampsia-induced pregnant
rats, as well as a reduction in preeclampsia-induced oxidative stress [55], suggesting that
CAG in our model could potentially have a minor blood pressure lowering effect rather
than elevating blood pressure. In comparison, we treated our rats with a higher dose of
CAG that seemed to be well tolerated; the rats had a similar weight gain as the vehicle
treated controls, in line with the existing literature [19,51].

There are some limitations to the study. Our primary end point was progressive
aneurysm dilatation. Therefore, we chose the PPE AAA model in rats, as it is, to our
knowledge, the model that presents most of the features of the human disease [20,40,41].
All models are short term, while human AAA develops over years [1,6]. The length of the
experimental protocol is, in most studies, either 14 days or 28 days. The first 14 days of
AAA expansion is fastest and involves inflammation and oxidative stress as drivers [56].
While, in the last 14 days, AAA expansion declines and reaches a plateau, reflecting tissue-
repairing mechanisms with extensive elastin production. To get the full effect of CAG on

155



Biomedicines 2022, 10, 359

AAA expansion, we chose to end the experiment after 28 days, when AAA size and elastin
integrity could be analyzed, while proinflammatory responses may be less pronounced.
Although the reduction in MMP-2 activity seen at day 28 in the aneurysm wall may reflect
reduced inflammation and/or oxidative stress at an earlier timepoint.

The effect of CAG in already established AAA has yet to be evaluated. This would
be clinically relevant. Although, in our experiments, CAG treatment was provided after
induction of AAA by elastase infusion. Thus, we did not affect the aortic wall by initiating
CAG treatment prior to AAA induction, which suggests that CAG could likely be beneficial
in existing AAA and is supported by findings in mice [19].

5. Conclusions

In conclusion, CAG reduced experimental AAA progression. Our data suggest that
underlying mechanisms might be mediated by reduced MMP-2 activity and by preserving
elastin and reduced calcification. Based on these findings, CAG should be considered as a
possible candidate for future dietary supplementation that may dampen AAA expansion
in humans.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines10020359/s1, Figure S1: Body weight changes and tis-
sue weights after 28 days of CAG treatment. Figure S2: Volcano plot showing changes in aneurysmal
protein levels between CAG treated and vehicle treated groups using proteomic analyses. Table S1:All
identified proteins in CAG vs. vehicle treated AAAs. Table S2: CAG treatment does not affect
aneurysm protein levels related to VSMC contractile phenotype compared to vehicle treated rats.
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Abstract: Local biaxial deformation measurements are essential for the in-depth investigation of
tissue properties and remodeling of the ascending thoracic aorta, particularly in aneurysm formation.
Current clinical imaging modalities pose limitations around the resolution and tracking of anatomical
markers. We evaluated a new intra-operative video-based method to assess local biaxial strains of the
ascending thoracic aorta. In 30 patients undergoing open-chest surgery, we obtained repeated biaxial
strain measurements, at low- and high-pressure conditions. Precision was very acceptable, with coef-
ficients of variation for biaxial strains remaining below 20%. With our four-marker arrangement, we
were able to detect significant local differences in the longitudinal strain as well as in circumferential
strain. Overall, the magnitude of strains we obtained (range: 0.02–0.05) was in line with previous
reports using other modalities. The proposed method enables the assessment of local aortic biaxial
strains and may enable new, clinically informed mechanistic studies using biomechanical modeling
as well as mechanobiological profiling.

Keywords: aortic aneurysm; vascular biomechanics and mechanobiology; tissue deformation; image
feature tracking

1. Introduction

Ascending thoracic aortic aneurysm formation is potentially lethal, with an annual
incidence of approximately 6–10 cases/100,000 patient-years [1]. In current practice, the
decision for surgical intervention considers the maximum diameter (≥5.5 cm) and/or
growth rate (>1 cm/year) of the aneurysm [2–5]. However, treatment guidance based
on these indicators still results in unexpected dissections in 60% of cases [4], as well as
ruptures in 0.3% of cases for diameters < 4 cm and in 1.7% of cases for diameters < 5 cm [6].
In up to 95% of aortic dissections, aortic dimensions did not meet the guideline criteria
prior to the event [7]. Additionally, recently introduced anatomical criteria such as aortic
elongation have so far shown a limited predictive value [7]. Clearly, these current clinical
metrics do not fully capture aortic wall integrity [4]. Aortic wall deformations as induced
by the pulsating blood pressure could provide more insight into degenerative changes
taking place in the aortic wall [4].

Many studies consider pulsatile changes in the aortic lumen area in response to
changes in transmural pressure (i.e., distensibility) to estimate the structural stiffness of
the aorta [8,9], and consider only circumferential stress [4]. However, these approaches
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for vessel stiffness and wall stress assessment ignore longitudinal deformations, which
have been shown to be significant [10]. Moreover, accurate wall stress calculations in
both healthy and aneurysmatic aorta are dependent on the biaxial mechanical behavior of
the vessel wall, which is determined by the structural arrangement and properties of the
extracellular matrix [11,12]. Taken together, the assessment of biaxial deformations appears
highly important for understanding ascending thoracic aortic wall mechanics, material
properties, and aneurysm formation.

Existing methods to capture the biaxial deformations of ascending aorta are based on
non-invasive magnetic resonance (MR), computed tomography (CT), and ultrasound (US)
imaging [8–10,13]. However, for the assessment of local biaxial mechanics of the ascending
thoracic aorta, these imaging modalities are hampered by a more global region of interest
definition (from the aortic root to brachiocephalic bifurcation) [8–10], as well as by a limited
number of anatomical features that can be used to track deformations [9].

Considering the above, we developed an intra-operative video-tracking technique to
assess local biaxial strains of the ascending thoracic aorta. Such an approach also enables
investigation of the correlations between biaxial strain, tissue histology, as well as cell
biology profiles in patients in whom tissue is resected [14,15]. Additionally, the strain
measurements may serve as inputs to mathematical modeling studies [16]. In the present
paper, we introduce and evaluate our method in patients undergoing open thorax surgery.

2. Materials and Methods

2.1. Study Population

Thirty-two consecutive patients undergoing open-chest cardiac surgery at Maastricht
University Medical Centre were included. Prior to enrolment, patients gave written
informed consent. The study was approved by the Maastricht University medical ethics
committee (protocol METC2019-1235).

2.2. Video-Based Biaxial Strain Method Description

Figure 1 illustrates the key elements of the presented method. The biaxial strain
method includes video recording, marker tracking, displacement measurements, filtering,
and strain assessments, which are further detailed below.

2.2.1. Intra-Operative Set-Up and Video Recording Settings

A camera (HERO7, GoPro Inc., San Mateo, CA, USA) with a mounting arm (GoPro
stick, GoPro Inc., San Mateo, CA, USA) was secured to the surgical table at the head
end (Figure 1A) during the routine clinical preparations for open-chest surgery. The arm
consisted of a commercial action-cam extension arm (GoPro stick, GoPro Inc., San Mateo,
CA, USA) and a custom mounting bracket adapted to the bed. The rigidity of the arm
made sure that the camera position with respect to the opened chest was maintained
during table tilting. To prevent manual artifacts during the starting and stopping of the
recording, remote control was obtained by pairing a smartphone with the camera. The
camera used was a commercial action cam (HERO7, GoPro Inc., San Mateo, CA, USA),
with the following settings: 2.7k video resolution (screen resolution in pixels: 2704 × 1520;
pixel size about ~0.08 mm), at 50 frames per second, and with a linear field of view.

After sternotomy and exposure of the ascending aortic region, four sterile surgical
pledgets (BARD PTFE Felt Pledgets, Bard Peripheral Vascular, Inc., Tempe, AZ, USA) were
sutured to the adventitial surface of the aorta (Figure 1B) cranial to the sinotubular junction.
The two pledgets of a pair were placed as diametrically opposite as possible (Figure 1B).
For all cases, the (axial) distance between the two pairs of markers was kept between 0.5 to
1 times the diametrical distance, as exemplified in Figure 1B.

Just prior to recordings, the camera was manually positioned to ensure that its focal
plane was parallel to the imaging plane as defined by the four markers. The distance
between the camera and imaging plane was about 40 cm (Figure 1A). For calibration, a
sterile steel or paper ruler was placed in the imaging plane.
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Figure 1. Key elements of the intra-operative, video-based strain measurement method. (A): Intra-
operative set-up. The remote-controlled camera mounted on a rigid arm attached to the table
was positioned at a height of about 40 cm above the imaging plane, as defined by the markers,
with a viewing angle close to zero degrees. (B): Single video image showing heart on bottom and
markers sutured on the adventitia of an ascending aortic aneurysm. Arrows between markers define
the positions at which cranial and caudal (circumferential) strains, and medial and lateral (axial)
strains were assessed. (C): Low and high transmural pressure conditions were created by tilting the
table. Tilted table position for low-pressure condition shown is anti-Trendelenburg, while tilted-table
position for high-pressure condition shown is Trendelenburg position. Horizontal position of the table
is referred to as neutral position. (D,F): Examples of diameter and axial length signals, comprising
two ventilatory cycles. (E,G): Smoothed signals for diameter and axial length, respectively (single
ventilation cycles). The variables Dd and Ld represent magnitudes of diameter and axial length
corresponding to diastolic pressure, while ΔD and ΔL are deformations of diameter and axial length
caused by the change in pressure from diastole to systole (i.e., pulse pressure).
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2.2.2. Blood Pressure Conditions and Recording Protocol

Systolic and diastolic blood pressure (BP) were measured using a regular arterial
pressure catheter (Edward Lifesciences, Irvine, CA, USA) placed in the (left) radial artery.
Subsequently, pressure catheter readings were taken from the clinical routine hemodynam-
ics monitor (stored in a case report form) just prior to and directly after video recordings.
Videos were made during both ‘low’ and ‘high’ pressure conditions that were induced by
table-tilting (Figure 1C).

The first video recording was obtained with the patient in either supine (neutral), anti-
Trendelenburg, or Trendelenburg position. The second video recording was then obtained
at a different pressure level after tilting the table. The initial table position determined
whether the second measurement was made with an increased or decreased BP condition,
utilizing the expected BP differences between positioning: Trendelenburg BP > supine
BP > anti-Trendelenburg BP. This means that a low-pressure condition was induced by
either a neutral or anti-Trendelenburg position, with a corresponding high-pressure condi-
tion achieved by Trendelenburg or neutral position, respectively (Figure 1C). The sequence
(low-then-high or high-then-low) was arbitrary and determined by the surgeon, who
merely targeted a mean arterial pressure (MAP) difference of about 10 mmHg between
positions, for which positioning sequence was not relevant. It should be noted that the
aim was to measure strains at a distinctly different transmural pressure without invoking
pharmacological side-effects.

Video recording duration was 12 s to capture at least two ventilation cycles, enabling
assessment of (ventilation) cycle-to-cycle reproducibility. The video recordings and pres-
sure readings did not span more than 2 min, after which the surgical procedure continued.

In the aneurysm-repair cases, the resected tissue was further sectioned and stored in
vials for genetic and tissue characterization. These data are not included in the analysis
as they are beyond the scope of the present paper. After the procedure, all video files
(.mp4 format) and blood-pressure case report forms were stored on a secure local server
for further processing.

2.2.3. Video Processing and Strain Calculations

To determine diameters and axial lengths from acquired videos, markers on the
ascending aorta were tracked across all video frames (Figure 1B), using a proprietary
program written in MATLAB (MATLAB R2018a; The MathWorks, Natick, MA, USA). In
the first step, the region of aorta with markers and ruler from the first frame was selected
manually using the MATLAB Image Processing Toolbox function imrect. The same imrect
box was used to crop all other frames in the video. Subsequently, small regions around the
markers were manually assigned to obtain sub-images used for correlation-based tracking
across the video frames. A normalized cross-correlation matrix was used and implemented
by the function normxcorr2. Sub-image displacements between frames were defined as
those at which the normalized cross-correlation coefficient was maximum. Using the
obtained positions of the markers in all video frames, dimensions of the line segments
connecting the markers were determined as a function of time, yielding diameter (D) and
axial length (L) signals (illustrated in Figure 1D,F).

To calibrate the measured distances to physical distances (in mm), a known reference
distance visible on the ruler in a video frame was used. Note that this calibration is relevant
only for the diastolic diameter (Dd) and length (Ld) estimates but not for the strain estimates
(see calculations below).

The D and L signals were subjected to Fourier analysis to identify the lowest frequency
(about 0.2 Hz in our subjects) resulting from the ventilation cycle (Figure 1D,F). Ventilation
cycles and individual beats were then segmented manually from the raw D and L signals,
with the start and end points selected manually. Subsequently, signals were smoothed,
using a zero-phase, 6-point, bi-directional (forward and backward), moving-average filter
(filtfilt, MATLAB). Beat-by-beat minimum and maximum points were determined, yielding
diastolic values (Dd and Ld) and the corresponding systolic-diastolic changes (ΔD and ΔL).
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The circumferential strains and axial strains were then calculated for each beat as the engi-
neering strains ΔD/Dd and ΔL/Ld, respectively (Figure 1E,G). The diastolic dimensions
and strains were averaged over the number of beats (in one full ventilation cycle) by taking
the median.

In addition, pulse pressure (ΔP) and circumferential distensibility (ΔD/(ΔP·Dd)) were
calculated. The two ventilatory cycles (Figure 1D,F) present in every recording were consid-
ered as repeated measurements (m = 2), to assess reproducibility (see Statistical analysis).

2.3. Statistical Analysis

Data are presented as median [25th, 75th percentile], unless noted otherwise. Non-
normality of presented measurement data was verified using a Shapiro–Wilk test. For
p < 0.05, the distribution of measurements was not considered normal.

We tested for statistical differences between low- and high-pressure conditions, and
for differences between cranial and caudal strain as well as between lateral and medial
strain measurements using paired Wilcoxon Signed-Rank tests.

Based on the two ventilatory cycles in each recording (see above), the intra-measurement
standard deviation (σintra) was determined as the square root of the average of variances of
the repeated measurements for each recording:

σintra =

√
1
n

n

∑
i=1

s2
i (1)

where, 1
n

n
∑

i=1
s2

i is the average of variances for n subjects. We expressed reproducibility using

the coefficient of variation (CV), defined as σintra divided by the corresponding sample
mean value x of each group times 100%:

CV =
σintra

x
·100% (2)

Using Bland’s estimate of the uncertainty about reproducibility, the σintra we calculated
has an uncertainty of 25%, given the number of repetitions m = 2 and n = 30 [17].

3. Results

Twenty-seven male and five female patients were included in the present analysis.
Videos of patients where tracking of markers was not accomplished—either due to de-
correlation (n = 1) or loss of visibility of the tracking marker in all frames (n = 1)—were
excluded. Patient characteristics are mentioned in Table 1. The age of the patient population
was 64 ± 12 years (mean ± SD).

Table 1. Patient characteristics.

Type of Surgical Intervention Aortic Repair AVR CABG

Number of patients 17 9 6
Male/female 14/3 7/2 6/-
Age (years) 62 ± 9 59 ± 17 72 ± 5

AVR = aortic valve replacement; CABG = coronary artery bypass grafting; age is presented as mean ± SD.

Table 2 shows the blood pressure (BP) and video-derived measurements. In one
subject we did not obtain video results in the high-pressure condition, due to loss of view
on one marker (hence n = 29 for high pressure). There were two subjects in which the ruler
appeared not visible enough. In these cases, marker dimensions (4.8 mm × 6.0 mm) were
used for calibration instead of the ruler.

Diastolic and systolic blood pressures (DBP and SBP) changed significantly (p < 0.001)
from low- to high-pressure conditions (Table 2), with a mean arterial pressure (MAP)
difference of 10 mmHg between both conditions. The absolute dimensions (Dd and Ld) and
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strains (ΔD/Dd for caudal and cranial, and ΔL/Ld for lateral) did not vary significantly
with the change in transmural pressure. Medial axial strain increased significantly by
0.01 from low- to high-pressure (p = 0.007). For most direct measures, the measurement
variability was of the order 10%, although for the strains, the CVs tended to be higher but
remained below 20% (Table 2).

Table 2. Blood pressure and video-derived measures.

Pressure Conditions CV (%)

Measurements Low (n = 30) High (n = 29) p Value * (-) Low High

Blood pressure (mmHg)
SBP 84 [70, 93] 98 [90, 105] <0.001 4 3
DBP 47 [36, 52] 54 [47, 62] <0.001 10 5
ΔP 35 [26, 48] 43 [33, 53] <0.001 4 7

Diastolic diameter, Dd (mm)
Caudal 30 [25, 36] 30 [23, 38] 0.97 2 2
Cranial 33 [23, 40] 34 [23, 41] 0.8 2 2

Circumferential strain,
ΔD/Dd (-)

Caudal 0.03 [0.02, 0.05] 0.03 [0.02, 0.05] 0.19 8 8
Cranial 0.02 [0.01, 0.03] 0.02 [0.01, 0.03] 0.3 19 12

Distensibility (MPa−1)
Caudal 7 [4, 9] 4 [3, 9] 0.078 8 13
Cranial 6 [3, 7] 3 [2, 6] 0.02 22 15

Axial diastolic length, Ld

(mm)
Medial 20 [17, 27] 19 [17, 25] 0.92 2 3
Lateral 24 [20, 30] 24 [19, 29] 0.97 2 1

Axial strain, ΔL/Ld (-)
Medial 0.04 [0.02, 0.08] 0.05 [0.02, 0.09] 0.007 10 11
Lateral 0.04 [0.01, 0.05] 0.04 [0.02, 0.06] 0.3 19 12

Values are indicated as median [25th, 75th percentile]; CV = coefficient of variation ((σintra/mean)·100%); SBP = systolic blood pressure;
DBP = diastolic blood pressure; ΔP = pulse pressure; Distensibility = (ΔD/(ΔP·Dd·133))·106; * values compared for low pressure vs. high
pressure conditions using paired Wilcoxon Signed-Rank test (performed on 29 subjects); n = number of subjects.

From low- to high-pressure, pulse pressure (ΔP) increased by 8 mmHg (p < 0.001) and
distensibility showed a trend towards decrease: from 7 MPa−1 to 4 MPa−1, p = 0.078 for
caudal and from 6 MPa−1 to 3 MPa−1, p = 0.020 for cranial.

Figure 2 summarizes differences between locations. For the high-pressure condition,
we detected differences between caudal and cranial circumferential strains (0.03 and 0.02,
respectively; p = 0.005), as well as between medial and lateral axial strains (0.05 and 0.04,
respectively; p = 0.006). Interestingly, for the low-pressure condition, we did not observe
clear differences between locations.
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Figure 2. Potential for detecting local strain differences. p-values indicate paired Wilcoxon Signed
Ranks testing, with n = 30 for low and n = 29 for high pressure. Boxplots indicate medians [25th, 75th
percentile], with whiskers indicating variability beyond the first and the third quartile, while red
plus signs are the outliers. (A): Lateral axial strains tended to be lower than those captured medially,
but only achieving statistical significance in the high-pressure condition. (B): Cranial circumferential
strains tended to be significantly lower than at the caudal location. Note: one outlier not shown in B
(values for caudal and cranial strains > 0.2 for both pressure conditions).

4. Discussion

At present, the assessment of aortic aneurysm progression is limited to monitoring
(slow changes in) vessel dimensions [2,3,7]. Current clinical imaging modalities show
limitations for assessing dynamic biaxial strains in the ascending thoracic aorta. In the
present study, we introduce and evaluate an intra-operative video-based method for
measuring biaxial strains in the ascending thoracic aorta. Our findings show the ability–in
patients with and without aneurysm–to capture local circumferential as well as axial strains,
including changes in response to changes in transmural pressure, with very acceptable
reproducibility (CV range 8–19%).

Our approach differs from existing methods reported in previous studies [8,10], where
global rather than local longitudinal deformations were quantified. These global ap-
proaches consider as a region of interest the entire trajectory between the aortic root at
the one end and the brachiocephalic bifurcation at the other end. Our method enables
the measurement of local axial strains, and particularly in aneurysmatic regions of the
ascending aorta.

Longitudinal strains obtained using global approaches are in the order of 6–9% [8,10]
in patients and in the order of 15% in presumably healthy volunteers [10], while our study
subjects exhibited local longitudinal strains in the order of 4–5%. The global approaches
idealize the entire region of interest for longitudinal strains into a cylindrical geometry,
presuming a homogenous distribution of strains [8,10]. However, owing to the bend in the
aorta, possible differences in local strains between inner and outer curvature may exist.
Our method (with four markers) does enable the assessment of such differences (Figure 2).
We expect that the bent form with its complex deformation, even if wall material were
assumed homogenous, may lead to differences between the medial and lateral axial strains.
Yet, at this point, we do not have a clear concept of how to interpret such differences in
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local longitudinal strains. Changes in such differences could be instrumental in identifying
remodeling processes at the constitutive level.

Circumferential strains reported in the literature [8–10,13,18] range between 3 and
14%, whereas we observed circumferential strains in the order of 2–3%. The strains we
found are in the same range as those reported by Morrison et al. [9], who observed
substantially decreased circumferential strain at the aortic root and the ascending segment
(proximal to the first branch of the brachiocephalic trunk) in older patients (3% strain;
mean age of 68 years), as compared to younger patients (10% strain, mean age of 41 years)
using cardiac-gated CT image data. Van Disseldorp [18] also estimated ascending aortic
circumferential strains in the order of 4–7% in aneurysm patients (age ranging from 44
to 72 years) using 3D transesophageal (TEE) ultrasound. On the other hand, Wittek
et al. [13] reported circumferential strains in the order of 11% for healthy young volunteers
(median age of 25.5 years) using 3D ultrasound speckle tracking, which inclined more
towards the circumferential strain range of 7–14% [8,10] reported by global approaches
using magnetic resonance imaging (MRI). In addition, the pressure-dependence of strain
measurements must also be considered, as likely caused by the non-linear elastic behavior
of the blood vessel wall [16,19]. Our observation of a decrease in distensibility with
increasing pressure (Table 1) corroborates this clinically important phenomenon. Taken
together, differences in the magnitude of strains may well be attributed to differences
between studies pertaining to age [20], disease stage of the study population, imaging
modality, as well as hemodynamic conditions.

When considered in more detail, strain differences between our novel method and
existing imaging modalities may also be due to differences in temporal and spatial res-
olution. 3D ultrasound enables imaging of the aorta at a moderate temporal frequency
of 11–25 Hz [13] with a voxel size on the order of 0.2–0.7 mm [13,18]. However, access to
the whole segment of the aorta is cumbersome, thereby limiting the ability to (keep) focus
on the desired region of interest. Additionally, MR and CT rely on the reconstruction of
the cardiac cycle from multiple beat snapshots (30 phases per cardiac cycle [8,10]; spatial
resolution: 0.5–1.5 mm [8,10]), presuming that consecutive beats are ‘identical’. In contrast,
our method is able to capture single beats at a 50 Hz frame rate as well as at 10 times better
spatial resolution: about 0.08 mm.

Some methods with established imaging modalities use a fixed location in the image
to determine circumferential strains [8,10]. Such an approach may lead to errors due to
through-plane movement of the aorta, yielding an overestimation in the circumferential
strain of up to 50% as reported by Morrison et al. [9]. Identification of fixed anatomical
markers in the images avoids this problem, but these are generally limited to bifurcations
or valve features. Our approach solves the lack of anatomical markers for a local region of
interest by utilizing pledget markers placed at desired locations.

The local differences (between caudal and cranial) in circumferential strain were found
to suggest that our method may also detect these regional differences (Figure 2). However,
we did not expect to find a trend towards lower cranial strains when compared to the
caudal location (Figure 2). Clearly, the relevance and potential of regional differences in
tissue properties due to local strain variations (owing to the complex geometry of the aorta)
call for future, sufficiently powered studies. In that respect, it is highly relevant to consider
the reproducibility of our strain-measurement method. Overall, CVs were less than 20%,
and these reproducibility estimates were obtained with an uncertainty of about 25% (see
Statistical Analysis). Assuming an expected absolute difference in strain of about 0.01 (e.g.,
a difference of 0.04 in one group and 0.03) and the 20% reproducibility as the lower limit
of variability, the required minimum sample size for a case–control study would be about
11 per group (groups of equal size, power 1 − β = 0.8, type-I error α = 0.05).

We deem our method particularly useful for mechanistic studies. For instance, our
method may be of interest to investigate the correlation between CT-based atheroscle-
rotic burden (i.e., regional wall thickness abnormalities) and local biaxial strains [21].
Such studies would be very interesting, because the (assumed) changes in stiffness with
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atherosclerotic burden would depend on, e.g., how and to what extent the intimal disease
processes affect medial structure and properties. The ‘innate’ invasive nature of our method
obviously precludes a wider clinical application.

For computational (e.g., finite-element) studies, the availability of high-quality input
data is essential [22]. Constitutive models, that capture the elastic properties of the aortic
wall under large deformations, rely on reliable estimates of (local) strains and biaxial
data. Direct mapping of video marker displacements onto finite element models, using an
inverse modeling approach, may enable the estimation of constitutive properties. Besides
facilitating realistic computational modeling, well-parameterized constitutive models may
provide insight into microstructural changes such as increased cross-linking of collagen
and/or elastin degradation, which in turn may help in developing therapeutic approaches
in silico [22,23]. Furthermore, computational modeling estimates based on our strain
measurements may serve as a benchmark for non-invasive imaging techniques. Moreover,
comparative studies correlating our method to MRI or TEE could provide the knowledge
base to translate mechanistic insights towards clinical use.

Lastly, reliable strain data accompanied by immunohistochemical and cytochemical
assays may allow comprehensive studies on the mechanobiological factors in ascending
thoracic aortic aneurysm formation [14,15].

5. Conclusions

The proposed intra-operative, video-based method enables the assessment of regional
biaxial strains of the ascending thoracic aorta with very acceptable precision. Our method
provides a steppingstone towards clinically informed mechanistic studies using biome-
chanical modeling as well as mechanobiological profiling.
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Abstract: A reduced prevalence of a thoracic aortic aneurysm (thoracic AA) is observed in type 2
diabetes (T2D). Glucagon-like peptide-1 (GLP-1)/GLP-1-based anti-diabetic therapy has indicated
protective effects in thoracic AA and regulates the processes controlling the vascular tissue expression
of Syndecan-1 (Sdc-1). Sdc-1 expression on macrophages infiltrating the aortic tissue contributes to a
counter-regulatory response to thoracic AA formation in animal models through the interplay with
inflammation/proteolytic activity. We hypothesized that elevated fasting plasma GLP-1 (fpGLP-1)
increases the aortic Sdc-1 expression in T2D, which may contribute to a reduced prevalence of thoracic
AA. Consequently, we determined whether T2D/thoracic AA associates with an altered Sdc-1 expres-
sion in the aortic tissue and the possible associations with fpGLP-1 and inflammation/proteolytic
activity. From a cohort of surgical patients with an aortic valve pathology, we compared different
disease groups (T2D/thoracic AA) with the same sub-cohort group of controls (patients without T2D
and thoracic AA). The MMP-2 activity and Sdc-1, GLP-1R and CD68 expression were analyzed in the
aortic tissue. GLP-1, Sdc-1 and cytokines were analyzed in the plasma. The aortic Sdc-1 expression
was increased in T2D patients but did not correlate with fpGLP-1. Thoracic AA was associated with
an increased aortic expression of Sdc-1 and the macrophage marker CD68. CD68 was not detected in
T2D. In conclusion, an increased aortic Sdc-1 expression may contribute to a reduced prevalence of
thoracic AA in T2D.

Keywords: thoracic aortic aneurysm; type 2 diabetes; adventitia; syndecan-1; glucagon-like peptide-1

1. Introduction

A thoracic aortic aneurysm (thoracic AA) is increasing in prevalence and although
it is less common than an abdominal aortic aneurysm (abdominal AA), it is more lethal;
no screening programs are available [1] and treatment options are limited to surgical
interventions. The most common form of thoracic AA occurs in the ascending aorta
(ascending AA), which is the section of the aorta closest to the heart. Other forms of
thoracic AA occur in the aortic arch and the descending aorta [2]. Surgical intervention in
thoracic AA is needed before the ascending aorta reaches 4.5–5.5 cm, depending on the
growth rate, possible risk factors, concomitant cardiac surgery, genetics and others [3,4].
The search for pharmaceutical agents and novel pharmaceutical targets for the prevention
of an ascending AA is thus highly needed and has been fueled by the reduced prevalence
of thoracic AA in patients with type 2 diabetes (T2D) [5,6], possibly related to the anti-
diabetic therapy. Indeed, studies in animal models indicate that anti-diabetic incretin
therapy, including glucagon-like peptide-1 (GLP-1) analogues and dipeptidyl peptidase-
4 (DPP-4) inhibitors, may exert protective effects on ascending AA formation through
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anti-inflammatory and anti-oxidant effects, reduced intimal thickening, decreased matrix
metalloproteinase-2 (MMP-2) and MMP-9 production and the suppression of macrophage
infiltration [7–12].

Growing evidence supports an outside-in model where vascular inflammation is
initiated in the adventitia, the outermost layer of the aortic wall [13–15]. Specifically,
according to this model, exogenous cell types including macrophages and lymphocytes
populate the adventitia, ultimately resulting in an increased local expression of cytokines
and growth factors. This, in turn, may lead to an inflammatory response that propagates
inward from the adventitia towards the media layer [16,17], causing medial degradation
by MMPs, smooth muscle cell (SMC) loss and de-differentiation [13,15,18–20].

The cell surface proteoglycan syndecan-1 (Sdc-1) is a regulator of inflammation with
a dual role in MMP activity, first as a regulator of the proteolytic activity and second
as a substrate of proteases. It is mainly expressed on the surface of epithelial cells and
non-circulating plasma cells but may be induced also in several other cell types including
macrophages and SMCs. Sdc-1 may be proteolytically cleaved and shed from the cell sur-
face by different MMPs such as MMP-2 and MMP-9 [21,22] in a process termed shedding.
Shedding can be observed as a dramatic increase in the plasma concentrations of Sdc-1
ectodomains and occurs in response to different stimuli, e.g., inflammation, proteolytic ac-
tivity and oxidative stress [23]. The aortic Sdc-1 expression protects from an abdominal AA
formation in experimental models [24] where Sdc-1 knockout is associated with a reduced
expression of the SMC differentiation markers and upregulated cytokine expression [25].
Its protective role is further indicated by the induction of Sdc-1 on infiltrating macrophages
as a response to aneurysm formation where it provides an important counterbalance to
T-cell-driven inflammation and proteolytic activity in the vascular wall by inhibiting the
production of inflammatory markers [24]. The macrophage Sdc-1 expression is of particular
interest, considering it is regulated by cAMP/protein kinase A (PKA) [26] and the recent
availability of novel cAMP analogs, which explicitly target PKA. Interestingly, GLP-1 (and
incretin therapy) target the cAMP/PKA pathway [27,28] and may contribute to a reduced
prevalence of thoracic AA in T2D, in part through the induction of the Sdc-1 expression
on infiltrating macrophages but also through an increased SMC and endothelial expres-
sion of Sdc-1. However, it is not known whether aortic Sdc-1 expression is increased in
patients with T2D and the potential role for elevated fasting plasma GLP-1 (fpGLP-1) nor
is it known whether a macrophage-specific expression of Sdc-1 is part of a response to
aneurysm formation in patients.

Consequently, we set out to investigate whether the Sdc-1 expression is increased in
association with T2D as well as if and how an elevated fpGLP-1 may contribute to this.
Furthermore, we assessed the Sdc-1 expression and macrophage infiltration in the aortic
tissue of patients with an ascending AA.

2. Materials and Methods

2.1. Patient Information

In this case-cohort study, the patients were recruited from a defined cohort (i.e.,
patients included in the Advanced Study of Aortic Pathology (ASAP) and Disease of the
Aortic Valve, Ascending Aorta and Coronary Arteries (DAVAACA)) with suspected risk
factors (aortic valve pathology). Two different disease groups (T2D/ascending AA) were
compared with the same sub-cohort group of controls (patients without T2D and without
an ascending AA) (Figure 1). Typically for a case-cohort study, the cases were not matched
on calendar time or length of follow-up with the control. An ascending AA was defined as
a diameter > 45 mm. A non-dilated aorta was defined by a diameter < 40 mm. Individuals
with a diameter between 40–45 mm were excluded as were patients with both T2D and
an ascending AA. Additional exclusion criteria were Type 1 diabetes, Marfan syndrome,
monocuspid/bicuspid valves and atherosclerosis. During surgery, tissue biopsies were
extracted from the proximal part of the ascending aorta. The intima-media layer was
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separated from the adventitia by an adventicectomy where the careful isolation of the
vessel segment was performed with fine forceps and microscissors.

Figure 1. Study groups.

The patient characteristics can be found in Table 1. Ethical approval was received from
the Stockholm Regional Ethical Committee (Dnr: 2006/784-31/1; approved: 15 September
2006 and Dnr: 2012/1633-31/4; approved 24 October 2012). All study participants provided
written informed consent.

Table 1. Patient Information.

Patient Group
Number of

Patients

Mean Age
(± Standard

error of Mean,
SEM)

Gender
(Male/Female)

Valve Pathology
(Aortic

Stenosis/Aortic
Insufficiency) 1

Control 43 67.6 ± 2.1 26/17 24/15

Ascending AA 41 65.3 ± 1.7 26/15 3/29

T2D 33 71.7 ± 0.94 27/6 30/1

Total Patients 117 62.1 ± 1.1 79/38 57/45
1 For a few patients, information regarding the type of valve pathology (Aortic Stenosis/Aortic Insufficiency)
was missing.

2.2. Measurement of the fpGLP-1

The patients were subjected to pre-operative fasting and plasma samples were col-
lected before surgery, placed immediately on ice and transferred to −80 ◦C. The total GLP-1
(7–36 and 9–36) (Cat. No.: EZGLP1T-36K, Merck, Darmstadt, Germany) was measured
according to the manufacturer’s instructions.

2.3. Matrix Metalloproteinase-2 Activity Assay

The adventitia tissue was homogenized using a TissueLyser II in Tris HCl 50 mM with
0.1% Trition × 100, pH = 7–8. The proteolytic activity of MMP-2 was measured using the
Human MMP-2 Activity Assay (Cat. No.: QZBmmp2Hv2, Quickzyme Biosciences, Leiden,
The Netherlands) according to the manufacturer’s protocol. The amount of endogenous
active MMP-2 was directly proportional to the activity of a pro-enzyme substrate releasing a
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colored product detectable at 405 nm optical density. The absorbance data were normalized
by the total amount of protein in the sample as measured by the Bio-Rad Laboratories
(Hercules, CA, USA) detergent compatible (DC) protein assay (Cat. No.: 5000112).

2.4. Syndecan-1 Shedding

Sdc-1 was measured in the fasting plasma samples. The commercially available
ELISA kit for Sdc-1 was utilized (Cat. No.: 950.640.096, Diaclone, Besançon cedex, France)
according to the manufacturer’s instructions. In brief, the heparin sulphate chains of Sdc-1
were allowed to bind to a capture antibody and then to a biotinylated secondary antibody.
Following the addition of enzyme-conjugated streptavidin, a chromogen substrate was
added for the color development. The reaction was terminated by the addition of an acidic
stop solution and the absorbance was measured at 450 nm with a reference wavelength of
620 nm.

2.5. Cytokines

A multiplex ELISA Kit (Cat. No.: K15067L-1, Meso Scale Discovery, Rockville, MD,
USA) was used according to the manufacturer’s instructions for the analysis of seven
cytokines; interleukin 1β (IL-1β), interleukin-6 (IL-6), interleukin-5 (IL-5), interferon-γ
(IFN-γ), interleukin-4 (IL-4), tumor necrosis factor-α (TNF-α) and interleukin-12p70 (IL-
12p70) in the fasting plasma samples.

2.6. Western Blot

The same samples used for the MMP-2 activity assay were also used to determine
the expression of GLP-1R and Sdc-1 in the tissue. After determining the total protein
concentration by a DC protein assay kit (Cat. No.: 5000112, Bio-Rad Laboratories), the
samples were mixed with a sample buffer and boiled at 95 ◦C for 5 min. A 10% polyacry-
lamide gel was used for the sodium dodecyl sulphate–polyacrylamide gel electrophoresis
followed by transference to a polyvinylidene fluoride membrane (Cat. No.: 1620177, Bio-
Rad Laboratories). The membranes were blocked with 5% milk in tris-buffered saline
and tween-20 (0.25 M Tris Base, 0.027 M KCl, 1.37 M NaCl and 0.1% Tween-20) prior to
an overnight incubation with a primary antibody at 4 ◦C. The primary antibodies used
were the recombinant anti-Sdc-1 antibody EPR6454 (Cat. No.: ab128936), the anti-GLP1R
antibody (Cat. No.: ab186051) and the CD68 antibody (Cat. No.: ab213363), all from Abcam
(Cambridge, UK). The secondary antibody (mouse anti-rabbit, Cat. No.: sc2357, Santa Cruz
Biotechnology, Dallas, TX, USA) was added for 1 h at room temperature (RT) followed by
a 5 min incubation with enhanced chemiluminescence reagents (Cat. No.: RPN2232, GE
Healthcare, Chicago, IL, USA). Imaging and the quantification of data were performed
using the ChemiDoc XRS+ v 4.6.5 ( Bio-Rad Laboratories). The data were normalized to β-
actin (Cat. No.: SC-47778, Santa Cruz Biotechnology) and the secondary antibody that was
used was an anti-mouse antibody (Cat. No.: SC-2005, Santa Cruz Biotechnology) or with a
Coomassie Brilliant Blue R-250 staining solution (Cat. No.: 1610436, Bio-Rad Laboratories).

2.7. Statistical Analysis

The data are presented as a mean ± SEM. The GraphPad Prism 6 (GraphPad Software,
San Diego, CA, USA) was used for the analysis and for the graphs. A Pearson correla-
tion and a linear regression analysis was used to evaluate the correlation between the
selected variables. A Student’s t-test or a Mann–Whitney was used, where appropriate,
to compare two samples. A p < 0.05 was considered statistically significant. An analy-
sis of covariance (ANCOVA) was performed using the R studio software version 4.0.3
(Boston, Massachusetts).
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3. Results

3.1. Type 2 Diabetes Is Associated with Decreased Plasma Sdc-1 and Increased Expression of Sdc-1
in Aortic Tissue

We investigated whether an increased Sdc-1 expression was detected in the ascending
aorta of T2D patients as this may contribute to the reduced prevalence of ascending AAs
in T2D. Indeed, an increased expression of Sdc-1 was observed in the aortic adventitia of
patients with T2D (0.78 ± 0.30 for T2D vs. 0.11 ± 0.03 procedure defined unit (p.d.u.) for
the control, p < 0.001, Figure 2A,B). To determine the potential contribution of shedding to
the increased protein expression of Sdc-1 in the adventitia in T2D patients, we assessed
whether T2D was also associated with reduced adventitial MMP-2 activity and/or plasma
Sdc-1 as well as any potential correlations to the increased adventitial Sdc-1 expression.
The results demonstrated that T2D was not associated with significantly altered MMP-2
activity in the adventitia (1.04 ± 0.15 for T2D vs. 1.32 ± 0.38 ng/mL for the control, p = 0.90,
Figure 2C) although plasma Sdc-1 levels were significantly lower in the T2D patient group
compared with the control group (13.00 ± 1.22 for T2D vs. 19.41 ± 1.90 ng/mL for the
control, p < 0.01, Figure 2D). However, no significant correlation between the adventitial
Sdc-1 expression and plasma Sdc-1 levels was detected (r = −0.0672, p = 0.89, Figure 2E).

Hypothesizing that alterations to the relative Th1/Th2 balance of immune responses
in association with T2D may contribute to the reduced shedding indicated, we continued
by investigating the potential contribution of the IL-6/TNF-α ratio—a ratio associated with
Th2-biased immune responses [29]—to the lower levels of plasma Sdc-1 detected in T2D
patients. However, no significant correlation was observed between plasma Sdc-1 and
the IL-6/TNF-α ratio and the significant decrease in plasma Sdc-1 associated with T2D
remained after correcting for the IL-6/TNF-α ratio as a covariate (p < 0.001). The expression
of Sdc-1 in the adventitia did not significantly correlate with an altered expression of any of
the cytokines analyzed in the plasma except the IL-12p70 cytokine (Table 2 and graphical
illustrations in Supplementary Data Figure S1A,B).

Table 2. Correlation of Sdc-1 Expression in the Adventitia and Different Cytokines.

Correlation With Sdc-1
in the Adventitia

IFN-γ
(pg/mL)

IL-1β
(pg/mL)

IL-4
(pg/mL)

IL-5
(pg/mL)

IL-6
(pg/mL)

IL-12p70
(pg/mL)

TNF-α
(pg/mL)

r (T2D patients) 0.7136 −0.0811 0.0879 0.1359 0.0843 0.9201 0.1865

p value (T2D patients) 0.07 0.88 0.85 0.77 0.86 < 0.01 0.66

r (control and T2D
patients) 0.1270 −0.09170 0.1870 0.04293 0.03023 0.7263 −0.1046

p value (control and T2D
patients) 0.6394 0.7657 0.5046 0.8700 0.9083 < 0.01 0.6796
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Figure 2. Type 2 diabetes was associated with decreased plasma Sdc-1 and an increased expression of Sdc-1 in the aortic
tissue. The Sdc-1 expression in the adventitia was significantly increased in T2D patients (A) normalized data and (B)
Western blot data (the full-length blot is provided in Supplementary Material Figure S3); (C) MMP-2 activity in the adventitia
was not changed due to T2D; (D) The plasma Sdc-1 was significantly decreased in the same patient group. (E) The expression
of Sdc-1 in the adventitia was not associated with Sdc-1 in plasma. Comparisons between the groups were made using an
unpaired t-test or a Mann–Whitney. A Pearson correlation was used to assess the associations. For plasma, n = 36 for the
control and n = 30 for T2D; for tissue, n = 10 for the control and n = 9 for T2D. ** p < 0.01, *** p < 0.001, ns = not significant.

3.2. Increased FpGLP-1 in T2D Is Not Significantly Associated with an Increased Sdc-1 Expression
in the Adventitia of Patients with T2D

As GLP-1 has been shown to regulate processes that control Sdc-1 expression [23,26–28]
and as the fpGLP-1 levels were upregulated in patients with aortic valve pathology in
association with T2D [30] (Figure 3A), we investigated the possible contribution of fpGLP-1
to the increased adventitial expression of Sdc-1 in T2D patients. The expression of GLP-
1R was, as expected, detected in the adventitia, facilitating the direct effects of GLP-1
(Figure 3B). However, no significant correlation was observed between Sdc-1 in the ad-
ventitia and fpGLP-1 (r = −0.3129, p = 0.45, Figure 3C) and the significant increase in the
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adventitial Sdc-1 expression in T2D remained also after controlling for fpGLP-1. Further-
more, fpGLP-1 was not associated with altered plasma Sdc-1 in patients from the T2D
patient group (r = 0.1548, p = 0.41, Figure 3D). Interestingly, the Sdc-1 in plasma showed
a strong positive correlation with the GLP-1R expression among patients from the T2D
group (r = 0.8348, p < 0.01, Figure 3E).

Figure 3. Increased fpGLP-1 in T2D was not significantly associated with the increased Sdc-1 expression in the adventitia of
patients with T2D. (A) fpGLP-1 levels were upregulated in the T2D group of this study. (B) GLP-1R was detected in the
adventitia of T2D patients. MIN6 cells and human aortic SMCs were used as a control and the bands were normalized with
Coomassie Brilliant Blue (the full-length blot is provided in Supplementary Material Figure S3). (C) Sdc-1 in the adventitia
was not associated with total fpGLP-1 in T2D patients and (D) the total fpGLP-1 was not associated with plasma Sdc-1 in
patients with T2D. However, (E) the Sdc-1 in plasma was positively associated with GLP-1R in the adventitia (n = 10). A
Pearson correlation was used to assess any potential associations. Comparisons between the groups were made using a
one-sided unpaired t-test. For plasma, n = 36 for the control and n = 30 for T2D; for tissue, n = 10 for the control and n = 9
for T2D. * p < 0.05.
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3.3. The Sdc-1 Is Increased in the Aortic Tissue of Patients with an Ascending AA

To determine whether the previously observed increased macrophage expression
of Sdc-1 in the adventitia of rodent models of an abdominal AA could be identified in
patients with an ascending AA [24], adventitia samples from the ascending aortic tissue
of patients with and without an ascending AA were analyzed. Interestingly, the Sdc-1
expression in the adventitia was significantly increased in patients with an ascending
AA compared with the controls (1.02 ± 0.27 vs. 0.11 ± 0.03 p.d.u. for the ascending AA
and the control, respectively, p < 0.001, Figure 4A,B). Furthermore, a significant increase
in the macrophage-specific marker CD68 was detected in the same adventitial samples
(0.48 ± 0.17 vs. 0.02 ± 0.00 p.d.u. for the ascending AA and the control, respectively,
p < 0.05, Figure 4C,D). No correlation between the Sdc-1 expression and MMP-2 activity
in the adventitia (r = 0.4803, p = 0.11, Figure 4E) was observed nor was MMP-2 activity
altered in the adventitia from ascending AA patients compared with the control patients
(1.04 ± 0.19 vs. 1.32 ± 0.38 ng/mL for the ascending AA and the control, respectively,
p = 0.9, Figure 4F). In addition, the expression of Sdc-1 in the adventitia did not correlate
with the amount of Sdc-1 in plasma (Table 3) and no significant change in plasma Sdc-1
was detected in association with an ascending AA (17.62 ± 1.29 vs. 19.41 ± 1.90 ng/mL for
the ascending AA and the control, respectively, p = 0.43, Figure 4G).

Table 3. Correlation of the Sdc-1 Expression in the Adventitia and Different Variants in Patients.

Correlation with
Sdc-1 in the
Adventitia

IFN-γ
(pg/mL)

IL-1β
(pg/mL)

IL-4
(pg/mL)

IL-5
(pg/mL)

IL-6
(pg/mL)

IL-12p70
(pg/mL)

TNF-α
(pg/mL)

Sdc-1 in
plasma
(ng/mL)

FpGLP-1
(pmol/L)

r (ascending AA
patients) −0.2109 −0.1219 0.2103 −0.5401 −0.5252 −0.3461 0.3337 0.0983 −0.0590

p value (ascending
AA patients) 0.65 0.77 0.62 0.13 0.15 0.45 0.38 0.82 0.87

r (control and
ascending AA

patients)
−0.2746 −0.1686 −0.0929 −0.3476 −0.1768 −0.1496 −0.0191 −0.0777 −0.2037

p value (control
and ascending AA

patients)
0.30 0.55 0.73 0.14 0.47 0.61 0.94 0.74 0.42

To determine whether altered systemic inflammation in an ascending AA character-
ized by a Th1 profile [31–34] could play a role in the increased adventitial Sdc-1 expression,
we assessed the potential correlations between the Sdc-1 expression in the adventitia and
the plasma expression of cytokines (Table 3 and graphical illustrations in Supplementary
Data Figure S2A,B). However, the only significant correlation detected was a positive cor-
relation between the adventitial Sdc-1 expression and the IL-4/IFN-γ ratio (often used to
identify a Th2 shift [35]) (r = 0.7224, p < 0.05, Figure 4H). Finally, to investigate the potential
role of fpGLP-1 in the adventitial Sdc-1 expression, we assessed whether fpGLP-1 levels
correlated with an altered Sdc-1 expression in thoracic AA tissue. However, no significant
association between fpGLP-1 and the Sdc-1 tissue expression was detected (Table 3).
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Figure 4. The Sdc-1 was increased in the aortic tissue of patients with an ascending AA. The Sdc-1 expression in the
adventitia was higher in ascending AA patients compared with the control non-ascending AA patients, (A) normalized
data and (B) Western blot data. The macrophage marker CD68 was increased in patients with an ascending AA compared
with the control but no change of the same was noticed in the T2D patients, (C) normalized data and (D) Western blot data.
(E) The MMP-2 activity in the adventitia was not associated with the Sdc-1 expression in the same tissue nor was MMP-2
altered in the ascending AA group (F). A Pearson correlation was used to assess the associations. (G) The plasma Sdc-1 was
not changed in the ascending AA patients. (H) The Sdc-1 in the adventitia was positively correlated with the IL-4/IFN-γ
ratio. Comparisons between the groups were made using an unpaired t-test or a Mann–Whitney. n = 10 for the control and
n = 10 for the ascending AA. Pearson correlation analysis was performed to assess any associations. ns = not significant,
* p < 0.05, *** p < 0.001. For (B,D) the full-length blot is provided in Supplementary Material Figure S3.

4. Discussion

Recent research using animal models of aneurysm development indicate an impor-
tant role for Sdc-1 in preventing and counteracting aneurysm pathogenesis [24,25]. We
hypothesized that increased fpGLP-1 and enhanced GLP-1 signaling in T2D contributed
to a reduced shedding and an increased expression of Sdc-1 in the aortic tissue and that
this played a role in the reduced prevalence of ascending AAs in T2D. Consequently, we
investigated the Sdc-1 expression in the aortic tissue of patients with/without T2D as well
as potential associations with fpGLP-1. Furthermore, as the macrophage Sdc-1 expression
was induced in response to an aneurysm formation in experimental models counterbal-
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ancing the inflammatory processes ongoing during thoracic AA formation [24,36], we
assessed whether the increased Sdc-1 expression could be detected also in patients with an
established ascending AA as well as its potential association with increased macrophage
infiltration and inflammation.

Throughout this study, aortic adventitial tissue was used because growing evidence
supports that processes leading up to the medial degeneration observed in an ascending
AA are initiated in the adventitia.

In line with the hypothesis, we detected reduced shedding and a significantly in-
creased expression of Sdc-1 in the adventitia of T2D patients compared with the controls.
The increased aortic tissue expression of Sdc-1 in T2D facilitates a potential role for an
increased aortic Sdc-1 expression in the reduced prevalence of a thoracic AA in T2D [24].
Of potential interest here is that the knockdown of Sdc-1 inhibits pathways that upregulate
the expression of importin-8 [37,38] and loss of function of importin-8 has been shown to
cause a syndromic form of thoracic AA [39]. In addition, endothelial nuclear factor-κB (NF-
κB) levels associate with a thoracic AA where NF-κB activation may trigger macrophage
infiltration and inflammation in the adventitia and media [40] and Sdc-1 and GLP-1 alike
have been shown to suppress NF-κB activation [41,42].

MMP-2 can proteolytically cleave and shed Sdc-1 from the cell surface [43] and
reduced plasma Sdc-1 (shed Sdc-1) tended to correlate with a reduced local MMP-2 activity.
However, the MMP-2 activity in the adventitia was not significantly altered in T2D. Taken
together, these data indicate that a reduced Sdc-1 shedding in response to MMP-2 activity
may not be a major contributor to the elevated adventitial expression of Sdc-1 in T2D.
However, MMP-2 is not the only proteinase that sheds Sdc-1 from the cell surface; other
proteases in and around the adventitia may serve to regulate Sdc-1 shedding (for example,
disintegrin and MMP with thrombospondin motifs and MMP-9). There are also inhibitors of
proteases that could affect the cleavage and shedding of Sdc-1 (for example, tissue inhibitors
of MMPs) [44] and receptors that regulate the turnover of proteases and protease inhibitors
(for example, low density lipoprotein receptor-related protein 1) [43,45]. Furthermore,
although no significant association of plasma Sdc-1 and the adventitial Sdc-1 expression
was observed, it should be considered that Sdc-1 from the ascending aorta is likely to be a
small contributor to the plasma pool of Sdc-1. Specifically, altered shedding from the aorta
localized to the site of the aneurysm could be masked by other larger contributors to Sdc-1
in plasma such as the liver, kidneys and/or digestive tract [46,47]. Consequently, the data
obtained in the present report did not rule out that the increased aortic Sdc-1 expression
in T2D resulted from a reduced local Sdc-1 shedding in the adventitia. No increase in
macrophage-specific markers, indicating macrophage infiltration as a possible contributor
to the increased Sdc-1 expression, was detected in the aortic tissue from the T2D group.
Future studies should evaluate a potential relevance for the identified correlation between
IL-12p70 and the expression of Sdc-1 in the adventitia as well as the trend toward a positive
correlation between plasma IFN-γ and Sdc-1 in the adventitia within the T2D patient group.
IFN-γ is known to cause shedding of Sdc-1 [48], which may imply that the tissue expression
should be high when IFN-γ levels are low. However, plasma concentrations of IFN-γ may
differ from the local adventitial expression of IFN-γ. Furthermore, the trend towards a
positive correlation between IFN-γ and the adventitial Sdc-1 expression in T2D patients
may be related to the fact that shed Sdc-1 in plasma binds and inhibits IFN-γ, resulting
in less-detected IFN-γ under the conditions of increased shedding and a low Sdc-1 tissue
expression [49,50]. However, this is purely speculative and if a positive correlation between
IFN-γ and Sdc-1 is confirmed in larger observational studies, the underlying mechanisms
should be further investigated.

The results presented herein did not support a role for elevated fpGLP-1 in the
increased aortic expression of Sdc-1 associated with T2D. However, the total fpGLP-1 (7–36
and 9–36) was measured in this study and the differences between the groups in terms of
enzymatic activity and the degradation of active GLP-1 could not be excluded.
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Furthermore, the lack of association between fpGLP-1 and the aortic Sdc-1 expression
may be due to the very small amount of fpGLP-1 reaching the GLP-1Rs at the site of the
aneurysm and does not exclude the direct effects of incretin therapy on the aortic Sdc-1
expression. Specifically, GLP-1 has a half-life of only 1–2 min as it is rapidly degraded by
DPP-4, resulting in approximately only 10% of active endogenous GLP-1 reaching systemic
circulation [51,52].

In line with data from animal models of abdominal AAs, we report an increased
expression of Sdc-1 in the adventitia after an ascending AA formation. The increased
expression of Sdc-1 in the adventitia of patients with an established ascending AA was
observed together with an increased expression of a macrophage-specific marker and not
indicated to result from a reduced proteolytic cleavage or shedding by MMP-2 as local
MMP-2 activity was not increased in association with an ascending AA and no association
between the local MMP-2 activity and the Sdc-1 expression was detected. Unaltered MMP-
2 activity in an ascending AA may seem contradictory to the reports of increased MMP-2
expression in thoracic AA patients [53,54]. However, one must consider the important
difference between expression and activity and that these studies did not include patients
with an ascending AA as they used specimens from the aortic arch. Furthermore, the stage
of progression of the ascending AA could not be assessed at the time of the study, which
may be of importance for analyses such as MMP-2 activity where increased MMP-2 levels
are detected early in thoracic AA formation [55].

The amount of plasma Sdc-1 in the circulation was not significantly altered in an
ascending AA nor was it associated with the expression of Sdc-1 in the adventitia. This
indicated that the increased tissue expression of Sdc-1 was the result of factors other
than altered shedding. Specifically, the positive correlation between the adventitial Sdc-1
expression and the increased detection of the macrophage-specific marker CD68 might
indicate an induced expression on infiltrating macrophages in response to an ascending AA
where the Sdc-1 expression counterbalanced the inflammatory processes ongoing [24,36].
Future studies should perform immunohistochemistry on an aortic cross-section for Sdc-1
and CD68 to confirm that Sdc-1 is localized to infiltrating macrophages as the positive
correlation between CD68 and Sdc-1 indicates.

However, it is important to consider that we cannot rule out altered local Sdc-1
shedding as a contributor to the increased expression of Sdc-1 detected in the aortic tissue
in association with an ascending AA. Particularly, as stated above, MMP2 is not the only
protease to shed Sdc-1; the adventitial Sdc-1 from the ascending aorta is likely a small
contributor to the plasma pool of Sdc-1.

The fact that the Sdc-1 in plasma was not increased in association with an ascending
AA may seem contradictory to the known role of inflammation in an ascending AA as
well as in the Sdc-1 shedding process [44,56,57]. However, we did not assess/compare the
inflammatory profile of the patient groups in this study.

Although this type of cohort study can infer and interpret a causal relationship, it can-
not establish one. Furthermore, due to the relatively low number of patients in each group
for a few of the analyses, the patients could not be separated into subgroups depending on
sex, type of valve pathology (i.e., aortic stenosis or aortic insufficiency) and anti-diabetic
therapy. Future larger registry-based/multi-center studies should be undertaken to further
our understanding of the role for GLP-1-based anti-diabetic therapy in the increased Sdc-1
expression in the adventitia of T2D patients and its potential relevance for the reduced
prevalence of ascending AAs in T2D.

However, the present study presented novel and important information of an in-
creased aortic expression of Sdc-1 in association with T2D while also indicting the infiltra-
tion of macrophages and an increased aortic Sdc-1 expression in response to an ascending
AA. Considering that the local expression of Sdc-1 is indicated to protect from aneurysm
formation [24], the increased aortic expression of Sdc-1 detected in T2D patients may
contribute to a reduced prevalence of ascending AAs in T2D.
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