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Abstract: Aorta diseases, such as ascending aorta aneurysm (AsAA), are complex pathologies,
currently defined as inflammatory diseases with a strong genetic susceptibility. They are difficult
to manage, being insidious and silent pathologies whose diagnosis is based only on imaging data.
No diagnostic and prognostic biomarkers or markers of outcome have been known until now.
Thus, their identification is imperative. Certainly, a deep understanding of the mechanisms and
pathways involved in their pathogenesis might help in such research. Recently, the key role of oxi-
dative stress (OS) on the pathophysiology of aorta disease has emerged. Here, we describe and
discuss these aspects by revealing some OS pathways as potential biomarkers, their underlying
limitations, and potential solutions and approaches, as well as some potential treatments.

Keywords: aorta diseases; ascending aorta aneurysm (AsAA); reactive oxygen species (ROS);
oxidative stress; potential biomarkers; benefits and limitations; potential treatments

1. Introduction

In Western countries, the incidence of cardiovascular disease (CVD) is growing
greatly because of the aging population. It is estimated that in 2030, the percentage of
incidence will achieve the value of about 40.5% [1]. Thus, CVDs constitute a strong chal-
lenge to public health [2]. However, progress has been achieved in the management of
some CVDs. For example, new thrombolysis and percutaneous coronary intervention pro-
cedures have been developed for the treatment of ischemic heart diseases. Such treatments
have been able to improve both the quality of life and survival of the affected patients [3].
Conversely, for other CVDs, such as aorta pathologies (i.e., aneurysms, particularly spo-
radic ascending aorta aneurysms (AsAA) [4,5]), the management and outcome remain
difficult. Consequently, the search for appropriate molecules and pathways with diverse
applications from risk prediction and screening to diagnosis and prognosis, and the crea-
tion of specific algorithms that would be useful in preclinical and clinical settings, are im-
perative and encouraged [6].

In line with these observations, the identification of all the pathological conditions
associated with aorta pathologies (endothelial dysfunction, medial degeneration, arterial
hypertension, atherosclerosis, cardiovascular remodelling, senescence, death, etc.), their
clinical typical features, and the mechanisms and pathways associated with their onset
and progression have become the objects of intense research aiming to detect molecules
which can be applied as potential biomarkers and targets for personalized treatments.
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Accordingly, biomarkers may be derived from clinical features, such as blood, [7] fluid [8]
or tissue investigations (for several “-omics”, e.g., genomics, transcriptomics, proteomics,
metabolomics, microbiomics, etc.); clinical outcome scales; imaging data; physiologic test-
ing; histological analyses and biochemical studies, just to mention a few. As mentioned
above, biomarkers can facilitate diagnoses, predict the prognosis and clinical outcomes,
and identify new therapeutic targets [9]. Another crucial use of biomarkers might also be
accurately assessing the nature (beneficial, futile, or dangerous) of the biological effects of
potential treatments. Accordingly, biomarkers, derived from imaging 3D data analysis
[10] could precisely predict the risk of aneurismal rupture. Ideal biomarkers in aorta pa-
thologies, particularly in AsAA, would allow us to identify the diverse stages of the dis-
eases, and consequently distinguish between patients with or without the disease or clin-
ical outcome of interest, such as dissection or rupture, with high sensitivity and specificity.
Furthermore, they would be cost-efficient, rapidly obtainable without interfering with the
administration of drug therapies, and non- or minimally invasive, as well as being widely
significantly applicable in a universal manner via thoroughly standardized and realisti-
cally plausible methods and methodologies, even in settings with limited resources, with-
out being influenced by confounding variables, including gender, age, ethnic background,
diet, medications, circadian rhythm, environmental exposures, and other medical comor-
bidities [11,12].

Currently, it has emerged that the optimal field of research, in which aorta disease
biomarkers can be easily detected, is oxidative stress (OS) and the consequent endothelial
dysfunction [13]. Accordingly, it has been demonstrated that OS plays a fundamental role
in the pathogenesis of all these diseases, AsAA included [13].

Based on these premises, we first describe the role of reactive oxygen species (ROS)
and oxidative stress within the pathogenesis of aorta disorders, particularly in the onset
of sporadic AsAA. Second, we show evidence how OS pathways and molecules add other
important pieces to the intricate puzzle of the pathophysiology of aorta diseases, particu-
larly in sporadic AsAA disease. This may allow the application of these molecules and
pathways as potential biomarkers and targets in the management of these diseases, par-
ticularly in the complicated management of AsAA, whose diagnosis is currently based
only on imaging evaluations and not on blood biomarkers; moreover, its treatment is ex-
clusively by surgery (see the description in the next paragraph).

2. The Sporadic AsAA and Challenges in Biomarker Identification and Utilization

Aneurysm of the ascending aorta (AsAA) is defined by the dilation of the ascending
aorta’s diameter to greater than 1.5 times the normal diameter. Diverse forms of AsAA
exist, including syndromic, non-syndromic and sporadic forms. Among these, the spo-
radic AsAA form is becoming a serious health risk factor in older Western people. Cur-
rently, it is estimated that aged individuals have an increased incidence of sporadic AsAA
with advancing years. Epidemiological studies executed in geographic regions with stable
populations with little outward or inward migration, such as in Minnesota and Sweden,
demonstrate this evidence [14,15]. In addition, another determining factor related to the
aging population is the increased number of hypertensive individuals [16]. Hypertension
is a commonly prevalent and important risk factor for sporadic ASAA, as established by
recent guidelines. Sporadic AsAA is a silent disease, until rupture or dissection occur, and
is insidious in its onset and progression. The diagnosis of AsAA is often fortuitous and
may occur during a routine physical examination or an independent medical evaluation.
Once suspected, its identification is confirmed by clinical imaging modalities (e.g., X-ray,
magnetic resonance imaging, computed tomography scanning, or ultrasound), which per-
mit the selection of the appropriate surgical procedures (including elective surgery or
endovascular repair), before the onset of catastrophic and life-threatening complications
(i.e., dissection or rupture). Furthermore, until now, there have been no available bi-
omarkers for early diagnosis of sporadic AsAA. On the other hand, sporadic AsAA has
been the object of a very small number of investigations other than those into familial
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forms of the disease. As a result, it is difficult to generalize regarding the disease pathways
or genetic risk factors that contribute to sporadic AsAA. In fact, this pathology of this dis-
ease has unclear mechanisms, and it has a very complex clinical presentation, character-
ized by the lack of overt symptoms until dissection or rupture occur. However, we and
other groups have recently suggested that ASAA is an immune disease with a strong ge-
netic component. Accordingly, the involvement of chronic innate inflammation is emerg-
ing, as well as the key role of oxidative stress (OS). The triggers of inflammatory responses,
as well as the optimal mediators (e.g., in the respiratory burst of professional phagocytes)
[17] include high levels of ROS, which produce OS [18]. Recent evidence has reported that
ROS-induced OS is strongly linked to remodelling and degeneration of the aorta wall and
especially of the aortic media [18]. This results in the development of important patholog-
ical conditions, including apoptosis of the smooth muscle cells, the fragmentation of elas-
tic fibres, the degradation of collagen fibres and the infiltration of inflammatory cells. Fur-
thermore, excessive ROS levels have been demonstrated to induce the release of matrix
metalloproteinases (MMP) and stimulate the apoptosis of aortic smooth muscle cells
(SMCs) [14-20].

Thus, AsAA has a very complex pathology, and therefore, one biomarker is not ade-
quate for facilitating its management. Several pathways and mechanisms are involved in
its pathogenesis. Therefore, this consideration leads to a paradigm shift away from the
hunt for a single biomarker that can direct clinical care and research towards research into
multi-biomarker profiles, which may include pro-inflammatory and OS pathways.

3. OS in the Aorta Wall: Mechanisms and Pathways Involved in and Significantly
Associated with Onset of Aorta Diseases, including AsAA

3.1. Physiological Actions of ROS in the Aorta Wall and the Stimulation of OS, with Immediate
Effects on Cellular Components

ROS have a relevant physiological role in aorta cells, and their levels result from a
fine balance between ROS producers and ROS-scavenging enzymatic systems [21-23] (see
Table 1). Accordingly, ROS regulate cellular homeostasis, cell differentiation and growth,
and intracellular signalling molecules, such as phosphatases and kinases [24-28] (see Fig-
ure 1). When this balance is absent, such as when ROS production is abnormal and/or
when ROS scavenging (enzymatic) systems are impaired, OS occurs. OS causes irreversi-
ble cell damage or death caused by increased lipid peroxidation of the biofilms of organ-
oid and cell membranes, augmented intracellular calcium levels, denaturation of proteins,
decreased activity of several enzymes, breakage of DNA and the consequent chromosome
aberration, and the activation of inflammatory responses, accompanied by the release of
the related mediators [24-28] (see Figures 2 and 3). Accordingly, elevated levels of iso-
prostane, malondialdehyde and oxidized low-density lipoproteins (ox-LDL) related to li-
pid peroxidation, nitrotyrosine, chlorotyrosine, carbonylation and S-glutathionylation
have been assessed in patients affected by aorta disorders, such as aorta dilation and dis-
section [29-35]. Likewise, elevated levels of oxidative stress have been also detected in
aortic tissues in animal models, and in cases affected by Marfan and bicuspid aortic valve
syndromes, and AsAA [29-35].

Table 1. The most important enzymes and molecules involved in ROS production.

Enzymes and ROS Molecules Biological Effects

Glutathione (GSH) system

Preventing the initiation of oxidative stress Endothelial
and smooth muscle cell dysfunction

Metallothionein (MT)

Preventing the initiation of oxidative stress-induced aortic
MMP-9 expression

Superoxide dismutases (SOD) Transforming RNS/RNS into less reactive species

Glutathione peroxidases (GPx) Transforming RNS/RNS into less reactive species
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Peroxiredoxins (PRX) Transforming RNS/RNS into less reactive species

Oxidative damage to multiple cytoskeletal and contractile

Nox4 . . .
proteins, and elastic fragmentation

Alteration of contraction and relaxation, ECM degradation
Xanthi i X
anthine oxidase (XO) and aortic wall remodelling

Maintaining the contractile phenotype of VSMCs. A
SmgGDS (Small GTP-Binding Protein GDP Dissociation deficiency induces severe aortic dilatation and severe
Stimulator) elastic fragmentation, higher levels of ROS and MMPs, and
inflammatory cell migration
Increased MMP-2 and MMP-9 expression; increased ECM
fragmentation and apoptosis

Myeloperoxidase (MPO)

The increased activation of non-canonical ERK1/2
signalling due to inflammatory cells is known to be
ERK1/2 signalling pathway associated with TAA pathogenesis, predominately
through the downstream effect of increased MMP
expression
The MPO/HOCI system produced in neutrophils has been
demonstrated to be a local mediator of tissue damage,

Myeloperoxidase (MPO)/hypochlorous acid (HOCI)

system . . .
particularly in ascending aorta aneurysms
A specific increase in endothelial ROS production in Nox2
Nox 2 and Nox 4 transgenic mice was sufficient to cause Ang II-mediated

aortic dissection

In physiological conditions

In the cells of aorta and heart, ROS result from a
fine balance ROS producers and ROS scavenging
enzymatic systems, and regulatehe cellular
homeostasis, cell differentiation and growth, and
intracellular signaling molecules, such as
phosphatases and kinases

A
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Alkoxyl radicals (RO)

Figure 1. ROS in the aorta in physiological conditions: they regulate cellular homeostasis, cell dif-
ferentiation and growth, and intracellular signalling molecules, such as phosphatases and kinases.
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Imbalance between ROS

Oxidative stress occurs, by
causing lipid peroxidation,
protein damage and
denaturation, and DNA
damage of aorta cells
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abnormal, and/or when
ROS scavenging
(enzymatic) systems are ‘
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scavenging enzymes Elevated levels in circulation
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[——]
=

chlorotyrosine, carbonylation and
S-glutathionylation

Figure 2. OS in the aorta wall: when ROS production is abnormal, and/or when ROS-scavenging
(enzymatic) systems are impaired, OS occurs and causes cell damage or death because of lipid pe-
roxidation of the biofilms of organoid and cell membranes, denaturation of proteins, decrease activ-
ity of several enzymes, DNA breakage and the consequent chromosome aberration. Elevated levels
of isoprostane, malondialdehyde and oxidized low-density lipoproteins (ox-LDL) related to lipid
peroxidation, nitrotyrosine, chlorotyrosine, carbonylation and S-glutathionylation have been as-
sessed in patients affected by aorta disorders, such as aorta dilation and dissection.

3.2. OS and Aorta Media Degeneration and Remodelling: Associated Pathways

Elevated levels of ROS [29-35] have also been demonstrated to induce both the re-
lease of matrix metalloproteinases (MMP, and the stimulation of apoptosis in aortic
SMCs). These result in media degeneration and aorta wall remodelling, which represent
the typical pathological conditions significantly associated with an increase in the dimen-
sions of this aorta wall (i.e., with the onset of aneurysm) and dissection [36] (see Figure 3).
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Figure 3. In conditions of OS (i.e., elevated levels of ROS), it has been demonstrated that ROS induce
endothelium dysfunction, the release of matrix metalloproteinases (MMP) and apoptosis of aortic
SMCs. Indeed, ROS modify the activity of tyrosine kinases, such as Src, Ras, JAK2, Pyk2, PI3K and
EGFR, as well as mitogen-activated protein kinases (MAPK), particularly p38MAPK, JNK and
ERK1/2. ROS may inhibit protein tyrosine phosphatase activity, (see Table 1), and activate NF-KB,
AP-1 and hypoxia-inducible factor-1 (HIF-1), by evocating the release of inflammatory mediators.
ROS stimulate ion channels, such as plasma membrane Ca? and K* channels, leading to changes in
cation concentration. Activation of these redox-sensitive pathways result in the media degeneration,
altered vascular tone, and aorta wall remodelling, which represent the typical pathological condi-
tions significantly associated with an increase in the dimensions of the aorta wall (i.e., with the onset
of aneurysm) and dissection. In addition, ROS determine the increased release of inflammatory me-
diators, followed by the stimulation of inflammatory responses and a strong immune infiltration
responsible for vascular inflammation. +, stimulatory effect; ECM, extracellular matrix; MMPs, ma-
trix metalloproteinases.

Angiotensin (Ang) II has been demonstrated to be involved in the aorta’s release of
MMPs under OS conditions (see Figure 3). On the other hand, Ang II perfusion represents
the optimal strategy for creating AsAA mouse models. Ang II stimulates the production
of ROS in the aorta and inflammatory cells, promoting the mechanisms associated with
the formation of aortic dissection or aneurysm [37], i.e., the release of MMPs [36]. Accord-
ingly, it has been demonstrated in mouse models that a reduction of or, better still, a de-
ficiency in nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 1 (NOX1) sig-
nificantly reduces the incidence of aortic dissection induced by Ang II perfusion via a sig-
nificant decrease in MMPs [36]. In addition, it has been also reported that the treatment
with ursodeoxycholic acid prevents Ang II-induced NOX1 expression and promotes the
inhibition of apoptosis of SMCs [36,38] (see Figure 2). Similar results have been obtained
by using human brain vascular SMCs stimulated with recombinant secreted proteins,
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acidic and rich in cysteine (SPARC) in vitro [39]. The observed results have revealed that
SPARC proteins induce the increased expression of NOX proteins, especially NOX4, via
the TGF-B1-dependent signalling pathway. This causes OS, pro-inflammatory matrix be-
haviour and apoptosis in human brain vascular SMCs. Thus, such proteins have been sug-
gested to be involved in the onset of intracranial aneurysms by stimulating OS and the
release of MMPs via activation of the TGF-31-dependent signalling pathway [39]. Accord-
ingly, the TGF-31/ROS/NF-kB pathway has been demonstrated to mediate these effects,
and vascular SMC senescence and aneurysm formation in AsAA, BAV and Marfan syn-
drome patients [40-45]. Consistent with this, increasing evidence has reported that OS can
activate the NF-kB pathway (see Figure 3), which is a well-recognized inflammatory
driver of AsAA pathogenesis. This promotes the release of cytokines, which contribute to
further recruitment of circulating monocytes to the middle aorta and their differentiation
into active macrophages that can secrete MMPs and other ECM-degrading proteins and
to consequently accelerate the onset and progression of AsAA [40-45] (see Figure 3).

In vitro and ex vivo studies on human aorta tissues have also shown that ROS accu-
mulation is significantly associated with the increased expression of the connective tissue
growth factor (CTGF), whose levels appear to correlate with media degeneration [46]. Ac-
cordingly, CTGF has been demonstrated to regulate the synthetic phenotype of vascular
SMC. This finding has been validated by using a murine model of AsAA (C57BL/6]) based
on Ang II infusion. The findings revealed that medial thickening and luminal expansion
of the proximal aorta are associated with the vascular SMC synthetic phenotype as ob-
served in human aorta tissue samples [46].

Moreover, it has been also demonstrated that NOX, xanthine oxidase (XO), myelop-
eroxidase, (MPO), lipoxygenase (LOX), cyclooxygenase (COX), uncoupled endothelial ni-
tric oxide synthase (eNOS), other amine oxidases and non-enzymic sources, including
electron leakage from the mitochondrial electron transport chain, result in altered expres-
sion and function in patients with AsAA (see Table 2) [47].

Table 2. Molecules involved in oxidative stress.

Enzymes

Biological Effects

NADPH oxidases (NOX1, NOX2)

Generation of ROS
Major sources of ROS in the artery wall
The NOX2 phagocyte plays a role in catalysing the respiratory burst
NOX2 facilitates oxygen reduction, resulting in the formation of superoxide

MPO (enzyme myeloperoxidase)

MPO is a peroxidase; excessive levels of these toxic molecules cause tissue
damage.
MPO-producing macrophages can infiltrate TAA and are likely involved in the
progression of TAA disease.
MPO can exacerbate mechanisms of damage to the ECM and DNA, activation of
inflammatory signalling and an increase in endothelial dysfunction

ERK1/2

Increased MMP expression
Increased oxidative stress due to inflammation
Can disrupt aortic wall homeostasis by altering the characteristics of VSMCs
Promotion of human aortic VSMC migration

3-Nitrotyrosine

Markers of MPO-mediated oxidative damage
Promotion of human aortic VSMC migration
Contributing to VSMC dysfunction

3-Chlorothyrosine

Markers of MPO-mediated oxidative damage
Promotion of human aortic VSMC migration

MAPK signalling pathway Expression of relevant target genes, including the upregulation of MMPs

MPO-derived oxidants

DNA modification, causing DNA damage
Affecting VSMC DNA
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MPO-derived HOC1

Damage to specific DNA bases
Inhibition of DNA repair enzymes

Nitric oxide (NO)

Important regulator of vascular tone
Reduced NO production causes endothelial dysfunction

NOX4

Reduced elastin fragmentation, less endothelial dysfunction and an increase in
contractile markers

Glutathione peroxidase (GPx) and
glutathione reductase (GR)

Higher lipid peroxide fluorochromes, expressed as U/g aorta, than in controls in

both abdominal aortic aneurysms (AAA) and atherosclerotic occlusive disease
(AOD)

3.3. Molecules and Pathways Related to OS Attenuation in Aorta Wall

Sirtuin3 (Sirt3), a histone deacetylase with the function of regulating many cellular
processes, has been demonstrated to reduce ROS levels, inflammation, and the apoptosis
of aorta SMCs. Sirt3 deficiency has been investigated and reported to be significantly re-
lated to enhanced OS. Mice with thoracic aorta dissection have been shown to have a sig-
nificantly decreased expression of Sirt3 compared with normal mice. Mice with Sirt3
knockout displayed a significantly increased incidence of thoracic aorta dissection and
aorta dilatation. In addition, an increase in Sirt3 overexpression has been associated with
a significant reduction in Ang Il-induced ROS production, NF-kB activation, and apopto-
sis in human aortic SMCs. Consequently, Sirt3 overexpression diminishes aneurysm for-
mation and reduces aortic expansion. Thus, Sirt3 deficiency is significantly associated
with an increased susceptibility to of thoracic aorta dilation and dissection, because the
Sirt-3-induced anti-ROS effects are attenuated versus a significant increase in apoptosis of
aorta SMCs and inflammation [48].

In contrast to CTGF activity and the mentioned enzymes above, and similarly to the
actions mediated by Sirt3 [41], diverse intracellular enzymes, including superoxide dis-
mutases, catalase, glutathione peroxidases and peroxiredoxins (Prdxs) (see Figure 1 and
Table 2), have the role of maintaining precisely balanced ROS levels to reduce their even-
tual increase during the pathogenesis of diseases such as AsAA [49]. However, evidence
has recently reported that the impaired function of these enzymes, as well as mitochon-
drial dysfunction, characterize patients affected by AsAA, as elegantly summarized by
Portelli and co-workers [47]. Particular attention has been also given to Prdxs, antioxidant
enzymes involved in the regulation of OS and H202-mediated intracellular signalling by
other research groups. Accordingly, studies have confirmed the impaired activity and ex-
pression of Prdxs, particularly of Prdx2, in patients affected by AsAA [49].

4. Suggestions and Recommendations for Further Investigations into the Ideal
Scenario for Biomarker Profile Development

The selection and development of biomarkers should be based on a clear understand-
ing of the pathogenesis of aorta diseases, particularly of AsAA (here taken as typical ex-
ample), their subtypes (i.e., sporadic, syndromic, and non-syndromic forms, in the case of
AsAA), relevant complications (i.e., dissection and rupture) and recovery phase. With that
in mind, several of the OS pathways and molecules described above do not completely
achieve this purpose. They can partly explain the close relationship between OS and the
onset of aorta diseases, such as AsAA, but they do not allow us, for example, to reveal the
symptoms of severity injury, which might help a practitioner to immediately intervene or
predict complications. In addition, given the long-term functional impairment of the aorta
wall caused by OS and the related inflammation, identifying diagnostic biomarkers that
correlate with the severity of injury and prognostic biomarkers for the early prediction of
dissection and rupture, as well as diagnostic biomarkers for monitoring the increase in
aorta dilation, the peak and the resolution with surgery or non-invasive treatments, might
serve in the care and critical management of AsAA patients. Furthermore, understanding
the dynamic and temporal biomarker levels relative to the patient’s clinical course would
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shed important light on the pathophysiology of AsAA and reveal novel putative thera-
peutic targets. In terms of biosamples, blood samples would be preferable because of their
ease of collection and rapid examination. It would additionally be ideal to collect blood
samples at precise time intervals to obtain temporal profiles, which might also be corre-
lated with initial clinical imaging severity. Comparing the rates of change would delineate
the contribution of tissue (aorta) versus systemic mechanisms that are fundamental to de-
veloping effective biomarkers and therapeutic treatments.

However, all these observations suggest that further scientific efforts are needed for
the identification of biomarkers related to OS for aorta pathologies, i.e., AsAA, and of
targets for the development of antioxidant therapies. To this end, further advances could
be realized by studying further molecules associated with entire OS pathways through a
new technological appraisal based on innovative approaches and systems. The integration
of multi-omics analyses based on genomics, epigenomics, transcriptomics and proteomic
profiles, along with recent metabolomic, microbiomic and nutrigenomic investigations
should be encouraged [50-52]. This could attenuate the limitations regarding the current
use of the many available methods for detecting ROS and ROS damage, as recently sug-
gested in the recommendations of the American Heart Association [53]. In addition, this
type of analysis would bring together clinicians and basic/translational researchers into
aorta diseases, such as AsAA, for the intriguing opportunity of reverse-translating the
biomarkers. Likewise, this method might also be used to develop pharmacological or non-
pharmacological translational treatments. In the next section, we describe and discuss
some of these treatments.

5. From the Experimental Aspects to Translational Medicine: Antioxidant Treatments
and Targets

Several pharmacological treatments and natural compounds with antioxidant prop-
erties have been developed. Below, we describe some of these, showing their beneficial
effects and limitations.

5.1. Natural Compounds and the Mediterranean Diet

Natural compounds, principally obtained from plants but also from animals and mi-
cro-organisms, have been widely recognized for thousands of years as treatments for the
prevention of and therapy for many human diseases [54,55]. Of note are the phytochemi-
cals, chemical compounds produced by plants for resisting pathogens, which have bene-
ficial properties for human health. Accordingly, they have biological effects on diverse
mechanisms, such as epigenetic modifications, modulation of signal transduction and
metabolic pathways, and regulation of antioxidant enzyme activity [54,55]. In support of
their advantageous effects, several data have been reported in literature, particularly re-
garding their anticancer activities [56] and their ability to delay or escape the onset and
progression of CVD [57] or other chronic pathologies [58]. The phytochemicals with anti-
oxidant-rich properties comprise the polyphenols, flavonoids, iso-flavonoids, anthocya-
nidins, phytoestrogens, terpenoids, carotenoids, limonoids, phytosterols, glucosinolates
and fibres. They are generally utilized as functional foods, soft drinks, and many other
food items, and show good nutritional value [59,60]. In animal AsAA models, their action
has been revealed to be effective, while human clinical trial studies have failed to demon-
strate this evidence [61-67]. Davies and Holt, by adopting two modelling techniques,
namely Gillespie’s Stochastic Simulation Algorithm (using Kinetiscope) and a discrete
Markov chain, have showed the diverse reasons for this failure, including the rate of re-
action between the free radicals and the non-enzymatic antioxidants, which is considered
anecessary threshold for evaluating the effect of an antioxidant on the free radical defence
systems naturally present, making it able to minimise their action [63]. In addition, it has
been also reported many times that an active natural compound may prove to be inactive
because of the isolation method [63]. Accordingly, the development of recent analytical
and computational techniques offers new possibilities for treating and processing



https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/markov-chain

Antioxidants 2022, 11, 182

10 of 19

complex natural compounds for obtaining new and innovative drugs [64]. The use of
quantum computing, computational software and databases allow the simulation of mo-
lecular connections and calculation of the characteristics and factors required for the de-
velopment of drugs, even if they are natural, and these tools can also be used for evaluat-
ing their pharmacokinetic and pharmacodynamics, helping us reach this difficult goal, as
recently described by Thomford and co-workers [64].

Despite these limitations, new flavonoids have been tested, including diosmetin. Di-
osmetin is a citrus flavonoid with antioxidant and anti-inflammatory effects. Experi-
mental studies have shown its ability to ameliorate vascular dysfunction and remodelling
by influencing the expression of Nrf2/HO-1 and p-JNK/p-NF-«kB in hypertensive rats [65].
Other natural compounds explored in recent examinations include, for example, essential
oils, which represent alternatives to natural and synthetic antioxidant agents [66,67].
Among these, the essential oil of Inula montana, containing the E,E-farnesyl acetate was
shown to be a new inhibitor with potent activity towards superoxide dismutase (SOD)
and ctDNA inhibition [68]. Another area of recent interest is hydroxytyrosol (HT), the
major phenolic compound in olive oil. HT has beneficial properties, such as its remarkable
antioxidant and anti-inflammatory power [69]. Accordingly, recent studies have consid-
ered the role of HT in the formation of advanced glycation end-products (AGEs), which
are associated with the onset of diabetes, and neurodegenerative and cardiovascular dis-
eases. The data obtained have demonstrated the capacity of HT to selectively inhibit the
protein glycation reaction in human insulin and to counteract the AGE-induced cytotoxi-
city by acting on sirtuin levels and oxidative stress, as well as on the inflammatory re-
sponse [69].

Consistent with these recent discoveries about HT, it has also been described that the
Mediterranean diet can positively impact the cardiovascular system thanks to its antioxi-
dant effects [70]. Precisely, two studies have tested the risk of abdominal aortic and cere-
bral aneurysms in relation to Mediterranean diet adherence [71,72]. They have been con-
ducted on a very large sample and have demonstrated that a Mediterranean diet based
on a high consumption of fruits, vegetables, wholegrains, legumes, nuts, fermented dairy
products, fish, and olive and/or rapeseed oil; moderate consumption of alcohol; and low
consumption of processed and unprocessed red meat may represent a positive factor for
the prevention of two forms of aneurysm [71,72]. There have been no studies about AsAA
and the Mediterranean diet to date. However, the positive results described here may en-
courage us to conduct this type of study. On the other hand, preclinical studies, popula-
tion studies and clinical trials recommend adherence to the MD particularly the consump-
tion of foods with a high content of polyphenols, such as biophenols, including red wine,
extra virgin olive oil (EVOO), green tea, spices, berries, and aromatic herbs [73,74]. Alt-
hough biophenols are present in low quantities in these foods, their quotidian consump-
tion during the life of an individual may result in a significant reduction in the incidence
of aorta diseases, such as AsAA [73,74].

Of note also are the recent findings on quercetin, a natural flavonoid, commonly ex-
isting in nature, especially in tea, coffee, apples and onions [75]. Specifically, some very
promising studies have shown how the combination of quercetin with small antioxidant
agents, such as resveratrol, luteolin, arctigenin, trehalose, curcumin, etc., can improve the
therapeutic effects at lower doses by preventing possible toxicity and its subsequent ef-
fects during treatment [75]. Likewise, it has been recently observed that the effect of other
antioxidant agents may be increased by fusing or combining two or more compounds
with different properties [76]. One example was given by a recent study, which tested the
effect of non-natural compounds of non-steroidal anti-inflammatory drugs fused with the
antioxidant fractions 3,5-di-tert-butyl-4-hydroxybenzoic acid (BHB), its reduced alcohol
3,5-di-tert-butyl-4-hydroxybenzyl — alcohol (BHBA), or 6-hydroxy-2,5,7,8-tetra-
methylchromane-2-carboxylic acid (Trolox), a hydrophilic analogue of a-tocopherol [76].
For validating the anti-inflammatory and antioxidant effects of these compounds, ma-
chine learning algorithms have been used. Fortunately, interesting results have been
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obtained, which have shown the significantly increased antioxidant and anti-inflamma-
tory activities of the new fused molecules compared with the parent molecules [76].

Thus, the combination and design of multifunctional compounds might potentially
be more advantageous and could represent a more efficient therapeutic approach to dis-
eases such as AsAA, as discussed in this article.

5.2. Innovative Technologies as Targeted Antioxidant Treatments: Nanomedicine and Its Benefits
and Limitations

Modern technologies have been recently developed for treating OS and preventing
the onset of aorta diseases, such as AsAA. Among these, the use of nanomaterials and
nanotechnologies [77,78] allows us to apply nanomedicine, specific targeted treatments
that are able to improve the delivery of targeted drugs (e.g., natural antioxidant com-
pounds or pharmacological drugs) using nanoparticles (NPs) (e.g., liposomes and nio-
somes plus polymers, lipid and organic polymer hybrids and precursors, carbon nano-
tubes, quantum dots, metal, metal oxides), and to investigate their bioavailability, as well
as to reduce the associated toxicity or side effects, and costs. Such innovative approaches
have been used, for example, for increasing the bioavailability, stability, and the conse-
quent beneficial effects of curcumin against inflammatory-related diseases [79]. Likewise,
pH and ROS dual-responsive NPs engineered by integrating pH- and ROS-responsive
cyclodextrin materials with resveratrol have been used as an efficient and secure nano-
platform for therapeutic delivery to the sites of vascular inflammation, identified by the
presence of acidosis and OS [80,81]. These promising results suggest the use of this ap-
proach for ameliorating ROS levels and reducing the susceptibility to aorta diseases, such
as AsAA.

However, in the application of nanomedicine, some issues regarding about its bene-
fits would need to be explored [78,79]. Specifically, nanomedicine based on use of nano-
particles encapsulated with therapeutic compounds offers the advantage of overcoming
the body’s biological barriers and improving the method of delivering compounds to spe-
cific tissues and organs with high levels of ROS, such as the aorta, in our specific case.
Furthermore, nanomedicine technology has another advantage, namely its ability to en-
hance the efficacy of therapeutic compounds by reducing their toxicity or other side ef-
fects. Nanoparticles constitute one of the major technologies of nanomedicine, because a
combination of physical, chemical, and biological technologies may be used for improving
the in vivo performance of this next-generation therapeutic approach [78,79]. Another im-
portant aspect of nanomedicine is assessment of the biodistribution of the nanoparticles
following their in vivo administration in animals and humans [78,79]. This constitutes a
challenge despite the large range of techniques available for detecting nanoparticles” bio-
distribution, including histology, electron microscopy, liquid scintillation counting (LSC),
indirectly measuring drug concentrations, in vivo optical imaging, computed tomography
(CT), magnetic resonance imaging (MRI) and nuclear medicine imaging. Despite the di-
verse benefits, which encourage their use, additional investigations are certainly needed
for making this approach very effective [82].

5.3. New Drugs: Metformin and Melatonin, and the Necessity of Validating Positive Evidence

For stopping or retarding the development of aorta diseases, such as AsAA, and re-
versing its progression into aortic dissection, potential pharmacological treatments cur-
rently under investigation include -adrenergic blocking agents, losartan, irbesartan, an-
giotensin-converting-enzyme inhibitors, statins, antiplatelet agents, and doxycycline,
which represent the elective treatments used for AsAA [83,84]. However, as mentioned
above, other drugs, such as those with antioxidant action, are the object of several studies.
Among these, metformin, a drug usually used in diabetes therapy, is emerging as a potent
antioxidant agent [85]. Studies on model organisms have demonstrated that metformin
can ameliorate the OS status and health status of the cardiovascular system, including the
aorta, via diverse mechanisms: (a) reducing insulin and IGF-1 signalling, (b) inhibiting
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mTOR, (c) reducing the levels of ROS, (d) lowering inflammation, (e) reducing DNA dam-
age and (f) activating the AMPK/acetyl-CoA carboxylase (ACC) pathway [85]. The effect
on the AMPK/acetyl-CoA carboxylase (ACC) pathway has attracted particular attention
[85]. Consistent with this, Li and co-workers have recently demonstrated that metformin
inhibits the onset of intracranial aneurysm and its progression by controlling vascular
smooth muscle cell phenotype switching via the AMPK/ACC pathway [86]. In addition to
the recent work by Li’s group, other studies have suggested that metformin can suppress
the progression of early aneurysms, such as abdominal aortic aneurysms [87]. This aspect
has been recently pointed by Yu’s group, who conducted a systematic review and meta-
nalysis of eight studies and 29,587 participants [87]. It appears to be relevant that in every
population examined in these eight studies, a significant inhibitory effect on aneurysm
growth in the cases prescribed metformin for Type 2 diabetes management was demon-
strated, with a variation only in the magnitude [87]. Another interesting aspect reported
by Yu's group concerns the few results existing in the literature on the efficiency of met-
formin in controlling the onset of aneurysm in non-diabetic patients, even if various clin-
ical trials have examined novel endpoints in other cardiovascular disorders, cancer and
other pathologies related to OS status [88,89]. Thus, this aspect needs to be clarified, alt-
hough clinical trials on metformin with this objective are also planned or ongoing in Eu-
ropean and American populations [89].

In the literature, the existing data allow us to suggest that metformin currently rep-
resents the most likely and efficient candidate as an antioxidant and protective agent
against all the forms of aneurysm, even if insignificant or even no data exist on AsAA.
This question should be definitively addressed by performing an adequate number of
clinical trials.

Another emerging antioxidant molecule is melatonin (N-acetyl-5-methoxytrypta-
mine), an indoleamine molecule highly and generally identified in many plant and animal
organisms, including humans [90,91]. Melatonin is synthesized from the essential amino
acid l-tryptophan due to the action of four enzymes. In vertebrates, including humans, it
is known as a secretory product of the pineal gland, even if it is a physiological cell com-
ponent of other tissues, such as the retina, skin, immune system, gastrointestinal tract, and
reproductive tract [91]. In these, melatonin is present at diverse levels, with a higher den-
sity within the membranes and the mitochondria, where it has several functions, includ-
ing interacting with lipids, stabilizing all cellular membranes, reducing lipid peroxidation,
and increasing ATP production. In addition, it produces several beneficial effects in the
context of antioxidant activities. Specifically, it has antioxidant and free radical scaveng-
ing capacity against ROS and reactive nitrogen species (RNS), which helps melatonin to
protect proteins and mt-DNA from OS [91]. In addition, it increases the activity of endog-
enous antioxidant enzymes and has anti-inflammatory properties related principally to
SIRT1 activation [92]. Accordingly, melatonin has displayed, in apolipoprotein E-deficient
mice, the ability to reduce endothelial damage, the loss of SIRT1 and endothelial nitric
oxide synthase, and the expression of p53 and endothelin-1. In addition, it has also been
noted that melatonin confers a cardioprotective effect against myocardial ischemia reper-
fusion injury by reducing oxidative stress damage via activation of SIRT1 signalling in a
receptor-dependent manner [92]. Likewise, it has been recently demonstrated in thoracic
aortic aneurysm and dissection (TAAD) mouse models that melatonin shows therapeutic
effects against TAAD by reducing OS and VSMC loss via activation of SIRT1 signalling in
a receptor-dependent manner, thus revealing a novel therapeutic strategy for TAAD. Of
course, basic experimental investigations and clinical trials are necessary for its future
clinical applications in AsAA [93].
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6. Prebiotics, Probiotics and Synbiotics as Other Therapeutic Possibilities for OS and
Aneurysm

The gut microbiota is described as having a substantial influence on the health of an
individual, and alterations in this, termed dysbiosis, play a key role in the in pathogenesis
of several CVDs, such as aneurysms, contributing to systemic endotoxemia and inflam-
mation, atherosclerosis, and hypertension [94-97]. Accordingly, a recent study conducted
in C57BL ApoE~ mice with abdominal aortic aneurysms, induced by Ang II (1000 ng/min
per kg), demonstrated that the composition of the gut microbiomes was diverse between
control and AAA mice and was correlated with abdominal aortic aneurysm diameter.
Moreover, linear discriminant analysis showed that the effect size of the genera Akkerman-
sia, Odoribacter, Helicobacter and Ruminococcus correlated with the progression of ab-
dominal aortic aneurysm [98]. Thus, gut microbial dysbiosis might contribute to the path-
ogenesis and progression of abdominal aortic aneurysm and represent a potential target
for further research [98]. Recent evidence also suggests that the origin of aorta diseases,
such as aneurysm, may derive from early life conditions. Accordingly, an increased num-
ber of studies have reported that the health status of the gut microbiota in early life is
significantly associated with the onset of aorta diseases in later life. In turn, a growing
body of evidence has noted the close connection among the mitochondria, the gut micro-
biome and ROS [94-98]. An imbalance in the gut microbiome leads to mitochondrial dys-
function and elevated levels of ROS. These reciprocally impact human health, the home-
ostasis of gut cells and the gastrointestinal microbial community's biodiversity [94-98].
All this evidence has led research to delve into gut microbiota-based treatment modalities,
including probiotics, prebiotics and synbiotics [99], which can restore symbiosis. Probiot-
ics are represented by beneficial living microorganisms, which can improve the intestinal
microbiota profile. Prebiotics comprise non-digestible substrates that can increase the
growth of beneficial gut microorganisms, such as the resident microorganisms and probi-
otic strains. Combinations of probiotics and prebiotics are known as synbiotics, which can
synergistically impact the gastrointestinal tract [100-104]. Experimental and clinical stud-
ies have reporting promising results [105]. Specifically, it has been shown that probiotics
reduce cholesterol levels, and increase bile salt synthesis and bile acid deconjugation.
Comparable effects have also been detected for prebiotics and synbiotics [105]. However,
probiotics also seem to have anti-oxidative, anti-platelet and anti-inflammatory proper-
ties. In addition, probiotics show beneficial effects in all the studied models in vitro, in
animal models and in humans, where probiotic supplementation diminished the OS and
aorta diseases risk [105]. However, the commercially produced probiotics, prebiotics and
synbiotics have properties which remain unidentified; consequently, additional experi-
mental investigation is required for evaluating their ability to prevent and treat OS. Well-
designed clinical trials are particularly mandatory for assessing the impact of probiotics
on trimethylamine-N-oxide (TMAOQO), which is supposed to be a cardiovascular marker,
and to elucidate the long-term effects and action of probiotic, prebiotic and synbiotic sup-
plementation in combination with other drug therapies (for example, aspirin). Others are
evaluating if probiotics can upregulate altered genes in aorta diseases, such as aneurysms,
and promising data have been obtained [106].

However, while it cannot be unambiguously indicated whether such supplementa-
tion generates benefits for the prevention and treatment of aorta diseases, it is of note that
clinical studies performed up to the present have revealed their beneficial effect on OS
and dysbiosis without any side effects to their use.

7. New Regulators of OS for Developing Targeted Treatments

As mentioned above, OS can modulate and alter the expression of gene profiles re-
lated to tissue homeostasis and the onset of associated diseases. Concerning the expres-
sion of genes, RNA-binding proteins (RBP) have a key role in RNA expression and me-
tabolism. Consequently, the appropriate control of these proteins is critical for cellular
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health [107]. Use of a clustered regularly interspaced short palindromic repeats (CRISPR)-
Cas9-single guide RNA library and stimulation of cells with paraquat has permitted us to
identify CSDE1 and STRAP proteins, which interact with each other and produce sensi-
tivity to OS, and the Pumilio homologues (PUM1 and PUM2), which produce resistance
[98]. Thus, this study emphasized that the use of genetic screening may allow us to iden-
tify RBPs and novel genes regulating the sensitivity to OS. They may be used for devel-
oping targeted treatments for OS [107].

Another class of novel OS regulators is the circular RNAs (circRNAs) [107,108], en-
dogenous non-coding RNAs characterized by a covalently closed-loop structure gener-
ated through a special type of alternative splicing termed back-splicing. At this time,
growing evidence has disclosed that circRNAs are evolutionarily conserved across spe-
cies, stable and resistant to RNase R degradation. They display cell-specific and tissue-
specific/developmental-stage-specific expression. Their biogenesis appears to be dissimi-
lar to the canonical splicing of linear RNAs and is controlled by specific cis-acting ele-
ments and trans-acting factors [107-111]. CircRNAs act as regulators of diverse biological
and pathological processes by sponging miRNAs and binding to RBP, which are, as men-
tioned above, regulators of splicing and transcription, modifiers of parental gene expres-
sion and regulators of protein translation, or by being translated into peptides in various
diseases [107-111]. CircRNAs have been detected in exosomes and body fluids, including
human blood, saliva, and cerebrospinal fluids, showing that these exo-circRNAs can rep-
resent both disease biomarkers and novel therapeutic targets. Specifically, exo-circRNAs
can be used as biomarkers of OS because they are regulated by OS and induce ROS pro-
duction and cause ROS-induced cellular death, cell apoptosis and inflammation. These
features make circRNAs important regulators of diverse diseases, such as atherosclerosis
and other diseases of the cardiovascular system, metabolic disease, and cancers [107-111].

Based on this concept, circRNAs might represent another effective therapeutic ap-
proach to OS. Controlling the expression of circRNAs in cardiovascular cells might permit
the application of anti OS agents for significantly reducing the endothelial dysfunction
and vascular inflammation associated with the onset of CVD (e.g., aneurysms) and meta-
bolic diseases [107-111].

8. Conclusions and Perspectives

It appears evident that OS plays a role in the pathogenesis of different forms of aorta
diseases, AsAA included, even if additional studies are required for clarifying the path-
ways involved. This might facilitate the identification of biomarkers. Here, we have re-
ported some of these and suggested potential targets for developing related treatments.
Of note are the RBP proteins and circRNAs, which are emerging not only as OS regulators
but also as biomarkers and potential targets for treatment. In additional, our attention has
been particularly given to emerging natural antioxidant agents, such as diosmetin, as well
as combinations of these, e.g., quercetin with resveratrol, luteolin, arctigenin, trehalose,
curcumin, etc. These have been demonstrated to have therapeutic effects at lower doses.
However, studies have also shown their possible toxicity and its consequent effects during
treatment [75] and demonstrated their failure to be beneficial for AsAA in human clinical
trial studies because of some factors. Possible solutions have been suggested, as well as
the use of more innovative technologies, such as NP or emerging drugs, i.e., metformin or
melatonin, although further studies are needed to validate the beneficial evidence. Partic-
ular attention has been also given to the Mediterranean diet, as well as to gut microbiota-
based treatment modalities, including probiotics, prebiotics and synbiotics [99-102],
which can restore symbiosis, since a close link has been demonstrated between gut
dysbiosis and AsAA.

Certainly, all this evidence indicates and clarifies some aspects of the complex link
between OS and the onset and progression of aorta diseases, such as AsAA, as well as
encouraging the treatments for stress, but it still appears incomplete. Many gaps and lim-
itations characterize it, as reported above. Consequently, further investigations are
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needed, possibly of a multi-omics nature, which could provide a complete portrait with
the translational aim of identifying biomarkers and innovative therapies to apply in the
complex management of aorta diseases, such as AsAA, by facilitating diagnosis, which is
currently based only on imaging evaluations, whereas treatment is exclusively founded
on surgical approaches.

Author Contributions: Conceptualization and supervision, C.R.B.; validation, visualization, and
writing—review and editing, C.R.B. and U.B.; writing—original draft, tables, and figures, C.R.B.,
G.R,, and C.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Heidenreich, P.; Trogdon, J.G.; Khavjou, O.A.; Butler, ]J.; Dracup, K.; Ezekowitz, M.D.; Finkelstein, E.A.; Hong, Y.; Johnston,
S.C.; Khera, A.; et al. Forecasting the future of cardiovascular disease in the United States: A policy statement from the American
Heart Association. Circulation 2011, 123, 933-944. https://doi.org/10.1161/CIR.0b013e31820a55f5.

Livingston, K.A.; Freeman, K.J.; Friedman, S.M.; Stout, RW.; Lianov, L.S.; Drozek, D.; Shallow, J.; Shurney, D.; Patel, P.M.;
Campbell, T.M.; et al. Lifestyle Medicine and Economics: A Proposal for Research Priorities Informed by a Case Series of Disease
Reversal. Int. J. Environ. Res. Public Health 2021, 18, 11364. https://doi.org/10.3390/ijerph182111364.

Virani, S.S.; Alonso, A.; Benjamin, E.J.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.; Chang, A.R.; Cheng,
S.; Delling, F.N.; et al. Heart Disease and Stroke Statistics-2020 Update: A Report from the American Heart Association. Circu-
lation 2020, 141, e139-e596.

Murphy, M.C.; Castner, C.F.; Kouchoukos, N.T. Acute Aortic Syndromes: Diagnosis and Treatment. Mo. Med. 2017, 114, 458-
463.

Senser, E.M.; Misra, S.; Henkin, S. Thoracic Aortic Aneurysm: A Clinical Review. Cardiol. Clin. 2021, 39, 505-515.

Balistreri, C.R.; Pisano, C.; Martorana, A.; Triolo, O.F.; Lio, D.; Candore, G.; Ruvolo, G. Are the leukocyte telomere length attri-
tion and telomerase activity alteration potential predictor biomarkers for sporadic TAA in aged individuals? Age 2014, 36, 9700.
Wong, Y .K.; Tse, H.F. Circulating Biomarkers for Cardiovascular Disease Risk Prediction in Patients with Cardiovascular Dis-
ease. Front. Cardiovasc. Med. 2021, 8, 13191. https://doi.org/10.3389/fcvm.2021.713191.

Bahbah, E.I; Noehammer, C.; Pulverer, W.; Jung, M.; Weinhaeusel, A. Salivary biomarkers in cardiovascular disease: An insight
into the current evidence. FEBS ]. 2021, 288, 6392—-6405. https://doi.org/10.1111/febs.15689.

Ion, A.; Stafie, C.; Mitu, O.; Ciobanu, C.E.; Halitchi, D.I.; Costache, A.D.; Bobric, C.; Troase, R.; Mitu, I.; Huzum, B.; et al. Bi-
omarkers Utility: At the Borderline between Cardiology and Neurology. ]. Cardiovasc. Dev. Dis. 2021, 8, 139.
https://doi.org/10.3390/jcdd8110139.

Zhan, X,; Li, J.; Guo, Y.; Golubnitschaja, O. Mass spectrometry analysis of human tear fluid biomarkers specific for ocular and
systemic diseases in the context of 3P medicine. EPMA ]. 2021, 12, 449-475. https://doi.org/10.1007/s13167-021-00265-y.

Ain, Q.U,; Sarfraz, M.; Prasesti, G.K.; Dewi, T.I.; Kurniati, N.F. Confounders in Identification and Analysis of Inflammatory
Biomarkers in Cardiovascular Diseases. Biomolecules 2021, 11, 1464. https://doi.org/10.3390/biom11101464.

Revuelta-Lopez, E.; Barallat, J.; Cserkdova, A.; Galvez-Monton, C.; Jaffe, A.S.; Januzzi, J.L.; Bayes-Genis, A. Pre-analytical
considerations in biomarker research: Focus on cardiovascular disease. Clin. Chem. Lab. Med. 2021, 59, 1747-1760.
https://doi.org/10.1515/cclm-2021-0377.

Scioli, M.G.; Storti, G.; D’amico, F.; Guzman, R.R.; Centofanti, F.; Doldo, E.; Miranda, E.M.C.; Orlandi, A. Oxidative Stress and
New Pathogenetic Mechanisms in Endothelial Dysfunction: Potential Diagnostic Biomarkers and Therapeutic Targets. J. Clin.
Med. 2020, 9, 1995. https://doi.org/10.3390/jcm9061995.

Chen, Q.; Wang, Q.; Zhu, J.; Xiao, Q.; Zhang, L. Reactive oxygen species: Key regulators in vascular health and diseases. Br. |.
Pharmacol. 2018, 175, 1279-1292.

Magenta, A.; Greco, S.; Gaetano, C.; Martelli, F. Oxidative stress and microRNAs in vascular diseases. Int. J. Mol. Sci. 2013, 14,
17319-17346.

Daiber, A.; Di Lisa, F.; Oelze, M.; Kroller-Schon, S.; Steven, S.; Schulz, E.; Miinzel, T. Crosstalk of mitochondria with NADPH
oxidase via reactive oxygen and nitrogen species signalling and its role for vascular function. Br. J. Pharmacol. 2017, 174, 1670-
1689.

Wortmann, M.; Peters, A.S; Erhart, P.; Korfer, D.; Bockler, D.; Dihlmann, S. Inflammasomes in the Pathophysiology of Aortic
Disease. Cells 2021, 10, 2433.

Tan, X,; Li, T.; Zhu, S; Zhong, W.; Li, F.; Wang, Y. Induction of SPARC on Oxidative Stress, Inflammatory Phenotype
Transformation, and Apoptosis of Human Brain Smooth Muscle Cells Via TGF-1-NOX4 Pathway. J. Mol. Neurosci. 2020, 70,
1728-1741.

Daiber, A. Redox signaling (cross-talk) from and to mitochondria involves mitochondrial pores and reactive oxygen species.
Biochim Biophys Acta. 2010, 1797, 897-906. doi: 10.1016/j.bbabio.2010.01.032.



Antioxidants 2022, 11, 182 16 of 19

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Zou, S.; Liao, M.; Yang, J.; Huang, T.; Green, M.; W, ].; Qu, L. Heat shock protein 27 plays a protective role in thoracic aortic
dissection by promoting cell proliferation and inhibiting apoptosis. Cell. Mol. Biol. Lett. 2017, 22, 24.

Afanas’ev, I. ROS and RNS signaling in heart disorders: Could antioxidant treatment be successful? Oxid. Med. Cell. Longev.
2011, 2011, 293769.

Jha,].C.; Watson, A.M.D.; Mathew, G.; de Vos, L.C.; Jandeleit-Dahm, K. The emerging role of NADPH oxidase NOX5 in vascular
disease. Clin. Sci. 2017, 131, 981-990.

Konior, A.; Schramm, A.; Czesnikiewicz-Guzik, M.; Guzik, T.J. NADPH oxidases in vascular pathology. Antioxid. Redox Signal.
2014, 20, 2794-814.

D’Oria, R.; Schipani, R.; Leonardini, A.; Natalicchio, A.; Perrini, S.; Cignarelli, A.; Laviola, L.; Giorgino, F. The Role of Oxidative
Stress in Cardiac Disease: From Physiological Response to Injury Factor. Oxid. Med. Cell. Longev. 2020, 2020, 5732956.

Mandal, D.; Fu, P.; Levine, A.D. Redox regulation of il-13 signaling in intestinal epithelial cells: Usage of alternate pathways
mediates distinct gene expression patterns. Cell. Signal. 2010, 22, 1485-1494.

Abimannan, T.; Peroumal, D.; Parida, ].R.; Barik, P.K.; Padhan, P.; Devadas, S. Oxidative stress modulates the cytokine response
of differentiated th17 and th1 cells. Free Radic. Biol. Med. 2016, 99, 352-363.

Choi, M.H.; Lee, LK; Kim, G.W.; Kim, B.U.; Han, Y.H.; Yu, D.Y,; Park, H.S.; Kim, K.Y.; Lee, ].S.; Choi, C.; et al. Regulation of
pdgf signalling and vascular remodelling by peroxiredoxin ii. Nature 2005, 435, 347-353.

Fujino, G.; Noguchi, T.; Matsuzawa, A.; Yamauchi, S.; Saitoh, M.; Takeda, K.; Ichjjo, H. Thioredoxin and traf family proteins
regulate reactive oxygen species-dependent activation of askl through reciprocal modulation of the n-terminal homophilic
interaction of ask1. Mol. Cell. Biol. 2007, 27, 8152-8163.

Carta, L.; Smaldone, S.; Zilberberg, L.; Loch, D.; Dietz, H.C.; Rifkin, D.B.; Ramirez, F. P38 MAPK is an early determinant of
promiscuous Smad2/3 signaling in the aortas of fibrillin-1 (Fbn1)-null mice. J. Biol. Chem. 2009, 284, 5630-5636.

Guido, M.; Debbas, V.; Salemi, V.; Tavares, E.R.; Meirelles, T.; Araujo, T.L.S.; Nolasco, P.; Ferreira-Filho, ].C.A.; Takimura, C.K,;
Pereira, L.V.; et al. Effect of the antioxidant lipoic acid in aortic phenotype in a Marfan syndrome mouse model. Oxid. Med. Cell.
Longev. 2018, 2018, 3967213.

Soto, M.E.; Soria-Castro, E.; Lans, V.G.; Ontiveros, E.M.; Mejia, B.I.LH.; Hernandez, ] H.M.; Garcia, R.B.; Herrera, V.; Perez-Torres,
I. Analysis of oxidative stress enzymes and structural and functional proteins on human aortic tissue from different aortopathies.
Oxid. Med. Cell. Longev. 2014, 2014, 760694.

Billaud, M.; Phillippi, J.A.; Kotlarczyk, M.P.; Hill, ].C,; Ellis, B.W.; St Croix, C.M.; Cantu-Medellin, N.; Kelley, E.E.; Gleason, T.G.
Elevated oxidative stress in the aortic media of patients with bicuspid aortic valve. J. Thorac. Cardiovasc. Surg. 2017, 154, 1756
1762.

Phillippi, J].A.; Hill, ].C.; Billaud, M.; Green, B.R.; Kotlarczyk, M.P.; Gleason, T.G. Bicuspid Aortic Valve morphotype correlates
with regional antioxidant gene expression profiles in the proximal ascending aorta. Ann. Thorac. Surg. 2017, 104, 79-89.
Phillippi, J.A.; Billaud, M.; Hill, J.C.; Buchawald, J.E.; Kotlarczyk, M.P.; Cantu-Medellin, N.; Valayutham, M.; Cardounel, A.J.;
Kelley, E.E.; Gleason, T.G. Elevated oxidative stress induces smooth muscle cell death via superoxide anion in Bicuspid Aortic
valve-associated aortopathy [abstract]. Circulation 2015, 132, A19655.

Soto, M.E.; Manzano-Pech, L.G.; Guarner-Lans, V.; Diaz-Galindo, J.A.; Vasquez, X.; Castrejon-Tellez, V.; Gamboa, R.; Huesca,
C.; Fuentevilla-Alvarez, G.; Pérez-Torres, I. Oxidant/antioxidant profile in the thoracic aneurysm of patients with the Loeys-
Dietz syndrome. Oxid. Med. Cell. Longev. 2020, 2020, 5392454.

Hu, X; Jiang, W.; Wang, Z; Li, L.; Hu, Z. NOX1 Negatively Modulates Fibulin-5 in Vascular Smooth Muscle Cells to Affect
Aortic Dissection. Biol. Pharm. Bull. 2019, 42, 1464-1470.

Yang, H.H.; van Breemen, C.; Chung, A.W. Vasomotor dysfunction in the thoracic aorta of Marfan syndrome is associated with
accumulation of oxidative stress. Vasc. Pharmacol. 2010, 52, 37-45.

Liu, W.; Wang, B.; Wang, T.; Liu, X.; He, X.; Liu, Y.; Li, Z.; Zeng, H. Ursodeoxycholic acid attenuates acute aortic dissection
formation in angiotensin II-Infused apolipoprotein E-Deficient mice associated with reduced ros and increased Nrf2 levels. Cell.
Physiol. Biochem. 2016, 38, 1391-405.

Li, T;; Tan, X.; Zhu, S.; Zhong, W.; Huang, B.; Sun, J.; Li, F., Wang, Y. SPARC induces phenotypic modulation of human brain
vascular smooth muscle cells via AMPK/mTOR-mediated autophagy. Neurosci Lett. 2019, 712, 134485.

Pisano, C.; Balistreri, C.R.; Ricasoli, A.; Ruvolo, G. Cardiovascular Disease in Ageing: An Overview on Thoracic Aortic
Aneurysm as an Emerging Inflammatory Disease. Mediat. Inflamm. 2017, 2017, 1274034.

Balistreri, C.R.; Ruvolo, G.; Lio, D.; Madonna, R. Toll-like receptor-4 signaling pathway in aorta aging and diseases: “Its double
nature”. J. Mol. Cell. Cardiol. 2017, 110, 38-53.

You, W.; Hong, Y.; He, H.; Huang, X.; Tao, W.; Liang, X.; Zhang, Y.; Li, X. TGF-3 mediates aortic smooth muscle cell senescence
in Marfan syndrome. Aging 2019, 11, 3574-3584.

Balistreri, C.R.; Marullo, A.G.M.; Madonna, M.; Cavarretta, E.; Allegra, A.; Cesarini, V.; Iaccarino, A.; Schiavon, S.; Peruzzi, M.;
Greco, E.; et al. Deregulation of TLR4 signaling pathway characterizes Bicuspid Aortic valve syndrome. Sci. Rep. 2019, 9, 11028.
Buffa, S.; Borzi, D.; Chiarelli, R.; Crapanzano, F.; Lena, A.M.; Nania, M.; Candji, E.; Triolo, F.; Ruvolo, G.; Melino, G.; et al.
Biomarkers for vascular ageing in aorta tissues and blood samples. Exp. Gerontol. 2019, 128, 110741.

Ruvolo, G.; Pisano, C.; Candore, G.; Lio, D.; Palmeri, C.; Maresi, E.; Balistreri, C.R. Can the TLR-4-mediated signaling pathway
be “a key inflammatory promoter for sporadic TAA”? Mediat. Inflamm. 2014, 2014, 349476.



Antioxidants 2022, 11, 182 17 of 19

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

Branchetti, E.; Poggio, P.; Sainger, R.; Shang, E.; Grau, ].B.; Jackson, B.M.; Lai, E.K.; Parmacek, M.S.; Gorman, R.C.; Gorman, J.H.;
et al. Oxidative stress modulates vascular smooth muscle cell phenotype via CTGF in thoracic aortic aneurysm. Cardiovasc. Res.
2013, 100, 316-324.

Portelli, S.S.; Hambly, B.D.; Jeremy, R.W.; Robertson, E.N. Oxidative stress in genetically triggered thoracic aortic aneurysm:
Role in pathogenesis and therapeutic opportunities. Redox Rep. 2021, 26, 45-52.

Qiu, L.;Yi, S;; Yu, T.; Hao, Y. Sirt3 Protects Against Thoracic Aortic Dissection Formation by Reducing Reactive Oxygen Species,
Vascular Inflammation, and Apoptosis of Smooth Muscle Cells. Front. Cardiovasc. Med. 2021, 8, 675647.

Jeong, S.J.; Park, J.G.; Oh, G.T. Peroxiredoxins as Potential Targets for Cardiovascular Disease. Antioxidants 2021, 10, 1244.
Scola, L.; Giarratana, RM.; Torre, S.; Argano, V.; Lio, D.; Balistreri, C.R. On the Road to Accurate Biomarkers for
Cardiometabolic Diseases by Integrating Precision and Gender Medicine Approaches. Int. J. Mol. Sci. 2019, 20, 6015.

Balistreri, C.R. To the research of treatments for the typical calcific disease of old aortic valve in the omics era: Is the miR-195 a
therapeutic signature via targetable p38-MAPK/VWF axis in bicuspid aortic valve? Int. |. Cardiol. 2020, 309, 108-109.

Olivier, M.; Asmis, R.; Hawkins, G.A.; Howard, T.D.; Cox, L.A. The Need for Multi-Omics Biomarker Signatures in Precision
Medicine. Int. ]. Mol. Sci. 2019, 20, 4781.

Griendling, K.K,; Touyz, R.M.; Zweier, J.L.; Dikalov, S.; Chiallian, W.; Chen, Y.R.; Harrison, D.G.; Bhatnagar, A. Measurement
of reactive oxygen species, reactive nitrogen species, and redox-dependent signaling in the cardiovascular system. Circ. Res.
2016, 119, e39—-€75.

Pandey, K.B.; Rizvi, S.I. Plant polyphenols as dietary antioxidants in human health and disease. Oxid. Med. Cell. Longev. 2009, 2,
270-278.

Ullah, A.; Munir, S.; Badshah, S.L.; Khan, N.; Ghani, L.; Poulson, B.G.; Emwas, A.H.; Jaremko, M. Important Flavonoids and
Their Role as a Therapeutic Agent. Molecules 2020, 25, 5243.

George, B.P.; Chandran, R.; Abrahamse, H. Role of Phytochemicals in Cancer Chemoprevention: Insights. Antioxidants 2021, 10,
1455.

Kiokias, S.; Oreopoulou, V. A Review of the Health Protective Effects of Phenolic Acids against a Range of Severe Pathologic
Conditions (Including Coronavirus-Based Infections). Molecules 2021, 26, 5405.

Bandiwadekar, A.; Jose, J.; Khayatkashani, M.; Habtemariam, S.; Khayat Kashani, H.R.; Nabavi, S.M. Emerging Novel
Approaches for the Enhanced Delivery of Natural Products for the Management of Neurodegenerative Diseases. J. Mol. Neurosci.
2021, online ahead of print.

Mehta, J.; Rayalam, S.; Wang, X. Cytoprotective Effects of Natural Compounds against Oxidative Stress. Antioxidants 2018, 7,
147.

Li, W,; Sun, K,; Hu, F.; Chen, L.; Zhang, X.; Wang, F.; Yan, B. Protective effects of natural compounds against oxidative stress in
ischemic diseases and cancers via activating the Nrf2 signaling pathway: A mini review. J. Biochem. Mol. Toxicol. 2021, 35, €22658.
Dubois-Deruy, E.; Peugnet, V.;Turkieh, A.; Pinet, F. Oxidative Stress in Cardiovascular Diseases. Antioxidants 2020, 9, 864.
Bjelakovic, G.; Nikolova, D.; Gluud, L.L.; Simonetti, R.G.; Gluud, C. Mortality in randomized trials of antioxidant supplements
for primary and secondary prevention. Systematic review and meta-analysis. JAMA 2007, 297, 842-857.

Davies, A.M.; Holt, A.G. Why antioxidant therapies have failed in clinical trials. J. Theor. Biol. 2018, 457, 1-5.

Thomford, N.E.; Senthebane, D.A.; Rowe, A.; Munro, D.; Seele, P.; Maroyi, A.; Dzobo, K. Natural Products for Drug Discovery
in the 21st Century: Innovations for Novel Drug Discovery. Int. J. Mol. Sci. 2018, 19, 1578.

Meephat, S.; Prasatthong, P.; Potue, P.; Bunbupha, S.; Pakdeechote, P.; Maneesai, P. Diosmetin Ameliorates Vascular
Dysfunction and Remodeling by Modulation of Nrf2/HO-1 and p-JNK/p-NF-kB Expression in Hypertensive Rats. Antioxidants
2021, 10, 1487.

Guo, Y.; Pizzol, R.; Gabbanini, S.; Baschieri, A.; Amorati, R.; Valgimigli, L. Absolute Antioxidant Activity of Five Phenol-Rich
Essential Oils. Molecules 2021, 26, 5237.

do Nascimento, L.D.; Moraes, A.A.B.; Costa, K.S.D.; Galucio, ].M.P.; Taube, P.S.; Costa, CM.L.; Cruz, ].N.; Andrade, E.H.d.A.;
Faria, L.J.G. Bioactive Natural Compounds and Antioxidant Activity of Essential Oils from Spice Plants: New Findings and
Potential Applications. Biomolecules 2020, 10, 988.

Achiri, R.; Fouzia, M.; Benomari, F.Z.; Djabou, N.; Boufeldja, T.; Muselli, A.; Dib, M.E.A. Chemical composition/pharmacophore
modelling- based, virtual screening, molecular docking and dynamic simulation studies for the discovery of novel superoxide
dismutase (SODs) of bioactive molecules from aerial parts of Inula Montana as antioxydant’s agents. . Biomol. Struct. Dyn. 2021,
1-22. https://doi.org/10.1080/07391102.2021.1971563.

Sirangelo, I.; Borriello, M.; Liccardo, M.; Scafuro, M.; Russo, P.; lannuzzi, C. Hydroxytyrosol Selectively Affects Non-Enzymatic
Glycation in Human Insulin and Protects by AGEs Cytotoxicity. Antioxidants 2021, 10, 1127.

Dinu, M.; Pagliai, G.; Casini, A.; Sofi, F. Mediterranean diet and multiple health outcomes: An umbrella review of meta-analyses
of observational studies and randomised trials. Eur. J. Clin. Nutr. 2018, 72, 30-43.

Kaluza, J.; Stackelberg, O.; Harris, H.R.; Akesson, A.; Bjorck, M.; Wolk, A. Mediterranean Diet is Associated with Reduced Risk
of Abdominal Aortic Aneurysm in Smokers: Results of Two Prospective Cohort Studies. Eur. J. Vasc. Endovasc. Surg. 2021, 62,
284-293.

Czekajto, A. Role of diet-related factors in cerebral aneurysm formation and rupture. Rocz. Panstw. Zakl. Hig. 2019, 70, 119-126.
Bucciantini, M.; Leri, M.; Nardiello, P.; Casamenti, F.; Stefani, M. Olive Polyphenols: Antioxidant and Anti-Inflammatory
Properties. Antioxidants 2021, 10, 1044.



Antioxidants 2022, 11, 182 18 of 19

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Leri, M.; Scuto, M.; Ontario, M.L.; Calabrese, V.; Calabrese, E.J.; Bucciantini, M.; Stefani, M. Healthy Effects of Plant Polyphenols:
Molecular Mechanisms. Int. J. Mol. Sci. 2020, 21, 1250.

Zou, H.; Ye, H.; Kamaraj, R.; Zhang, T.; Zhang, J.; Pavek, P. A review on pharmacological activities and synergistic effect of
quercetin with small molecule agents. Phytomedicine 2021, 92, 153736.

Tzara, A.; Lambrinidis, G.; Kourounakis, A. Design of Multifaceted Antioxidants: Shifting towards Anti-Inflammatory and
Antihyperlipidemic Activity. Molecules 2021, 26, 4928.

Chauvierre, C.; Letourneur, D. The European project NanoAthero to fight CVDusing nanotechnologies. Nanomedicine 2015, 10,
3391-3400.

Taneja, G.; Sud, A.; Pendse, N.; Panigrahi, B.; Kumar, A.; Sharma, A.K. Nano-medicine and vascular endothelial dysfunction:
Options and delivery strategies. Cardiovasc. Toxicol. 2019, 19, 1-12.

Quispe, C.; Cruz-Martins, N.; Manca, M.L.; Manconi, M.; Sytar, O.; Hudz, N.; Shanaida, M.; Kumar, M.; Taheri, Y.; Martorell,
M.; et al. Nano-Derived Therapeutic Formulations with Curcumin in Inflammation-Related Diseases. Oxid. Med. Cell. Longev.
2021, 2021, 3149223.

Zhang, R.; Liu, R.; Liu, C; Pan, L.; Qi, Y.; Cheng, J.; Guo, J; Jia, Y.; Ding, J.; Zhang, J.; et al. A pH/ROS dual-responsive and
targeting nanotherapy for vascular inflammatory diseases. Biomaterials 2020, 230, 119605.

Jeandet, P.; Sobarzo-Sanchez, E.; Uddin, M.S,; Bru, R.; Clément, C.; Jacquard, C.; Nabavi, S.F.; Khayatkashani, M.; Batiha, G.E.;
Khan, H.; et al. Resveratrol and cyclodextrins, an easy alliance: Applications in nanomedicine, green chemistry, and
biotechnology. Biotechnol. Adv. 2021, 53, 107844.

Younis, M.A.; Tawfeek, H.M.; Abdellatif, A.A.H.; Abdel-Aleem, ]J.A.; Harashima, H. Clinical translation of nanomedicines:
Challenges, opportunities, and keys. Adv Drug Deliv Rev. 2021, 181, 114083.

King, R.W.; Bonaca, M.P. Acute aortic syndromes: a review of what we know and future considerations. Eur. Heart ]. Acute
Cardiovasc. Care 2021, 10, 1197-1203.

Harky, A.; Sokal, P.A.; Hasan, K.; Papaleontiou, A. The Aortic Pathologies: How Far We Understand It and Its Implications on
Thoracic Aortic Surgery. Braz. ]. Cardiovasc. Surg. 2021, 36, 535-549.

Wang, Y.W.; He, SJ.; Feng, X,; Cheng, J.; Luo, Y.T.; Tian, L.; Huang, Q. Metformin: A review of its potential indications. Drug
Des. Dev. Ther. 2017, 11, 2421-2429.

Li, S; Shi, Y.; Liu, P.; Song, Y.; Liu, Y.; Ying, L.; Quan, K;; Yu, G,; Fan, Z.; Zhu, W. Metformin inhibits intracranial aneurysm
formation and progression by regulating vascular smooth muscle cell phenotype switching via the AMPK/ACC pathway. J.
Neuroinflamm. 2020, 17, 191.

Yu, X,; Jiang, D.; Wang, J.; Wang, R.; Chen, T.; Wang, K.; Durgahee, M.S.A.; Wei, X.; Cao, S. Metformin prescription and aortic
aneurysm: Systematic review and meta-analysis. Heart 2019, 105, 1351-57.

Hinchliffe, R.J. Metformin and Abdominal Aortic Aneurysm. Eur. J. Vasc. Endovasc. Surg. 2017, 54, 679-80.

El-Arabey, A.A.; Abdalla, M.; Eltayb, W.A. Metformin: Ongoing journey with superdrug revolution. Adv. Pharm. Bull. 2019, 9,
1-4.

Balistreri, C.R. Anti-Inflamm-Ageing and/or Anti-Age-Related Disease Emerging Treatments: A Historical Alchemy or
Revolutionary Effective Procedures? Mediat. Inflamm. 2018, 2018, 3705389.

Reiter, R.J.; Mayo, J.C.; Tan, D.X,; Sainz, R.M.; Alatorre-Jimenez, M.; Qin, L. Melatonin as an antioxidant: Under promises but
over delivers. |. Pineal Res. 2016, 61, 253-278.

Kumar, J.; Haldar, C.; Verma, R. Melatonin Ameliorates LPS-Induced Testicular Nitro-oxidative Stress (iNOS/TNFa) and
Inflammation (NF-kB/COX-2) via Modulation of SIRT-1. Reprod. Sci. 2021, 28, 3417-3430.

Xia, L.; Sun, C.; Zhu, H.; Zhai, M.; Zhang, L.; Jiang, L.; Hou, P.; Li, J.; Li, K;; Liu, Z.; et al. Melatonin protects against thoracic
aortic aneurysm and dissection through SIRT1-dependent regulation of oxidative stress and vascular smooth muscle cell loss.
J. Pineal Res. 2020, 69, €12661.

Ballard, J.W.O.; Towarnicki, S.G. Mitochondria, the gut microbiome and ROS. Cell. Signal. 2020, 75, 109737.

Patergnani, S.; Bouhamida, E.; Leo, S.; Pinton, P.; Rimessi, A. Mitochondrial Oxidative Stress and “Mito-Inflammation”: Actors
in the Diseases. Biomedicines 2021, 9, 216.

Hsu, C.N.; Hou, C.Y.; Hsu, W.H,; Tain, Y.L. Cardiovascular diseases of Developmental Origins: Preventive Aspects of Gut
Microbiota-Targeted Therapy. Nutrients 2021, 13, 2290.

Jin, M.; Qian, Z.; Yin, J.; Xu, W.; Zhou, X. The role of intestinal microbiota in cardiovascular disease. |. Cell. Mol. Med. 2019, 23,
2343-2350.

Xie, J.; Lu, W.; Zhong, L.; Hu, Y,; Li, Q.; Ding, R.; Zhong, Z.; Liu, Z.; Xiao, H.; Xie, D.; et al. Alterations in gut microbiota of
abdominal aortic aneurysm mice. BMC Cardiovasc. Disord. 2020, 20, 32.

Olas, B. Probiotics, Prebiotics and Synbiotics-A Promising Strategy in Prevention and Treatment of Cardiovascular Diseases?
Int. J. Mol. Sci. 2020, 21, 9737.

de LeBlanc, A.A.M.; LeBlanc, ].G. Effect of probiotic administration on the intestinal microbiota, current knowledge, and
potential applications. World ]. Gastroenterol. 2014, 20, 16518-16528.

Hill, C.; Guarner, F.; Reid, G.; Gibson, G.R.; Merenstein, D.].; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.].; Salminen, S.; et al.
Expert consensus document. The International Scientific Association for Probiotics and Prebiotics consensus statement on the
scope and appropriate use of the term probiotic. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 506-514.



Antioxidants 2022, 11, 182 19 of 19

102.

103.

104.
105.

106.

107.

108.

109.

110.

111.

Gibson, G.R.; Hutkins, R.; Sanders, M.E.; Prescott, S.L.; Reimer, R.A.; Salminen, S.J.; Scott, K.; Stanton, C.; Swanson, K.S.; Cani,
P.D; et al. Expert consensus document: The International Scientific Association for Probiotics and Prebiotics (ISAPP) consensus
statement on the definition and scope of prebiotics. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 491-502.

Krumbeck, J.A.; Maldonado-Gomez, M.X.; Ramer-Tait, A.E.; Hutkins, R.W. Prebiotics and synbiotics: Dietary strategies for
improving gut health. Curr. Opin. Gastroenterol. 2016, 32, 110-119.

Markowiak, P.; Slizewska, K. Effects of Probiotics, Prebiotics, and Synbiotics on Human Health. Nutrients 2017, 9, 1021.
Oniszczuk, A.; Oniszczuk, T., Gancarz, M., Szymanska, J. Role of Gut Microbiota, Probiotics and Prebiotics in the
Cardiovascular Diseases. Molecules 2021, 26, 1172.

Liu, HJ.; Li, H.T,; Lin, Y.; Lu, D.L,; Yue, Y.; Xiong, J.; Li, C.Q.; Xu, X.Y.; Feng, Y.G. Identification of 2 Potential Core Genes for
Influence of Gut Probiotics on Formation of Intracranial Aneurysms by Bioinformatics Analysis. Med. Sci. Monit. 2020, 26,
€920754.

Sternburg, E.L.; Gruijs da Silva, L.A.; Dormann, D. Post-translational modifications on RNA-binding proteins: Accelerators,
brakes, or passengers in neurodegeneration? Trends Biochem. Sci. 2021, 47, 6-22.

Greene, J.; Baird, A.M,; Brady, L.; Lim, M.; Gray, S.G.; McDermott, R.; Finn, S.P. Circular RNAs: Biogenesis, Function and Role
in Human Diseases. Front. Mol. Biosci. 2017, 4, 38.

Saaoud, F.; Drummer, L.V.C; Shao, Y.; Sun, Y,; Lu, Y.; Xu, K;; Ni, D.; Jiang, X.; Wang, H.; Yang, X. Circular RNAs are a novel
type of non-coding RNAs in ROS regulation, cardiovascular metabolic inflammations and cancers. Pharmacol. Ther. 2021, 220,
107715.

Zhang, Y.; Chen, Y.; Wan, Y.; Zhao, Y.; Wen, Q.; Tang, X.; Shen, J.; Wu, X,; Li, M,; Li, X,; et al. Circular RNAs in the Regulation
of Oxidative Stress. Front. Pharmacol. 2021, 12, 697903.

Li, L.; Ni, Z; Si, X,; Jiang, L.; Sang, H.; Xia, W.; Chen, Z.; Huang, |.; Jin, J.; Shao, A_; et al. Emerging Clues of Regulatory Roles of
Circular RNAs through Modulating Oxidative Stress: Focus on Neurological and Vascular Diseases. Oxid. Med. Cell. Longev.
2021, 2021, 6659908.



	1. Introduction
	2. The Sporadic AsAA and Challenges in Biomarker Identification and Utilization
	3. OS in the Aorta Wall: Mechanisms and Pathways Involved in and Significantly  Associated with Onset of Aorta Diseases, including AsAA
	3.1. Physiological Actions of ROS in the Aorta Wall and the Stimulation of OS, with Immediate Effects on Cellular Components
	3.2. OS and Aorta Media Degeneration and Remodelling: Associated Pathways
	3.3. Molecules and Pathways Related to OS Attenuation in Aorta Wall

	4. Suggestions and Recommendations for Further Investigations into the Ideal  Scenario for Biomarker Profile Development
	5. From the Experimental Aspects to Translational Medicine: Antioxidant Treatments and Targets
	5.1. Natural Compounds and the Mediterranean Diet
	5.2. Innovative Technologies as Targeted Antioxidant Treatments: Nanomedicine and Its Benefits and Limitations
	5.3. New Drugs: Metformin and Melatonin, and the Necessity of Validating Positive Evidence

	6. Prebiotics, Probiotics and Synbiotics as Other Therapeutic Possibilities for OS and Aneurysm
	7. New Regulators of OS for Developing Targeted Treatments
	8. Conclusions and Perspectives
	References

