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Acute aortic dissection (AAD) is a cardiovascular disease that manifests

suddenly and fatally. Due to the lack of specific early symptoms, many patients

with AAD are often overlooked or misdiagnosed, which is undoubtedly

catastrophic for patients. The particular pathogenic mechanism of AAD

is yet unknown, which makes clinical pharmacological therapy extremely

difficult. Therefore, it is necessary and crucial to find and employ unique

biomarkers for Acute aortic dissection (AAD) as soon as possible in

clinical practice and research. This will aid in the early detection of AAD

and give clear guidelines for the creation of focused treatment agents.

This goal has been made attainable over the past 20 years by the

quick advancement of omics technologies and the development of high-

throughput tissue specimen biomarker screening. The primary histology

data support and add to one another to create a more thorough and

three-dimensional picture of the disease. Based on the introduction of

the main histology technologies, in this review, we summarize the current

situation and most recent developments in the application of multi-omics

technologies to AAD biomarker discovery and emphasize the significance

of concentrating on integration concepts for integrating multi-omics data.

In this context, we seek to offer fresh concepts and recommendations

for fundamental investigation, perspective innovation, and therapeutic

development in AAD.
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1 Introduction

1.1 Applying multi-omics concepts to
biomedicine

Biomedicine is an important engineering field related to the
improvement of medical diagnosis and human’s own health.
As science has advanced over the past few decades, it has
become evident that many diseases, particularly those that are
challenging to diagnose and cure, are frequently brought on
by a confluence of genetic and environmental variables (1).
When the idea of “omics” was first introduced, a new era had
begun in which people were no longer constrained to using
solitary factors to explain illness. This meant that we started
to evaluate a set of molecules in a comprehensive way (2).
One by one, the traditional ideas of genomics, transcriptomics,
proteomics (3), and metabolomics were introduced. Single-
omics methods, however, are only able to explain diseases at a
single level (4) (e.g., at the gene, RNA, or protein level) and are
unable to fully depict the complex biological processes involved
(5), especially the regulatory and signaling mechanisms (6). In
light of this, scientists’ interest in the integration of several
histology techniques has increased recently. It is a method that
has the potential to broaden our understanding of biology and
disease (1) as well as the diversity and depth of the biological
sciences (7). The molecular underpinnings of complex diseases
like cancer (8–10), immune system diseases (11, 12), infectious
diseases (1, 13), and cardiovascular diseases (14) can be better
understood by the analysis of multi-omics data. Thus, we
can reveal disease-related etiological mechanisms, explore new
biomarkers, and develop new targeted drugs for clinical research
applications. To advance the development of clinical precision
medicine (15) and bring benefits to patients (Figure 1).

1.2 Advantages and prospects of
applying multi-omics concepts in AAD

Acute aortic dissection (AAD) is a cardiovascular disease
with a high mortality risk, in which blood flow breaks through
the intima of the aorta and enters the tunica media, forming
a false lumen. The true lumen and the false lumen may or
may not be connected, and blood flowing between them may
form a thrombus. There has been an upsurge in AAD cases
recently (16), with a trend toward younger ages (17). Aging,
high blood pressure, atherosclerosis, and connective tissue-
related genetic risk factors are among the many risk factors
linked to AAD (18). Additionally, men are much more likely
to experience it than women are (19) (Figure 2). AAD can be
divided into acute type A dissection and acute type B dissection
according to the anatomical location of the lesion. Acute type A
dissection involves the ascending aorta and is treated clinically
with emergency open surgery such as aortic replacement, while

acute type B dissection involves only the thoracic descending
aorta and its distal parts and is treated mainly with drugs or
intervention (17). Clinically, patients with AAD tend to present
with tearing-like pain, and the main site of pain correlates with
the site of dissection, with chest pain being the most common.
However, because the symptoms are not diagnostically specific,
they are easily confused with other diseases such as acute
coronary syndrome (ACS), acute myocardial infarction (AMI),
and acute abdomen. And in about 6% of cases, no symptoms of
chest pain are present (20), making AAD often misdiagnosed
or missed (21). AAD rupture can have serious side effects,
including extensive bleeding that quickly results in inadequate
perfusion of several organs and eventual death (22). In patients
with untreated symptoms caused by overlook or misdiagnosis,
the mortality rate can range from 1 to 2% per hour following the
beginning of symptoms to 50% at 48 h (19, 21).

Currently, the most common method used in hospitals for
the diagnosis of AAD is laboratory tests combined with imaging
(23). In order to further reduce the possibility of underdiagnosis
and misdiagnosis, the use of omics techniques becomes an
inevitable choice to drive technological innovation when we try
to optimize the existing diagnostic protocols to discover new,
biologically based, low-budget, easily accessible, highly sensitive,
specific and non-invasive prognostic and diagnostic tools. We
have gradually connected molecule-to-molecule and molecule-
to-phenotype linkages in organisms by merging multi-omics,
starting at the genetic level and moving up via nucleic acids,
proteins, and tiny molecules of metabolism. At the same time,
AAD, as a highly dynamic and changing disease, produces
largely different specific biological indicators at each stage of
its development. To develop a thorough biological model, more
attention must be paid to longitudinal molecular alterations
(i.e., various molecular layers) in the same or the same group
of individuals (24). It also leads to a deeper comprehension
of how signaling pathways and network interactions affect
disease pathogenesis mechanisms (25). Additionally, these
comprehensive data reveal several pathological features of AAD,
which is crucial for patient risk classification and optimizing
therapies to stop AAD progression (14).

2 Introduction of omics
techniques

2.1 Genomics and transcriptomics

Since its inception more than ten years ago, genome-
wide association analysis (GWAS) has significantly advanced
our understanding of human susceptibility genes and their
roles in common diseases. GWAS attempts to find locus
variants associated with complex features in populations, and
in particular to detect connections between common single
nucleotide polymorphisms (SNPs) and a wide range of prevalent
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FIGURE 1

A schematic illustration of how multi-omics technologies are employed in biomedicine. Multi-omics technologies are used to process tissue
samples from people, animals, and the environment for high-throughput quantitative analysis of molecules in biological systems. This aims to
reveal disease-related etiological mechanisms, find new diagnostic markers, shed light on disease pathogenesis, and pave the way for the
creation and application of new targeted therapeutic agents with the ultimate goal of treating diseased populations.

diseases (26). It inaugurated a new era in our understanding of
the genetic origins of disease. Additionally, DNA microarrays
(also known as genotyping microarrays) with known high-
frequency SNPs are frequently used in such research (Figure 3).
The number of variants that can be detected using genotyping
microarrays has increased over the years, but even the high-
density 5 million SNP microarray (Illumina OMNI5) (27) covers
only a small fraction of the 3.3 billion bases in the human
genome. Additionally, some SNPs with low frequency are
frequently deleted after applying conventional quality control
(QC) before association analysis, despite the fact that they
could be crucial to understanding some rare diseases or
phenotypes (28).

Following GWAS, sequencing technologies reached a
historical turning point. Due to their reduced cost, broader
detection range, and improved ability to discover uncommon
genetic variants (e.g., point mutations, copy number variants,
and structural variants) (29), high-throughput whole genome
sequencing (WGS), whole exome sequencing (WES), and
simplified genome sequencing (RRGS) are anticipated to
displace microarray-based genotyping approaches in GWAS.
In particular, WES technology allows better detection of
pathogenic mutations present in coding regions or typical
splice sites, allowing the study of up to 85% of Mendelian
diseases (30). In the history of sequencing technology, second-
generation sequencing (NGS) has been redefined in large part by

improvements in microfabrication and high-resolution imaging
that allow us to perform a large number of parallel sequencing
responses at the micron scale (31). The division between NGS
and third-generation sequencing (TGS) technologies is based
on the development of real-time single-molecule sequencing
(SMS) and nanopore sequencing (32). SMS makes it possible to
directly sequence individual DNA molecules, doing away with
the requirement for PCR amplification stages and cutting down
on amplification-related mistakes. While this is happening,
nanopore sequencing technology uses its own high accuracy,
longer read length, and higher throughput of DNA or RNA
molecules to apply to professional fields like genome assembly,
full-length transcript detection, base modification detection,
clinical diagnosis, and epidemic monitoring, greatly improving
the quality and reliability of data (33).

If genomics is the study of the sequence and structural loci
of the genes themselves, transcriptomics explores the function
and structure of genes in an organism by looking at the
level of gene expression regulation in turn. Transcriptome
analysis focuses on gene expression levels and is crucial for
understanding the structure and function of the genome,
unraveling the genetic networks underlying disease, and
discovering molecular biomarkers responsive to infections,
medications, and disease states (34). RNA-seq technology
enables more efficient, less expensive quantification of gene
transcript levels. Most importantly, the discovery of novel genes
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FIGURE 2

Schematic diagram used to characterize the onset of AAD. The cross-sectional schematics of a normal artery, an artery with aortic dissection,
and an artery with dissection rupture are shown. It is intended to show the progression of AAD pathogenesis, i.e., the blood flow breaks through
the intima of the aorta and enters the tunica media, forming a false lumen that will be at risk of rupture if not treated promptly, especially for
Stanford type A dissection. Risk factors for AAD and possible associated pathological mechanisms are also listed.

and RNAs opens up new opportunities for the molecular biology
sector to address clinical medical issues (35). Single cell RNA
sequencing (scRNA-seq) enables transcriptome-wide analysis of
individual cells, which can be used to study cell subpopulations
(36) and uncommon cell types within tissues (37), involves
isolating and lysing the individual cells, converting their RNA to
cDNA, and amplifying the cDNA to produce high-throughput
sequencing libraries (38).

By putting tissue sections on arrays of retrotransposon
primers with specially placed barcodes, spatial transcriptomics
enables the viewing and quantitative analysis of the
transcriptome at spatial resolution in a single tissue section
(39). It can replace the vacuum left by high-throughput
techniques, which, since they cannot be used in situ, lose
information about the spatial relationships between cataloged
cell populations, by giving us unbiased maps of spatial
composition for creating tissue atlases (40). Local networks of
in situ intercellular communication can be better understood
by spatial transcriptomics, and there is mounting proof that the
tissue microenvironment of cells can affect their phenotypic.
The molecular, cellular, and geographical structure of disease

ecological niches (41) can be discovered by combining scRNA-
seq with regionally resolved transcriptomics, multiplex in situ
hybridization, in situ sequencing, and spatial barcoding
approaches to localize RNA inside tissues (36).

2.2 Proteomics and metabolomics

Proteins have an irreplaceable role in exercising biological
functions, and most of the functional information in an
organism can be reflected by protein expression, structure,
function, interactions and modifications (42). It can be said
that proteins are the most direct presentation of the biological
effects of a gene. Marc Wilkins coined the term “proteome”
in 1996 (3), and it offers information that is complimentary
to those of genomes and transcriptomics. However, proteomes
are frequently substantially more complicated than their
genomic and transcriptomic equivalents, and post-translational
modifications (PTMs) in particular greatly contribute to the
higher diversity of protein forms (43).

In the early days of proteomics research, reducing sample
analysis time while increasing the depth of proteome coverage
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FIGURE 3

The method for describing how microarray technology is applied in genomics and transcriptomics. DNA or cDNA probes for microarray
hybridization are first synthesized, and the labeled probes are subsequently hybridized to the DNA microarray on the microarray. The microarray
is scanned by machine and raw data is collected. Finally, a hierarchical grouping and correlation with tissue clinical data was performed on the
data. This in turn can be used to detect known gene sequences with high throughput.

was always the goal of scholars (44). The subsequent separation
of complicated protein samples was made possible by the
development of mass spectrometry (MS) and Edelman
sequencing technologies. Then, isotope labeling, isobaric
labeling, and metabolic labeling-based technologies called
ICAT, iTRAQ (45), and SILAC (46) were introduced. The
development of proteomics reached a pinnacle with the
introduction of high-throughput sequencing technologies
like X-ray crystallography (47), which can determine the
three-dimensional structure of proteins as an anchor for
structural biology, and NMR spectroscopy (48), which is
used to resolve high-resolution protein structures (49).
For decades, MS has been used extensively in the field of
biomolecules, including high-throughput protein analyses that
are both qualitative and quantitative, high-throughput analyses
of protein post-translational modifications, identification
of regulatory networks and protein-protein interactions,

identification of protein-small molecule interactions,
identification of biomarkers, and screening of potential
drug targets (50). Tandem mass spectrometry combined with
liquid chromatography (LC-MS/MS) has been used in a variety
of settings. The fields which heavily relying on LC-MS/MS
methods including clinical toxicology, clinical endocrinology,
and validation of immunosuppressive medications (51).

In addition to being relevant to proteins and peptides,
MS technique is crucial for the investigation of metabolic
small molecules. The term “metabolome” was originally used
by Oliver et al. in 1998 (52), and its analysis offers a novel
method for the study of cellular metabolism and overall
regulation in the fields of biochemistry and molecular biology.
There are several ways to research metabolomics, however, at
this point, nuclear magnetic resonance (NMR) spectroscopy
and mass spectrometry (MS) metabolomics analysis are the
most popular and encouraged methodologies. As a separation
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technique, spectroscopy can separate compounds with similar
structures, such as isomers, to reduce the complexity of
biological extracts, and then send them to mass spectrometry
for subsequent analysis, which will greatly improve the
sensitivity and specificity of metabolomics analysis techniques.
While metabolite culture supernatants are taken from tissues,
biofluids, or cells, and then purified and injected by gas or
liquid chromatography, MS is applied to metabolomics and
proteomics in essentially the same ways. They are then measured
for molecular mass-to-charge ratios and fragmentation patterns,
which are compared to databases of known and anticipated
compounds. Here, liquid chromatography-mass spectrometry
(LC-MS) has been the method of choice for non-targeted
metabolomics because it is the most adaptable and well-liked
separation technology (53).

While the aforementioned analytical techniques are crucial,
the choice of method and the development of the post-analytical
data processing also significantly affect the outcomes (53). For
currently tested metabolites, there are still major technical
obstacles to data analysis and data integration (54). Recently,
MetaboAnalyst’s knowledge base was updated to include MS
peak pathways, biomarker meta-analysis, a web-based resource
manager for building networks of multi-omics technologies,
and many other useful tools, opening up more possibilities
for the future of metabolomics to have greater reproducibility
and transparency in the interpretation of data analysis (55)
(Figure 4).

3 Discovery of AAD biomarkers
based on multi-omics
technologies

Biomarker profiles are defined as indicators that can be
measured in body fluids and tissues for the objective assessment
of normal biology, pathological processes and pharmacological
responses during actual treatment (56, 57). They have been
divided into three major categories: molecular (e.g., chemicals,
proteins, or genes), cellular (e.g., cell kinds, cell shape, and tissue
histology), and imaging (e.g., X-ray, CT, PET or MRI features)
(58). And in the clinical phase, a good biomarker must serve the
purpose of “improving patient prognosis”.

Most of the biomarkers for AAD at this stage have been
discovered based on their possible pathological mechanisms.
But regarding the pathogenic mechanisms underlying the
development of AAD, there are currently a variety of conflicting
and ambiguous views. Most researchers agree that two factors
are primarily responsible for the pathogenesis of AAD: first, the
pathological alterations in the vessel wall itself, including the
activation of inflammatory cells, the breakdown of extracellular
matrix, the destruction of elastic fibers, immune infiltration,
and the loss and degeneration of smooth muscle cells (59), and
second, the impact of mechanical shear stress on the vessel wall

caused by blood flow (60), which is frequently closely related
to unmanageable hypertension. Unfortunately, no diagnostic
marker has been found to be as sensitive for AAD as BRCA for
hereditary breast cancer or PSA for prostate cancer diagnosis
and treatment. Therefore, the introduction of high-throughput
histological technologies is particularly important for exploring
and building a more complete network of AAD biologic
diagnostic markers. In the following, we combine genomics,
transcriptomics, proteomics and metabolomics with acute
aortic coarctation in Pubmed, respectively, and summarize the
biomarker findings in each panel, hoping to bring inspiration
on the development of early diagnostic strategies for AAD.

3.1 Genomics and the discovery of AAD
biomarkers

The risk factors for AAD contain many gene-related
pathogenic mutations (61). Renard et al. (62) used the Clinical
Genome Resource (ClinGen) framework to screen 11 genes
from 53 candidates thought to be strongly associated with
the development of hereditary thoracic aortic aneurysm and
dissection (HTAAD), namely ACTA2, MYH11 [mainly involved
in the smooth muscle cell contractile system (63)], MYLK,
LOX and PRKG1 [aggressive in early onset (64) and associated
with a reduced smooth muscle cell contractile phenotype
(65)] associated with HTAAD; FBN1 associated with Marfan
syndrome; COL3A1 associated with Ehlers-Danlos syndrome;
and SMAD3, TGFB2, TGFBR1 and TGFBR2, which are
associated with Loeys-Dietz syndrome and mainly involve
components of the TGFβ signaling pathway (66). Of these,
exome sequencing revealed that SMAD3 mutations cause 2% of
familial thoracic aortic aneurysms and dissections (TAAD) (67).
As a result of the identification of fresh missense mutations in
SMAD3’s evolutionarily conserved areas, Loeys-Dietz syndrome
(LDS) type 3 has also been more precisely identified (68, 69).
Similarly, a nonsense variant and four missense variants in the
MH2 structural domain of SMAD2 (70) and a heterozygous
missense variant in the MH1 structural domain of SMAD4 were
detected by sequencing in patients with sporadic thoracic aortic
disease and published as first reports (71), perhaps in relation to
its important role in the proliferation of vascular smooth muscle
cells (VSMCs), extracellular matrix maintenance and vascular
remodeling related (72).

As a result, numerous modes of variation might appear
when multiple susceptibility loci exist for the same gene, raising
the risk of disease and making diagnosis more challenging (73).
A pathogenic missense variation [c.6661T > C, p.(Cys2221Arg)]
and two truncated variants [c.4786C > T, p.(Arg1596Ter)]
and [c.6366C > CA, p.(Asp2123GlufsTer5)] of the FBN1 gene
were found in three patients with Stanford B aortic dissection
(74). Patients with truncating and splicing mutations were
more likely to develop severe aortic dissection than those with
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FIGURE 4

For characterizing the detection process of liquid chromatography-mass spectrometry (LC-MS) applied to proteomics and metabolomics. The
sample processing solution and the internal standard solution are first added to the sample, and after vortexing and centrifugation, the
supernatant is transferred to a new EP tube. The LC-MS instrument was then applied to manipulate the processed samples. Finally, MS peak path
analysis and biomarker meta-analysis are performed to generate visualized data.

missense mutations, especially the shift mutations (82.76% vs.
42.86%) (75). Furthermore, there are also data showing that
patients with AAD with FBN1 mutations develop the disease
at a younger age than those without FBN1 mutations (76).
There are many similar rare mutations in common pathogenic
genes, with the identification of heterozygous rare variants
c.839G > T (p.Ser280Arg) (77) and c.893T > G (p.Met298Arg)
(78) missense mutations in LOX, encoding a lysyl oxidase,
leading to the development of ascending aortic dissection.
We also discovered 9 of 338 individuals with heterozygous
uncommon LTBP3 variations in a previous study, including
code-shifting variants, coding deletions, nonsense variants,
and five missense replacements (79). Furthermore, mosaic
variations have recently been found in NGS data from TAAD
patients, while being frequently missed in routine molecular
diagnosis (80).

In addition, the genetic heterogeneity of TAAD was
confirmed by a study that identified multiple loci affected by
rare copy number variants (CNVs) in one third of patients with
early-onset TAAD (ETAAD) (81). The human genome contains
many CNVs, which cover a lot more nucleotides than single

nucleotide polymorphisms (SNPs) and dramatically increase
the diversity of genetic variation seen in the genome. Though
CNVs are challenging to find using standard NGS analysis, we
found six CNVs using XHMM (an algorithm that hunts for
CNVs in NGS data), including four intragenic (multiple) exon
deletions in MYLK, TGFB2, SMAD3, and PRKG1 (82). And on
the long arm of chromosome 10, one patient had a significant
(>1,000,000 bp) CNV with 11 genes lost, including the full actin
alpha 2 (ACTA2) gene (74). On the other hand, it has been
discovered that 22 missense variants in ACTA2, which codes for
α-smooth muscle actin (83), all increase the risk of AAD. Other
genes, like the CDKN2A (cell cycle protein-dependent kinase
inhibitor 2A) and CDKN2B genes on chromosome 9p21.3,
which encode the senescence markers p16 and p15, have also
been found to have genetic variations that have been linked
to various vascular diseases and may contribute to aneurysm
formation and aortic dissection (63).

Acute aortic dissections (AAD’s) development and
progression are also impacted by altered epigenetic control of
genes. In tissue from patients with thoracic aortic dissection
(TAD), analysis of cell-free DNA (cfDNA) by whole genome
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bisulfite sequencing (WGBS) has revealed a number of
differentially methylated regions (DMRs), with associated genes
enriched in the vascular system and cardiac developmental
regions. We also found that alterations in DNA methylation in
TAD subsequently altered the expression of these genes. The
expression levels of HOXA5, HOXB6 and HOXC6, for example,
were significantly downregulated in TAD patients compared
to healthy controls, with the expression levels of HOXA5 and
HOXB6 significantly correlated with their methylation levels
(84, 85). Moreover, Hox genes are known to play an important
role not only in regulating cell proliferation, differentiation
and migration, but also as regulators of phenotypic plasticity
in VSMCs, which are closely associated with cardiovascular
development and disease. The same enrichment of motifs
involved in cellular component organization, enzyme-linked
receptor protein signaling pathways (which may play a key
role in the development of cardiopulmonary dysfunction),
and revascularization was observed when MMP2, MMP14,
and WNT2B genes were discovered in a different study. The
MMP2 promoter’s CpG site at position 2 was considerably
more methylated in the TAD group (86). The deletion of
methylation at non-CpG sites in AAD is caused by increased
cell proliferation, which is linked to inflammatory vascular
remodeling processes and environmental risk factors like
smoking (87).

As more and more data are generated from the application
of genomics to AAD, it is becoming clear that these mutated
genes are often associated with pathological mechanisms of
AAD pathogenesis. The risk of acute aortic events is complicated
by a range of genetic variants affecting the development and
remodeling of the thoracic aortic wall (88), and we also prefer
to consider these pathogenic variants as genetic triggers of
AAD. The likelihood of these genes being mutated to cause
AAD increases when they are involved in the cell cycle (89),
collagen metabolism (90), extracellular matrix maintenance (91,
92), vascular remodeling, smooth muscle cell proliferation, and
the onset of hypertension (93). The occurrence of all these rare
variants will need to be verified in the future by testing large
samples and improving the precision of our technology. More
interestingly, we discovered that carriers of pathogenic variants
had significantly earlier onset of aortic dissection, higher rates
of root aneurysms, lower rates of hypertension and smoking,
and a higher incidence of aortic disease in family members
when compared to patients without genetically pathogenic
variants (94). High-throughput sequencing methods have made
it possible to identify differentially expressed genes in AAD as
well as in the general population. This is indicative of a variety of
structural changes in the aorta that are largely genetic in origin.
Gene-gene and gene-environment interactions can thus be
investigated in relation to the risk of AAD by employing genetic
determinants of human anatomy to comprehend cardiovascular
development (95). A road map is also provided by improving
the prognosis of thoracic aortic disease (96) (Table 1).

3.2 Transcriptomics and the discovery
of AAD biomarkers

In recent years, transcriptomics has been applied to the
study of AAD through the use of RNA-seq methods to
identify differentially expressed genes (DEGs) between AAD
patients and healthy or other disease populations, as well as
bioinformatics methods like weighted gene correlation network
analysis (WGCNA), GO functional annotation, KEGG pathway
enrichment analysis, and regional variation analysis of genomic
features. The data are then further mined, and a three-
dimensional understanding of AAD begins to emerge.

The Hub gene screening method also aids in the quick
identification of crucial genes, since hub genes are found at
nodes in the gene network and typically play an important
role in the onset of disease. The identification of crucial
pathway targets can be aided by the prediction of hub genes
using molecular complex assay (MCODE) and CytoHubber
analysis, and the pathway’s influence on disease can be
more clearly determined by their knockdown or editing.
Currently, many transcriptomics studies have used protein-
protein interaction (PPI) networks to show the top-ranked hub
genes by Cytohubber calculations, and when we statistically
summarized the data, we found that the screening of hub
genes did not overlap well in different datasets of different
studies, which may be related to the ethnicity, type of disease,
individual differences and screening conditions of the affected
population. This might be related to variations in the affected
population’s ethnicity, disease type, individual factors, and
screening conditions. Surprisingly, even though there was not
much overlap between the independent genes, GO functional
annotation and KEGG pathway enrichment analysis showed
that these genes were primarily enriched in inflammatory cell
activation, extracellular matrix degradation, endothelial cell
apoptosis, vascular smooth muscle contraction, oxidative stress,
adhesive plaques, protein kinase activity, adrenergic signaling,
cell cycle-related, oocyte meiosis, luteinizing hormone mediated
oocyte maturation and p53 signaling pathway among other
related pathways (97–101).

Among them, inflammation takes place virtually constantly
as AAD develops. According to earlier research, the pro-
inflammatory and pro-apoptotic activity of myocardin-related
transcription factor A (MRTF-A), which is induced by the
hormone angiotensin II (Ang-II), aids in the development
of AAD (102). FKBP11 promotes inflammation by allowing
monocytes to colonize the aorta and degrade proteins (103).
Activation of Janus kinase 2 (JAK2) (104, 105) and elevated
plasma ANGPT2 levels (106, 107) are suggestive of upregulation
of pro-inflammatory cytokines in AAD. In turn, these
upregulated proinflammatory cytokines lead to activation of
chemotactic and other immune cells, especially neutrophils and
T cells, which can further secrete inflammatory factors and
granzyme, exacerbating the medial lesion and leading to the
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TABLE 1 Non-exhaustive list of biomarkers for AAD elucidated by genomics-based techniques.

Biomarker Technology Valuable considerations References

ACTA2, MYH11, MYLK, LOX,
PRKG1, FBN1, SMAD3, TGFB2,
TGFBR1, TGFBR2, COL3A1

DNA sequencing, ClinGen
framework

Some genes were found to have rare mutations in genetic loci
and were considered to be closely related to HTAAD.

(62, 74, 78, 82, 83)

SMAD2, SMAD4 Genome sequencing Rare mutations in genetic loci identified in sporadic AAD. (70, 71)

LTBP3 WES Rare mutations in genetic loci identified in sporadic AAD. (79)

CDKN2A, CDKN2B GWAS Found to be involved in the pathogenesis of AAD and other
arterial diseases.

(63)

HOXA5, HOXB6, HOXC6 WGBS DMRs in tissues from patients with TAD, associated genes in
the vasculature and Heart developing regions are enriched.

(84, 85)

MMP2, MMP14, WNT2B Methylation microarray,
Bisulfite pyrosequencing

The methylation of the second CpG site of the MMP2 promoter
in the TAD group was significantly increased and an
enrichment of loci involved in cellular component organization,
enzyme-linked receptor protein signaling, and vascular
remodeling was also observed.

(86)

USP15, SVIL TWAS The high expression of USP15 was associated with increased
ascending aortic diameter, whereas high expression of SVIL was
associated with increased diameter of the descending aorta.

(117)

development of aortic dissection (108). As for mesenchymal
stem cells (MSC), because of their anti-inflammatory and
repairing effects, whether they can be used in the treatment
of AAD needs to be explored in more depth in the future.
According to a specific study, RNA sequencing revealed
that the genes CXCL1, CXCL5, HTR7, and SNAP25, which
were upregulated, and EMX2, NCAM1, and IGFBP2, which
were downregulated, were significantly differentially expressed
in MSCs with aortic dissection. Adhesion-related signaling
pathways were also significantly altered by enrichment analysis,
indicating that MSCs treat AAD may involve adhesion function
as well as anti-inflammatory mechanisms (109). Extracellular
matrix degradation is also a significant pathogenic mechanism
in AAD. Sequencing technology and genealogical co-isolation
analysis identified 257 pathogenic or potentially pathogenic
genes, accounting for 88.89% (64/72) of all genes encoding
the collagen and matrix metalloproteinase systems, indicating
that collagen loss and destruction as well as disruption of
the matrix metalloproteinase system may be significant in the
pathogenesis of AAD (90). In addition, LGMN (legumain),
as a lysosomal cysteine protease, is mainly expressed in
CD68-positive macrophages and has been shown to degrade
extracellular matrix components directly or through activation
of downstream signals. Besides, LGMN has also been shown to
inhibit integrin αvβ3 by binding to it, reducing Rho GTPase
activation, downregulating VSMC differentiation markers, and
worsening the progression of thoracic aortic dissection (110).

Acute aortic dissection (AAD) has a reasonably diverse
cellular landscape that is separated into immune and non-
immune cells. Among them, immune cells include B cells,
natural killer T cells, macrophages, dendritic cells, neutrophils,
and mast cells; non-immune cells include endothelial cells,
fibroblasts, and VSMC (111). With the help of single-cell

RNA sequencing (scRNA-seq) technology, it is possible to
understand the cellular composition of the aorta wall and
the gene expression of specific cells. Major immune cell
subset ratios have been observed to differ significantly between
AAD and normal aorta tissues, with T cells, B cells, and
natural killer (NK) cells ratios being higher in AAD tissue
samples. Interestingly, macrophages were found to infiltrate
only at the onset of entrapment, in contrast to the long-
term infiltration of macrophages and chronic degradation of
the extracellular matrix that can be observed in abdominal
aortic aneurysms (AAA). At the same time, depletion of
circulating monocytes significantly reduced the incidence of
AAD, suggesting that macrophage infiltration in the aorta is
more a cause than a consequence of AAD, suggesting that
macrophage infiltration is more of a “triggering” event in
AAD (108). The primary molecular traits of different cell
types can also be further resolved, enabling higher resolution
identification between different subtypes of the same cell to
reveal functional differences. This can then lead to an in-
depth study and interpretation of mechanisms that might
be present in AAD, such as intercellular interactions (112).
Another scRNA-seq-based investigation identified seven main
DEGs (ACTA2, IL6, CTGF, BGN, ITGA8, THBS1, and CDH5)
and significant alterations in the relative number of VSMCs.
Additionally, we discovered that single cell trajectory analysis
allowed VSMCs to differentiate into 8 distinct subtypes. And
the up - regulation of genes associated with the synthetic
phenotype, such as matrix metalloproteinase, inflammatory
cytokines, and bone bridging protein, was also found in VSMCs
(113), indicating that these cells underwent a transition from
the contractile to the synthetic phenotype (111), with more
abnormal proliferation and migration. The down-regulation of
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integrin α9 (ITGA9) (114) and the up-regulation of tRF-1:30-
chrM.Met-CAT (115) and CDK1 (98) facilitated exactly the
occurrence of the VSMCs-related changes mentioned above. At
the same time, morphological changes in endothelial cells in
AAD patients, such as endothelial cell hyperplasia, loose cell
junctions, and endothelial cell desquamation in aortic segments,
suggest that endothelial cells are damaged in AAD patients,
which may likewise underlie the pathogenesis of AAD (107).
Interestingly, RBBP8/NOTCH1 was found to act as a linking
molecule between DNA damage/repair and extracellular matrix
(ECM) tissue, and we speculate that excessive DNA damage is a
characteristic pathological change in sporadic aortic dissection
(116), which may be associated with massive cellular damage
and degeneration.

It should be noted that genes frequently express themselves
in a selective manner and are influenced by environmental,
temporal, and spatial factors. Awareness tissue function and
pathological alterations requires an understanding of the
biological positional context of gene expression. Scientists
have also been working to address the problem of average
transcriptome and spatial information loss in RNA-seq. The
idea of spatial transcriptomics, which enables visualization and
quantitative analysis of the transcriptome at spatial resolution
in individual tissue sections and allows precise localization
of gene expression events to particular locations in biological
tissues, was only first introduced by STAHL et al. in 2016
(39). When spatial transcriptomics techniques are applied to
AAD, it is possible to analyze individual genes’ intra- and
intercellular expression levels more thoroughly. These levels
are influenced by the different anatomical regions of the aorta
in which they are located (117) as well as by interactions
between various cell types in the tissue microenvironment. This
compensates for the lack of single-cell sequencing by enabling us
to initially examine and visualize the heterogeneity of different
anatomical parts of aorta and correlate cell type-specific gene
expression to certain anatomical structural areas. By spatial
transcriptomics, Li et al. measured differences between genes
that were highly expressed in the Intima, media and adventitia
of arteries, respectively (118). This finding may indicate that
various cellular elements in the three aortic membranes each
contribute in a unique way to the development of AAD
(Table 2).

3.3 Proteomics and the discovery of
AAD biomarkers

In proteomics research, some proteins that possess high
abundance on their own are easy to detect but lack diagnostic
specificity for diseases. To improve the fight against AAD in
biomedical disciplines, it is crucial to apply quantitative protein
technologies based on mass spectrometry and microarrays to
identify and measure some low-abundance proteins that change

throughout disease development (119). Future solutions to this
technical issue are also anticipated, including multiplexing and
targeted proteomics (120) combined with multidimensional
and orthogonal separation techniques (121) to improve
chromatographic resolution.

Looking around the cell, the extracellular matrix (ECM) is
an insoluble structural component that makes up the matrix
in the mesenchymal and epithelial capillaries and is mostly
composed of collagen, elastin, proteoglycans and glycoproteins.
Studies have demonstrated that ECM can impact biological
processes such as cell differentiation, proliferation, adhesion,
morphogenesis and phenotypic expression. An iTRAQ-based
TAD proteomics study screened 36 differentially expressed
proteins and validated them using western blotting for fibrillin-
1, emilin-1, decorin, protein DJ-1 and histone H4. The results
showed that the expression of protein DJ-1 and histone H4
was increased, while the expression of fibrillin-1, emilin-
1 and decorin was decreased in TAD patients compared
to controls. The results of differential proteomics screening
and biological functional analysis also suggested that the
major protein interaction networks involved in TAD are
inflammation-interleukin 6 (IL-6) signaling, protein hydrolysis-
extracellular matrix (ECM) remodeling, and cell adhesion-
cell matrix interaction. These networks may be important
in the pathogenesis of TAD when combined with the TGF-
β signaling pathway (122). Also, by comparing aneurysmal
tissue at the ascending aortic site in patients with and without
Marfan syndrome (MFS), we demonstrated that microfibrillar-
associated glycoprotein 4 (MFAP4) was present in high amounts
in the aortic vessel wall of patients with MFS, and by 68 months
of follow-up showed that type B entrapment occurred in 5
of the patients with high plasma MFAP4. At the same time,
high plasma MFAP4 levels have been shown to be associated
with low descending aortic dilatability, whereas the relationship
between aortic dilatability in the thoracic descending aorta
and type B entrapment has been previously studied (123).
In addition, medial degeneration of thoracic aortic aneurysm
and dissection (TAAD) is characterized by proteoglycan
buildup, which is particularly damaging to the homeostasis
of smooth muscle cells and predisposes to type A dissection.
Aortic dissection/rupture is linked in Fbn1mgR/mgR mice to
accumulation of aggregated proteoglycans and multifunctional
proteoglycans in the ascending TAAD, which occurs through
increased synthesis and/or impaired protein hydrolysis turnover
(124). By using proteomics techniques, nine proteins, including
Lumican, FGL1, PI16, MMP9, FBN1, MMP2, VWF, MMRN1,
and PF4, that are linked to the pathophysiology of AAD,
were also identified. Serum levels of these proteins were found
to be considerably higher in AAD patients (125). Among
these, Lumican, a tiny leucine-rich proteoglycan, is an essential
part of the aorta wall’s extracellular matrix and is crucial
for cell division, migration, and differentiation as well as
tissue healing. With a diagnostic sensitivity of 73.33% and a
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TABLE 2 Non-exhaustive list of biomarkers for AAD elucidated by transcriptomics-based techniques.

Biomarker Technology Valuable considerations References

CDC20, AURKA, RFC4, MCM4, TYMS,
MCM2, DLGAP5, FANCI, BIRC5, POLE2

mRNA microarrays qRT-PCR results showed that the expression levels of all hub
genes in OA samples were significantly elevated in AAD.

(97)

SPP1, VEGFA, CCL20, GDF15, CXCL5,
IGFBP3, CXCL14, HMOX1, CA9, CCL14

mRNA microarrays CA9, CXCL5, GDF15, VEGFA, CCL20, HMOX1 and SPP1
were positively correlated with CD14 (corresponding to
monocytes); CA9, CXCL5, GDF15 and VEGFA were positively
correlated with CD68 (corresponding to macrophages).

(99)

CDK1, CDC20, CCNB2, CCNB1,
MAD2L1, AURKA, C3AR1, NCAPG,
CXCL12, ASPM

Microarray technology,
MCODE, cytoHubba
analyses

Inhibition of CDK1 reduces the proliferation and migration of
VSMCs and protects blood vessels.

(98, 100)

RPS9, RPS18, RSRC1, DNAJC3, HBS1L,
PRKCA, NCAM1, ITGB3, FTSJ3

GWAS, TWAS Gene set enrichment analysis suggested that these hub genes
mainly involved in mRNA catabolic process, focal adhesion and
chemotaxis.

(101)

MRTF-A Microarray technology Plays a role in pro-inflammatory and pro-apoptotic processes
and promotes AAD.

(102)

SLC20A1, GINS2, CNN1, FAM198B,
MAD2L2, UBE2T, FKBP11, SLMAP,
CCDC34, GALK1

Microarray technology,
WGCNA

It has the strongest positive correlation with AAD (103)

JAK2, PDGFA, TGFB1, VEGFA, TIMP3,
TIMP4, SERPINE1

Microarray technology Regulation of inflammatory response, growth factor activity
and extracellular matrix

(104, 105)

ANGPT2 Microarray technology ANGPT2 is significantly increased in the aortic intima of AAD
patients

(107)

CXCL1, CXCL5, HTR7, SNAP25, EMX2,
NCAM1, IGFBP2

RNA sequencing Differentially expressed in mesenchymal stem cells, regulates
the development of AAD

(109)

Legumain Microarray technology As an endogenous integrin αvβ3 modulator, Legumain
promotes the development of TAD

(110)

ACTA2, IL6, CTGF, BGN, ITGA8,
THBS1, CDH5

scRNA-seq Among them, ITGA8, THBS1 and IL6 were enriched in four
related signaling pathways, implying that these genes play a role
in promoting metabolism, growth and angiogenesis in VSMC

(111)

ITGA9 Whole gene transcription
microarrays

This gene is downregulated in AAD patients and is involved in
regulating the phenotypic transition of VSMC from a
contractile to a synthetic phenotype.

(114)

specificity of 98.33% for AAD, serum levels of Lumican were
shown to be considerably higher in individuals with AAD in
another investigation, making it a promising novel biomarker
(126, 127). While the Lumican reflects aortic wall damage
and repair of ECM proteins, the increased D-dimer indicates
excessive fibrinolysis after AAD. The excellent specificity of
Lumican for AAD and the excellent sensitivity of D-dimer
can be coupled in the diagnosis of AAD, producing a
better combined diagnosis with a sensitivity and specificity
of 88.33% and 95% simultaneously (128). It was further
demonstrated that the sensitivity and specificity could be
adjusted to 79.49% and 98.46%, respectively, by combining
ANGPTL8, hs-CRP, and D-dimer (126). ACAN proteoglycan
was regarded as a trustworthy possible biomarker for ATAAD
in plasma samples, with a sensitivity of 97% and specificity
of 81% for the diagnosis of AAD, and is anticipated to
be paired with additional markers (129). In the future, it
is expected to be paired with additional biomarkers for
combination diagnosis.

The maintenance of vascular homeostasis depends on
the normal contractile function of vascular smooth muscle

cells, which is closely related to cell-matrix adhesion. Cell
adhesion makes up 27% of the primary biological functions
of the proteins that differ in AAD, indicating that matrix
remodeling and cell adhesion are significant pathophysiological
mechanisms in AAD. The integrin family functions as cell
adhesion molecules that mediate cell-extracellular matrix
attachment. As biomarkers for the diagnosis of AAD, they
include reduced expression of integrin α-3 (ITGA-3), integrin
α-5 (ITGA-5) (22), and high expression of integrin α-IIb
(ITGA2B), integrin α-M (ITGAM), integrin β-2 (ITGB2),
and integrin β-3 (ITGB3) (130). Meanwhile, MMP-9, a key
enzyme involved in the breakdown of extracellular matrix
and the migration of inflammatory cells, was discovered to
be enhanced by integrins in immortalized keratin-forming
cells and its inhibitors were able to reduce the incidence
of AAD by 40% (131). In the first 48 h after the onset
of AAD, cytoskeletal proteins such vinculin have been
discovered to sustain high levels, and they may play a
part in early identification (132). Other cytoskeletal proteins
like cofilin and LIMK are less expressed in thoracic aortic
dissection than in healthy controls, which may contribute
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to the weakening of the medial tissue of the thoracic aorta,
increasing the diameter of the aorta and raising the risk of AAD
development (133).

Similar to the enrichment findings from transcriptomic
analysis, the majority of the differentially expressed proteins for
proteins outside of cells showed functions primarily involved in
cell migration and proliferation, inflammatory cell activation,
cell contraction, oxidative stress, and muscle organ development
(130). Extracellular superoxide dismutase, an enzyme involved
in oxidative stress, was one of them. Its expression was more
than 50% lower in AAD patient samples than in controls, and
there was a rise in lipid peroxidation, both of which could point
to the onset of AAD (134). Additionally, it has been discovered
that many lipid-related proteins, including the carboxypeptidase
N catalytic chain proteins (CPNs), complement component
proteins, serum amyloid A protein (SAA), and complement
component proteins, are differentially expressed in AAD (135).
Circulating levels of LDL cholesterol and very low density
lipoprotein (VLDL) small particles are also strongly linked to
AAD (136).

Additionally, interesting biomarkers to distinguish TAD
from emergency patients with significant chest pain included
ITGA2, COL2A1, and MIF (137). Interestingly, a comparison
of ascending aortic wall specimens from AAD, aneurysms
and normal controls by differential in-gel electrophoresis
(DIGE) analysis revealed that antitrypsin (A1AT) was found
to be reduced in protein amounts in aortic tissue from
aortic dissection compared to healthy aorta, but not in
aneurysms (138). A1AT was, however, found to be considerably
higher in aortic tissue samples from patients with thoracic
aortic dissection and hypertension in another iTRAQ-
based proteomics investigation (122). For the biological
role performed by A1AT in AAD, further research and
validation of this expression difference are still needed
(Table 3).

3.4 Metabolomics and the discovery of
AAD biomarkers

With the development of high performance liquid
chromatography-mass spectrometry (HPLC-MS) technology,
it is expanding from the field of drug metabolite analysis
to the study of biological endogenous metabolites (139),
allowing us to gradually study small molecule biomarkers.
Peripheral blood metabolite analysis can also be utilized to
help in the diagnosis of AAD because AAD changes the
metabolome in the peripheral blood. Although peripheral
blood testing is a rapid and less invasive technique, there
is a lack of validated peripheral blood markers for AAD,
especially small molecule metabolite markers (140). Large
molecule proteins such smooth muscle myosin heavy chain
(smMHC), creatine kinase-BB (CK-BB), D-dimer, MMPs,

and elastin are the majority of the existing peripheral blood
biomarkers of AAD (141, 142). Thus, it has become a
research goal to discover more novel small molecule metabolic
biomarkers of AAD.

Most of the entry points for the study of metabolomics
were derived from the insights brought by transcriptomics
and proteomics. We have discovered from earlier research that
macrophages are crucial to the emergence of AAD. And because
succinate triggers inflammatory changes in macrophages, Cui
et al. found elevated plasma succinate concentrations in AAD
patients compared to healthy controls, acute myocardial
infarction (AMI) patients, and pulmonary embolism
(PE) patients, leading to the idea that plasma succinate
concentrations could distinguish AAD from the other three
groups and the idea that succinate concentrations are regulated
by p38α-CREB-OGDH axis in macrophages (143). Moreover,
when macrophages undergo metabolic reprogramming, it
leads to the accumulation of ferredoxin salts, which induces
the activation of macrophage hypoxia-inducible factor 1-α
(HIF-1α), which in turn exacerbates the development of AAD
by increasing depolymerization and metallopeptidase structural
domain 17 (ADAM17) triggering vascular inflammation,
extracellular matrix degradation and elastic plate breakage
(144). We also discovered, using multi-omics data in TAD,
that elevated ceramide levels may be caused by accelerated
ceramide ab initio production pathways in macrophages, with
C18-ceramide, a key sphingolipid metabolite, being significantly
different in TAD patients. Exogenous C18-ceramide is involved
in the process of aortic injury by promoting smooth muscle
cell contractile protein degradation, macrophage inflammation
and MMP9 expression and exacerbating extracellular matrix
degradation via the NLRP3-caspase 1 pathway (145, 146).
Interestingly, another study found that sphingolipids (including
sphingosine, phytosphingosine, sphingomyelin, and ceramide)
were significantly reduced in the Stanford A AAD group
but not in the Stanford B AAD group, making sphingolipids
promising as potential biomarkers to differentiate Stanford A
from Stanford B aortic dissection (147). Based on this study,
the distinction between type A and type B dissection from
a biochemical perspective is a promising finding. Also, on
the basis of the theory that the descending segment of the
thoracoabdominal aorta originated from the mesoderm in
embryonic-based studies, whereas the aortic root and ascending
aorta originated from the neural ridge, and that the different
embryonic origins led to different gene expression and behavior
of vascular smooth muscle cells in various regions of the aorta
(88, 148). It also suggests that in the future we can pay more
attention to whether the anatomical barrier of the aorta can be
considered as a biological/metabolic/protein barrier and thus
discover more of the different pathophysiological bases that may
exist for type A and type B dissection. And the most variable
lipid in AAD, lysophosphatidylcholine (LPC), is reduced in each
subtype of the disease and is located at the center of the network
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TABLE 3 Non-exhaustive list of biomarkers for AAD elucidated by proteomic-based techniques.

Biomarker Technology Valuable considerations References

Fibrillin-1, emilin-1, decorin, protein DJ-1
and histone H4

iTRAQ technique Their differential expression in TAD was identified by
protein blotting.

(122)

MFAP4 MS High plasma MFAP4 levels and more diverse
N-glycosylation are associated with a higher incidence of
type B aortic coarctation

(123)

Lumican, FGL1, PI16, MMP9, FBN1,
MMP2, VWF, MMRN1, PF4

iTRAQ technique Serum levels of FGL1, PI16 and MMP9 were significantly
elevated in AAD patients.

(125)

Lumican iTRAQ technique The combined detection of D-dimer and Lumican has
better diagnostic value for AAD.

(127)

ACAN MS ACAN protein concentration is enhanced in plasma of
patients with acute type A aortic dissection.

(129)

ITGA-3, ITGA-5 Amine-reactive tandem
mass tag (TMT) labeling,
MS

the IOD of ITGA-3 and ITGA-5 in AAD patients was
significantly lower than that in healthy donors.

(22)

ITGA2B, ITGAM, ITGB2, ITGB3 MS, 4D-LFQ These proteins were significantly upregulated in the
ascending aorta tissue of AAD patients.

(130)

Vinculin label-free proteomics
approach

Vinculin were found to maintain high levels within 48 h
before the onset of AAD.

(132)

Cofilin, LIMK previous proteomic
research

The protein expression of cofilin and LIMK was
significantly decreased in thoracic aortic dissection tissue
compared with normal control.

(133)

Extracellular superoxide dismutase MS Its expression in AAD patient samples is more than 50%
lower than that in the control group.

(134)

SAAs, complement component proteins,
CPNs

iTRAQ technique B2-GP1, CPN1, F9, LBP, SAA1, and SAA2, were validated
by ELISA.

(135)

FGF6, FGF9, HGF, BCL2L1, VEGFA,
ECM1, SPOCK3, IL1b, LDL-C, VLDL-C

GWAS, pQTL Circulating levels of all these proteins are associated with
AAD.

(136)

ITGA2, MIF, COL2A1 label-free quantification
proteomics method

It can discriminating TAD from emergency patients with
severe chest pain.

(137)

A1AT iTRAQ technique One study said it was decreased in AAD, while another
study showed it was increased.

(122, 138)

linked to lipid changes (149). In recent years, lipidomics
has emerged in multi-omics studies of AAD, and more and
more biomarkers are beginning to be identified. In addition
to the sphingolipids and LPC already mentioned, significant
changes in lipid and polar metabolites were discovered in
AAD patients by untargeted metabolomic analysis. This was
followed by changes in the phosphatidylcholine metabolic
pathways observed with targeted metabolomics, which further
revealed significantly higher trimethylamine N-oxide (TMAO)
levels and lower carnitine, choline, and betaine levels in
AAD (150).

Overall, the tryptophan, histidine, glycerophospholipids,
ether lipids, choline metabolism (140), and galactose metabolic
pathways (151) are largely affected by the metabolites
differently expressed in AAD. Among them, AFMK,
glycerophosphatidylcholine and ergot sulfur were more
than 50-fold elevated in peripheral blood of AAD patients
compared to the healthy population (140). With reduced
plasma glutamate levels and increased plasma phenylalanine
levels in patients with AAD, metabolomics analysis of plasma
amino acid profiles also revealed differences in amino acid

levels between acute and chronic aortic dissection (152), which
may point to a potential role for amino acid levels in the acute
pathogenesis of aortic dissection.

In order to reverse the lethal effects of AAD, it is crucial
to apply metabolomics techniques to the study of AAD
pathogenesis and the identification of specific biomarkers,
especially to more precisely and acutely identify changes
in the levels of some transient metabolites, which, like
the butterfly effect, may reveal a number of significant
cascading responses that have not been focused on
(Table 4).

4 Integration strategies for turning
multiple “omics” into
“multi-omics”

From each of the omics levels, gene networks associated
with the AAD disease can be built using studies from the four
primary fields of genomics, transcriptomics, proteomics, and
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TABLE 4 Non-exhaustive list of biomarkers for AAD elucidated by metabolomics-based techniques.

Biomarker Technology Valuable considerations References

Succinate MS Plasma succinate concentrations were elevated in AAD patients
compared with healthy controls, acute myocardial infarction (AMI)
patients, and pulmonary embolism (PE) patients.

(143)

C18-ceramide UPLC-MS/MS It is significantly increased in patients with TAD but not
significantly different in patients with TAA.

(145)

Sphingolipids(including sphingosine,
phytosphingosine, and ceramides)

UPLC-MS They are significantly reduced in the Stanford type A AAD group
but not in the Stanford type B AAD group.

(147)

Lysophosphatidylcholine(LPC) HPLC-MS Decreased in different types of AAD. (149)

TMAO, carnitine, choline and betaine HPLC The level of TMAO was significantly increased, while the levels of
carnitine, choline and betaine were decreased.

(150)

AFMK, glycerophosphocholine, ergothioneine HPLC-MS Those levels in AD patient peripheral sera that were more than 50
times higher than in normal human peripheral sera.

(140)

Histidine, Glycine, Serine, Citrate, Ornithine,
Hydroxyproline, Proline, Creatine, GABA,
Glutamic Acid, Cysteine, Phenylalanine

LC-MS/MS Pairwise comparison of differences in plasma amino acid levels
between acute dissection, chronic dissection, and coronary heart
disease.

(152)

metabolomics. Network level overlap can then be computed.
A common study strategy now involves using methods and
ideas from systems biology and bioinformatics to find pathways
that are enriched, identify Hub genes, and validate them
(101, 153). Although separate omics approaches have made a
significant contribution to our understanding of AAD, we have
yet to identify integrated signaling pathways and networks. The
problem of low translation rate in clinical practice continues,
and the heterogeneity in sample extraction and data collecting
also contributes to a significant gap between clinical and basic
research. To better improve the predictive power of basic
research for clinical practice, we have gradually focused our
attention on more advanced data processing. The use of web-
based integrated techniques is growing in popularity quickly,
with advantages that go much beyond the simple association of
various unfiltered datasets or differentially enriched molecules
from several layers. Such integrated approaches (inclusive
methods) provide insights not available from any single
layer of omics data by exploring causal links between
histological candidates and disease conditions/pathways using
advanced analysis.

Here, we should focus on the longitudinal integration
strategy (154), which is to examine multiple omics variables on
the same sample. Denoising, downscaling, and normalizing the
dataset beforehand can make it more standard and practical
for us, and the data will be more accurate and rigorous.
However, it has been a significant problem to combine and
interpret numerous noisy and high-dimensional data into
a single biological model, which has been a considerable
challenge. Prior to analyzing multi-omics data, this necessitates
not only performing dimensionality reduction operations based
on feature selection or feature extraction on the dataset (155),
but also having a solid grasp of the fundamentals of data
integration and visualization techniques to make sure the
right techniques are applied for the relevant dataset. We

must take the matching of multi-omics data into account
while selecting a data integration method. For single-cell
sequencing, whether measurements are made on the same cells
is particularly important for integrated analysis of the data
(156). Also, the selection of the dataset is highly related to
the main objectives of the analysis and the analysis method
that the researcher envisages before collecting the data. If a
satisfactory number of samples and depth of coverage cannot
be achieved simultaneously, the choice of dataset should be
based on the analysis objectives. If the aim is to identify
differentially expressed genes between cases and controls, the
power provided by more samples is usually preferable to
the higher accuracy provided by a higher sequencing depth.
However, if the main purpose of the analysis is to identify
novel transcripts, or to examine the expression of specific alleles,
the deeper the coverage, the better. On the other hand, for
the selection of model species, the advantages of using animal
models include reproducibility, controllability of environmental
factors, availability of relevant tissues, accurate phenotypes,
an almost unlimited number of exact biological replicates,
and the ability to follow hypotheses experimentally. However,
animal models also have limitations. Many gene-specific models
are limited to one genetic background, mouse models may
not encapsulate the human biology of complex diseases, and
some manifestations of human disease may be difficult to
test in mouse models. We can help us validate the biological
relevance of the models themselves in advance by comparing
the histological data between human and animal models, which
requires actually specific analysis and selection based on the
disease the investigator is studying (2).

In order to analyze complicated data, machine learning
(ML) models are frequently utilized. These models can be
broadly categorized into supervised learning and unsupervised
learning. Unsupervised learning for cluster analysis learning is
one of them and is based on data similarity. Five multi-omics
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integration techniques—JIVE, MCCA, MCIA, MFA, and SNF—
representing multivariate, tandem-based, and transformation-
based approaches have been chosen to compare their capacity to
combine more than two omics data in an unsupervised manner
(157), providing us with a benchmark for choosing future multi-
omics research techniques in the area of AAD. Deep learning
(DL), a branch of machine learning, is an unsupervised learning
technique based on model structural variations that enables
computers to carry out an automated learning process. Due to
their ability to capture non-linear and hierarchical features as
well as their predictive accuracy, DL algorithms are among the
most promising methods in multi-omics data processing (158).
There are also studies that classify integration strategies into five
categories: early integration, hybrid integration, intermediate
strategies, late integration and hierarchical integration (159).
They integrate datasets in different ways at different stages
of data processing, and each has its own advantages and
disadvantages, requiring us to make specific decisions for
different datasets and research purposes. The objectives we
always work toward include, however, limiting the amount
of data loss and noise while lowering dataset heterogeneity,
conserving the properties of unique histological datasets, and
recording interactions between various histologies.

In recent years, numerous innovative and distinctive
computational modeling frameworks and R programming
packages (160, 161) have been created, and academics frequently
choose integrated tools or platforms that mix interactive visuals
with integrated analytical workflows (28). Examples include the
DeepProg methodological model (162), which can explicitly
model patient survival as a goal and predict the survival
risk of new patients, and the DIABLO methodological model
(163), which allows for module-based analysis and cross-
sectional study design. It will be more convenient for non-data
analysis professions like clinical researchers and will promote
interdisciplinary development and collaboration.

5 Current shortcomings and future
prospects

It is encouraging to see how quickly systems biology
technologies are developing, and the idea of using them to treat
AAD is become more and more appealing. The development of
multi-omics has been aided by the big data era, and applying
multi-omics technology to biomedicine is both an opportunity
and a challenge. The identification of biomarkers using
multi-omics data can aid in stratifying patients, improving
prevention, early diagnosis, and prediction, monitoring
progression, interpreting patterns and endophenotypes, and
creating individualized treatment plans (158, 164).

However, the current state of AAD research demonstrates
that multi-omics integration for biomarker exploration is still
notably lacking. The only studies available have focused on

the combined analysis of genomics and transcriptomics (101).
For example, based on the fact that the increased risk of
AAD rupture is mostly associated with aortic enlargement
and aneurysm development, some scholars screened some
potential gene targets based on the integration of genome-wide
association studies (GWAS), transcriptome-wide association
studies (TWAS), and rare variant analysis, and analyzed
their associated cell types in combination with single-cell
RAN sequencing, and identified a number of potential
targets including VSMCs, fibroblasts, three different types of
endothelial cells, macrophage and lymphocyte populations, and
examined the precise gene expression patterns in each cell
type (117). Another study combined differentially expressed
genes (DEGs) of AAD and differentially methylated m6A genes
from other datasets, obtained differentially expressed m6A-
related genes by gene crossover results, and analyzed the
relationship between these genes and immune cell infiltration.
This study also explored in greater detail epigenetic mechanisms
through DNA/chromatin and histone modifications, and the
association with cell that brings new insights into the potential
influence of externa. However, as noted in numerous studies,
gene expression patterns are frequently utilized to research
disease states, despite the fact that proteins are the primary
functional components causing the disease. At the same
time, the advent of metabolomics and macrogenomics, which
integrate the impacts of food intake, utilization, and flow,
represents an extra complexity of disease (165). It follows that
our future focus and effort in the field of AAD research will
be integrated studies combining proteomics, metabolomics,
and other histological concepts. We anticipate finding more
drug-targeting protein families in the future thanks to multi-
omics integration approaches, which will allow us to investigate
the molecular targets and potential pharmacological action
mechanisms on AAD (166). The future therapy pathway
for AAD will also include a critical stage involving the
screening of biomarkers for acute pharmacological inhibitors,
which may also serve as a model for the construction of
drug resistance profiles. At the same time, we should also
actively apply and integrate some of the newly emerged
omics concepts in the future. For example, using the
concept of radiomics to digitize image information, merge
it with sequencing information and establish correlation, it
may be possible to propose new molecular biology-based
pathological typing for AAD based on large sample multi-omics
sequencing (167).

Each of these new concepts will significantly advance
our understanding of the biological networks and linkages in
AAD. As a result of their strong interconnections, clusters of
similar pathways naturally occur, giving us the opportunity
to gather the key biological themes in each stage or layer
of the disease. In particular, the resulting pathway networks
could offer a global view of the various processes involved
in the disease (168). This would be especially important for
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a disease like AAD, which has multiple sites of pathogenesis
and is very dynamic. We will be able to learn more about
the pathogenic mechanisms of AAD by enhancing routes and
building interaction networks. This indicates that in the future,
employing multi-omics technologies for their bioinformatic
analysis and validation, we can more frequently draw new
inspiration and insights into AAD research from other diseases
with similar pathophysiology or risk factors for its development.
For instance, using microarray and bioinformatics analysis,
we discovered that ALDH2 deficiency downregulates miR-31-
5p, which further modifies cardiac myosin mRNA levels and
attenuates abnormal VSMC phenotypic transition to achieve
the impact of avoiding the formation of AAD (169). However,
inactivating mutations in ALDH2 (called ALDH2∗2 or rs671
mutants) are risk factors for the development and poor
prognosis of atherosclerotic cardiovascular disease. By using
RNA-seq, proteomics, and immunoprecipitation experiments,
we later discovered and verified Rac2 as its downstream target,
demonstrating the crucial function of the ALDH2-Rac2 axis
in mediating cytokinesis during atherosclerosis (170). As a
result, many genes are present in the body as a “double-
edged sword,” and even in diseases that are linked to specific
mutations, they can have opposing effects. To create more
dependable, scientific, and accountable healthcare decisions,
it is crucial to evaluate them more thoroughly using multi-
omics technology.

In addition to the above mentioned shortcomings in
the application of multi-omics technologies, there is also
much room for development and enhancement of the omics
technologies themselves. One of them is the advent of single-
cell analysis, which promises a deeper exploration in the field
of proteins and allows for the quantification of more than
1000 proteins from a single mammalian cell, has the potential
to advance biomedical research and provide a new degree of
granularity in our understanding of biological systems. Future
proteomics technologies, which have the ability to do away with
the necessity for antibodies and open up paths for minimally
biased research into single cell protein expression, are equally
promising (171). And when it comes to operational standards,
the species specificity should be carefully taken into account
throughout the whole multi-omics study process (172, 173),
particularly during screening and validation, as failure to do
so could result in an inadequately enriched analysis of various
datasets. Orthometry, machine learning, and signaling networks
are being used in computational methods being actively
developed to increase the translatability of omics datasets
between preclinical models and humans (174). To produce
findings that can be applied, technical histological expertise
must be paired with fundamental biological knowledge. In
the future, we anticipate being able to standardize and
rigorize studies to the fullest extent possible in order to
produce data with a higher signal-to-noise ratio and a more
comprehensive integrated analysis. Meanwhile, massive data

sharing systems like MarkerDB (58) will also accelerate this
field’s development. We anticipate that by addressing the
aforementioned concerns, precision medicine will be able to
move beyond the traditional approach of signs and symptoms
and create more individualized treatment plans for patients
based on diagnoses that incorporate clinical, lifestyle, genetic,
and other biomarkers.

6 Conclusion

Using the idea of multi-omics integration and gathering
data from all levels, we have employed and attempted to
develop more advanced systems biology methodologies to
investigate the underlying molecular mechanisms of AAD from
surface to deeper levels. To lower the missed diagnosis rate
of AAD and enhance illness prognosis, we will look into new
medication treatment targets with the aim of identifying better
bio-diagnostic indicators. Our initial goal in attempting to find
solutions to all issues will always be to cure the condition and,
ideally, in the future, improve patient quality of life.
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