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Abstract

Metabolic syndrome is a multifactorial disorder characterized by interconnected
metabolic abnormalities that increase the risk of cardiovascular diseases, type-2 di-
abetes, obesity, chronic inflammation, and other chronic disorders. The molecular
basis of MetS involves complex genetic, transcriptomic, proteomic, metabolomic,
and immunological alterations, emphasizing the need for a comprehensive re-
source integrating experimentally validated biomarkers. This study aimed to de-
velop MetSMarker, a comprehensive knowledgebase of experimentally validated
biomarkers associated with metabolic syndrome. A systematic literature review
of PubMed-indexed studies was conducted using predefined inclusion and exclu-
sion criteria. Manual curation of 527 articles identified 207 experimentally vali-
dated biomarkers, which were annotated using international databases and stan-
dardized nomenclature to ensure consistency, interoperability, and biological rel-
evance. The curated dataset comprised 95 protein, 56 metabolic, 18 clinical, 17
RNA, 14 immunological, and 7 DNA biomarkers, demonstrating the heterogeneity
of MetS. Organ-specific annotation identified predominant biomarker involvement
in the heart (97), kidney (55), liver (46), pancreas (38), adipose tissue (20), brain
(16), and skeletal muscle (14). C-reactive protein and NT-proBNP were the most
extensively validated, supported by 13 and 8 independent studies, respectively.
MetSMarker enables systematic biomarker exploration through molecular classifi-
cation, disease- and organ-specific annotation, evidence-based prioritization, com-
parative analyses, and interactive visualization. These features facilitate molec-
ular interpretation, biomarker research, candidate biomarker prioritization, and
systems-level investigation of MetS. MetSMarker provides a standardized, search-
able, and analytically rich knowledgebase that integrates heterogeneous biomarker
evidence into a single platform. This resource is expected to facilitate biomarker
discovery, enhance understanding of MetS pathophysiology, and support transla-

tional research toward precision diagnostics and therapeutic development.

Keywords: Metabolic syndrome, MetSMarker, Biomarkers, Knowledgebase, Bio-

informatics, Biomarker curation, Precision diagnostics
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Chapter 1

Introduction

1.1 Background of Metabolic Syndrome

Metabolic syndrome (MetS) is a complex and multifactorial clinical condition char-
acterized by a cluster of interrelated metabolic abnormalities, including central
obesity, insulin resistance, dyslipidemia, and hypertension. These components in-
teract synergistically and contribute to underlying pathophysiological processes
such as chronic low-grade inflammation, oxidative stress, and endothelial dys-
function, ultimately increasing the risk of cardiovascular disease and other non-

communicable disorders [1].

The syndrome reflects a convergence of genetic and environmental influences,
where lifestyle factors such as poor diet and physical inactivity play a critical
role in its development. As a result, MetS has emerged as a significant global pub-
lic health concern due to its strong association with morbidity and mortality [2].
Metabolic syndrome is of great public health importance because it is prevalent

worldwide.

Metabolic syndrome is prevalent in 12.5-31.4% of adults worldwide and is re-
lated to risks of cardiovascular disease, diabetes, cancer and mortality in a dose-

dependent manner [5]. This broad prevalence within populations and a strong
1
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dose-dependent relationship with mortality highlights the importance of early iden-
tification and management of the individual components of the syndrome in pre-

ventive and primary care medicine.

Abdominal Adiposity

Insulin Resistance

* Adipocyte Hypertrophy
« Lipotoxicity & FFA Overload + Adipokine Imbalance
* B-cell exhaustion & * Immune cell recruitment

¢ Hyperinsulinemia
i Low-grade Inflammation

Gut Microbiome Dysbiosis / * Macrophage shift
> * Cytokine modulation
« Altered glucose/lipid metabolism. M ETABO'—'C
« LPS translocation and endotoxemia SYN DROM E

_ Hepatic Dysfunction

¢ Gluconeogenesis & hyperglycemia
Systemic Manifestations ¢ Dyslipidemia (1 VLDL, | HDL)
« Oxidative stress Endothelial Dysfunction

¢ Endoplasmic Reticulum stress — ]
* Vasoconstriction & hypertension

« Atherosclerosis & plaque formation

FIGURE 1.1: Pathophysiological mechanisms of metabolic syndrome [3].

1.1.1 Definition of Metabolic Syndrome

Metabolic syndrome (MetS) is a syndrome of interrelated metabolic abnormalities
that tend to occur together in individuals and significantly increase the risk of
cardiovascular disease and type 2 diabetes [4]. Tt is not a single disease, but rather
a set of risk factors that, when present, indicate a much greater risk for severe
downstream disease than any individual risk factor. From a clinical point of view,
a person is considered to have metabolic syndrome when he or she has three or

more of these five components, depending on the diagnostic definition used [5].

This diagnostic flexibility is due to the variety of professional organizations that
have defined slightly different threshold values and various combinations of re-
quired thresholds; this may result in some variation in the definition of the con-
dition between studies and populations. Whatever the criteria used, it is believed
that most of the individual components of the syndrome are related to insulin

resistance, and chronic low grade inflammation [6].



Introduction 3

1.1.2 Historical Development of the Concept

The concept that multiple metabolic abnormalities occur in the same person is
more than 30 years old prior to the introduction of the term ”metabolic syndrome”.
This clustering was first described in early clinical observations, which go back
almost a century, but it was the Banting Lecture by Gerald Reaven, in 1988, that
put the focus firmly on insulin resistance in the process of establishing type 2

diabetes mellitus, and then on cardiovascular disease [6].

Reaven coined this combination ”"syndrome X,” suggesting that the underlying
cause of all these conditions is insulin resistance that leads to hyperinsulinemia,
dysglycemia, high triglycerides levels, low HDL cholesterol and elevated blood

pressure [7].

Reaven’s original formulating did not include obesity as part of this definition.
Since he could find non-obese people with insulin resistance and obese people
without insulin resistance, he was unable to conclude that obesity was the com-
mon factor of the syndrome [7]. The term ”syndrome X” was also changed to
"metabolic syndrome X” to prevent confusion with the already known ”syndrome
X" in cardiology and the term ”Reaven syndrome” was added to help identify the
syndrome as a distinct clinical entity from the already known ”syndrome X” in

cardiology [6].

At the same time, the phrase ”insulin resistance syndrome” also became popular in
the literature, reflecting the importance Reaven attributed to insulin action. The
concept progressed throughout the 1990s and 2000s, as international organizations

grappled to put Reaven’s theory into practice for clinical criteria.

Importantly, as other authors have noted, there have been instances of the concept
of metabolic syndrome being confused with the diagnostic tools created later in
the history of metabolic syndrome [7]. The widespread use of the term ”metabolic
syndrome” (not ”syndrome X”) coincided with a surge in research interest, culmi-
nating in the consensus that the group of abnormalities that Reaven had described

should have a unified, clinical label [7].
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1.1.3 Diagnostic Criteria

Metabolic syndrome is not a disease per se, but rather a cluster of risk factors,
and various organisations have offered their own models over the years, with MetS
having several different definitions such as the WHO, the NCEP-ATP III and
the International Diabetes Federation (IDF) [8]. While these five components are
shared, the way they are weighted and the threshold for diagnosis are different,

leading to measurable differences in diagnosis across studies [9].

The WHO definition, which was originally formulated in the context of Reaven’s
model of insulin-resistance, mandates the presence of insulin-resistance or diabetes
as a required component, in addition to any two of the other abnormalities includ-
ing obesity, dyslipidaemia, hypertension or microalbuminuria [8]. The NCEP ATP
IIT criteria adopt a different approach: the insulin resistance is not a requirement of
metabolic syndrome in this case and all five components are equally weighted, and
someone is considered to have metabolic syndrome if they have three of these five
[5]. In the early 2000s, this change from the single mandatory criterion allowed for
greater applicability of the ATP III in routine clinical and epidemiological practice,

leading to its increased implementation.

IDF criteria were developed a little later and aimed to standardize the ATP III
approach worldwide, by adding central obesity as a prerequisite (assessed by waist
circumference) plus any two of the other 4 abnormalities [9]. One of the important
innovations of the IDF definition was the use of ethnicity-specific waist circum-
ference (WC) cut-offs based on evidence that the association between abdominal

adiposity and cardiometabolic risk is different across ethnic groups.

WHO, ATP III and IDF screening tools have been applied to the same population
groups and compared with each other in various studies to date, and consistently
have yielded different prevalence estimates and have demonstrated only moderate
agreement between the three, with the latter showing in southeast Nigeria a rank-
ing of significant performance of harmonized, IDF, NCEP-ATP III and WHO [9].
This was a constant source of comment on the subject and eventually inspired the

drive to harmonise the two definitions to a common standard.
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1.2 Global Burden of Metabolic Syndrome

1.2.1 Worldwide Prevalence

The global prevalence of metabolic syndrome has shown a substantial and contin-
uous increase over recent decades. Epidemiological evidence indicates that preva-
lence has risen markedly between 2000 and 2023, reaching approximately 31.0%
among women and 25.7% among men worldwide. In absolute terms, this corre-
sponds to an estimated 1.54 billion adults affected globally in 2023. The burden
of MetS varies across regions, age groups, and socioeconomic strata, with higher
prevalence observed in urbanized and higher-income populations, as well as with
advancing age. Furthermore, studies also report overall global prevalence estimates
around 25%, with increasing trends particularly in developing countries, largely
attributed to lifestyle transitions and urbanization. These patterns underscore the

expanding epidemiological burden and the need for targeted interventions [10].

S

,)?

o "\'?' "‘, ' Prevalence (%)

& p * 4 l
2 R ! 60
lf‘d‘&‘v ‘S % 40
N . 20

A

=P

\ )

120°W 60°W 0° 60°E 120°E

FIGURE 1.2: Global map of MetS prevalence in 2023 among men [11].

Studies shows between 2000 and 2023, the global prevalence of metabolic syn-
drome experienced a striking and widespread increase, rising from 11.9% to 28.4%
across the adult population. This surge has resulted in an estimated 1.54 billion
adults living with the condition worldwide as of 2023. The rising burden exhibits

significant demographic and geographic disparities, with prevalence consistently
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higher among women (31.0%) compared to men (25.7%), and escalating sharply

with advancing age across almost all regions [12].

Prevalence (%)

80
60
- 40

I20

120°W 60°W 0° 60°E 120°E

F1GURE 1.3: Prevalence of metabolic syndrome among men and women by
country in different regions [11].

Furthermore, this upward trajectory is closely linked to socioeconomic and envi-
ronmental shifts; prevalence increases alongside national income and urbanization
levels, reflecting the detrimental impact of aging populations, westernized diets,
and increasingly sedentary lifestyles. Notably, the prevalence of metabolic syn-
drome has increased in 196 countries and territories, underscoring its status as a

pervasive and expanding global health crisis that requires urgent attention [13].

1.2.2 Prevalence in Asia

Asia has a significant burden of metabolic syndrome. According to a recent global
modelling analysis [14] the prevalence of global adults with HIV increased from
14.7% in 2000 to 31.0% in 2023 and an estimated 1.54 billion adults were affected
globally during that period. Decomposing this global burden, it is found that East
Asia and South Asia were the top source of this burden both for men and women in
2023 [14], driven by the combined impacts of rapid urbanization, dietary transition
and increasing levels of obesity across the continent. Figures from individual Asian

countries are only slightly higher than or lower than the world average, with a
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national study in Malaysia reporting that around a third (31.4%) of the general
adult population had metabolic syndrome [15].
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FI1GURE 1.4: Global and regional temporal trends of metabolic syndrome preva-
lence by sex, 2000-2023 [11].

The risk seems to be higher among the South Asian populations compared to
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other ethnic groups. In the various cross-sectional studies of metabolic syndrome
(MS) prevalence among SA communities residing in countries outside their home
continent, various ranges have been observed (27-47%) with a higher prevalence
compared to other communities in the host country [16]. This is not only true of
South Asians but is a pattern seen in many other ethnic groups, suggesting that
many South Asian ethnic groups have a strong genetic and lifestyle-associated
predisposition to central obesity and insulin resistance, two mechanistic aspects of

the syndrome.

1.2.3 Prevalence in Pakistan

The situation in Pakistan is worse than the rest of the region. The prevalence
of metabolic syndrome in the apparently healthy adult population was 28.8%,
highest in a sub-urban village of Punjab (68%) and in province of Sindh (63.7%)
and varied by diagnostic criteria with 33.2% using the IDF criteria and 23.9%
using the NCEP criteria [13].

This is further supported by more recent data from the city level: A survey of
the community in Karachi in 2022 found that prevalence was highest with the
modified NCEP-ATP III definition (33.9%), followed by the IDF definition (32.2%)
and the standard NCEP-ATP III definition (22.4%) [8]. Overall, these results
suggest that in Pakistan, the prevalence of metabolic syndrome in adults may
range from 25 to 28%, depending on the criteria used, indicating the magnitude

of the cardiometabolic risk burden in the country.

1.2.4 Economic and Healthcare Burden

In addition to the clinical effects, metabolic syndrome is a significant and ever in-
creasing economic burden in healthcare systems, due primarily to the downstream
conditions it creates. One of the main cardiometabolic outcomes of the syndrome

is diabetes, which is estimated to have consumed 12% of the world’s health budget
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in 2024 for an estimated cost of 1.015 trillion USD, an increase of 338% compared
with the 17 years prior [17].

In a similar vein, the global economic burden of obesity is on a similar trajectory:
global economic costs of overweight and obesity were estimated at 1.96 trillion US
dollars in 2020, with expected losses approaching 4.32 trillion US dollars annually
by 2035 when the economic costs of obesity includes treatment costs and lost
productivity due to absenteeism, presenteeism and premature death [18]. As these
figures demonstrate, the economic burden of each of the individual components
is independent, and compounding, which is exactly what metabolic syndrome
describes: that the more that occur, the more the economic burden on the patient

increases.

A nine-year longitudinal study of linked national health insurance data at the
individual level revealed that annual healthcare expenses of people with metabolic
syndrome (MetS) significantly increased as they developed more complications,
with morbid obesity alone increasing these by 58% and comorbid depression by up
to 108% [19]. The cost attributable to microvascular complications (nephropathy,
neuropathy, and retinopathy) was relatively small (24 to 27%) but significant
compared to those without microvascular complications [19]. This finding suggests
that the healthcare cost of metabolic syndrome is incremental and not a static cost,
because each extra risk factor or complication of metabolic syndrome increases the

cost of treating the syndrome.

This has seen the rising cost curve because of the scale of the syndrome. Accord-
ing to a global meta-analysis of 28+ million people, the prevalence of metabolic
syndrome ranged from 12.5% to 31.4% depending on the definition used, with the
Americas and Eastern Mediterranean experiencing the highest burden of metabolic
syndrome [20]. As this is a significant proportion of the global population with
the syndrome, health systems are presented with a correspondingly large number
of patients who are at risk of the expensive downstream effects outlined above.
Therefore, it is more cost effective to identify and prevent metabolic syndrome

rather than treating downstream conditions [19].
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1.3 Risk Factors of Metabolic Syndrome

1.3.1 Genetic Factors

Biomarkers play a critical role in the identification, diagnosis, and monitoring
of metabolic syndrome. In this context, biomarkers are measurable biological
indicators that reflect physiological and pathological processes associated with
MetS. These include metabolic biomarkers such as elevated glycated hemoglobin
(HbAlc), triglycerides, and fasting glucose levels; inflammatory markers such as
C-reactive protein (CRP); and adipokines such as leptin and adiponectin. Addi-
tionally, immune-related markers, including increased CD3(+), CD4(+) T cells,
and genetic factors such as APOC3 gene variants, are also implicated in disease
susceptibility and progression. These biomarkers are essential not only for early
detection but also for understanding disease mechanisms and evaluating therapeu-

tic responses, thereby facilitating precision-based clinical management [21].

Metabolic syndrome is strongly associated with a wide spectrum of related disor-
ders, most notably cardiovascular disease, type 2 diabetes mellitus, and metabolic
dysfunction-associated liver disease, among others. The coexistence of its com-
ponents amplifies the risk of complications such as atherosclerosis, hypertension-
induced cardiac damage, and microvascular dysfunction. Additionally, conditions
such as chronic kidney disease and polycystic ovary syndrome are also linked to
MetS due to shared underlying mechanisms like insulin resistance and inflamma-
tion. The clinical and public health importance of metabolic syndrome lies in its
role as an early indicator of these severe chronic diseases, making it a crucial target
for early screening, prevention, and intervention strategies. Its growing prevalence
and associated healthcare burden highlight the necessity for integrated approaches
to mitigate its impact on global health systems [12].

Although extensive research has been conducted on biomarkers linked to metabolic
syndrome, a major challenge remains in the dispersed nature of this information

across the scientific literature. Biomarker-related findings are often published in
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separate studies without adequate integration across molecular, clinical, and phe-
notypic levels. This lack of cohesion limits the ability to generate a holistic un-
derstanding and reduces the comparability of results across different studies. In
addition, the absence of a centralized and systematically curated platform makes
it difficult for researchers and clinicians to efficiently access and synthesize relevant
information. Variations in terminology, measurement units, and reporting formats
further contribute to inconsistencies, affecting reproducibility and limiting meta-
analytical applications. As a result, these issues create significant obstacles in
translating research findings into clinical practice and slow progress in improving

diagnosis and management of metabolic syndrome [23].
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FIGURE 1.5: The main causes that can lead to MetS and its associated diseases
[22].

To address these challenges, this study introduces the MetSMarker tool, designed
as an integrated and well-structured platform for metabolic syndrome biomarker
data. The main objective of this tool is to bring together scattered information
from multiple scientific publications into a single, organized system that supports
easy access and meaningful comparison. By applying standardized annotation
methods and uniform data processing approaches, the platform ensures consistency

and improves data reliability.
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Beyond simple data collection, MetSMarker also functions as an exploratory sys-
tem that assists in interpreting biomarker relationships and supports both research
activities and clinical decision-making. Its design aligns with the principles of pre-
cision medicine by enabling improved risk assessment, diagnostic support, and
monitoring of disease progression, thereby enhancing the practical application of

biomarker knowledge.

This study focuses on identifying, extracting, and organizing a broad range of
metabolic syndrome-related biomarkers, including molecular, biochemical, and
clinically relevant indicators reported in peer-reviewed scientific studies. The data
included in the platform are derived exclusively from published literature to ensure

scientific validity and reliability.

The work also involves the development of the MetSMarker web-based platform,
which provides structured data storage, standardized representation, and an in-
tuitive interface for efficient exploration and analysis of biomarker information.
While the study offers a comprehensive integration framework, it is limited by
dependence on existing published data and the variability in study quality across
sources. Nevertheless, it provides a strong foundation for future enhancements,
including expansion of datasets and incorporation of more advanced analytical

capabilities.

1.3.2 Lifestyle Factors

One factor that has been consistently and strongly reported to be a driver of
metabolic syndrome is modifiable lifestyle behaviors. A clear dose-response rela-
tionship exists for sedentary time and risk of metabolic syndrome: a systematic
review and meta-analysis showed that moderate (median 4.1 hours/day) and high
sedentary time (median 7.3 hours/day) were both associated with increased risk
of metabolic syndrome [24]. This phenomenon is associated with the direct ef-
fect of prolonged sitting on decreasing skeletal muscle glucose uptake and lipopro-
tein lipase activity, which are two characteristics directly linked to central obesity,

dyslipidemia and insulin resistance, respectively, in the syndrome.



Introduction 13

Dietary pattern is also a consistent contributor. A study of dietary patterns and
physical activity combined showed that those with a prudent, active lifestyle pat-
tern did not have significantly higher odds of any of the components of metabolic
syndrome than those with a non-prudent, low activity pattern, with the exception

of 43% lower odds of central obesity and 48% lower odds of hypertension [25].

In comparison, the highest prevalence of metabolic syndrome out of the three
behavioral clusters was with the Western dietary pattern (78.8%), followed by the
prudent-active cluster (9%) and the balanced cluster (12.2%) [25].
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FIGURE 1.6: Factors that increase the risk of metabolic syndrome [21].

Other behaviors contribute to this risk, in addition to diet and activity. More than
4 hours of TV viewing daily was associated with higher central adiposity, lower
HDL cholesterol, and higher triglycerides and glucose levels among genetically

susceptible young Saudi adults [26].

These exposures are often combined in the same person; therefore, studying life-
style patterns is becoming more common than studying each behavior individually,
for the purpose of determining which are at greatest risk when combined in a

person.
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1.3.3 Environmental Factors

In addition to personal behaviour, ambient exposures are now recognized as an
important and independent risk factor for metabolic syndrome. The results are
from a nationwide study in China that showed that exposure to particulate matter
was significantly associated with central obesity, elevated blood pressure, elevated
fasting glucose and low HDL cholesterol, and for each 10 ug/m? increase in NOs,

the adjusted odds of metabolic syndrome increased by over twofold [27].

It is an example that shows that air pollution is not only linked to the syndrome
in general but that it is also, independently, associated with multiple components
of the diagnosis of the syndrome. Mechanisms of this relationship are beginning

to be understood.

A study of environmental pollution and metabolic disorders revealed that fast
industrialisation has created excessive amounts of endocrine-disrupting substances
such as persistent organic pollutants (POPs) that disrupt adipogenesis; heavy
metals have also been shown to directly affect the function of pancreatic beta-cells

and glucose regulation [28].

These compounds work on the same hormonal and metabolic mechanisms involved
in insulin resistance, so it is believed that their effect is additive rather than a com-
pletely independent pathway to insulin resistance. Urbanization seems to be an-
other environmental factor, apart from pollution. Urban environmental pressures
on the endocrine system have been reviewed, and urban-specific stressors such as
pollution, artificial light, noise, and sedentary lifestyle, are all acting synergistically

on endocrine function [29].

1.3.4 Age and Gender

The prevalence of metabolic syndrome increases steadily with age in practically all
populations examined, although the trends with sex are more complex and change
over the lifespan. A global modelling analysis based on data to 2023 indicated

that there was an age gradient for both sexes, with higher prevalence at higher
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urbanization levels and among individuals with higher income, and that women
had a higher prevalence globally than men in 2023 [14]. This higher prevalence
among females, however, is a physiological "reversal” when young; men vs women
of the same age have a higher prevalence of the syndrome, with this pattern closely

associated with the protective metabolic effects of estrogen before menopause.

This is a turning point in menopause. A large community-based study of Asian
women reported that postmenopausal women were at about 2 times risk for
metabolic syndrome than premenopausal women (30% vs. 14%), had significantly
higher odds after adjusting for age, and that surgical menopause was associated
with higher odds than natural menopause [30]. This was confirmed by a sys-
tematic review and meta-analysis in Iranian postmenopausal women reporting a
pooled prevalence of MS around 58%, which is a sharp increase after the cessation

of estrogen’s protective effect [31].

These results collectively indicate that the idea of age and sex as static risk groups
is too simple, and that there is a dynamic interplay between the two concepts over
the life course. Since the postmenopausal period carries a disproportionate burden
of the female metabolic syndrome and the experience of the menopausal transition
is unique, there is a growing interest from the clinician and public health research
perspective to identify the menopausal transition as a window for screening and

preventive interventions.

1.4 Clinical Importance of Early Diagnosis

Metabolic syndrome (MetS) is a progressive cardiometabolic syndrome that is
associated with central obesity, insulin resistance, dyslipidemia, hypertension, and
impaired glucose metabolism. This abnormality may develop slowly and not cause
any symptoms for years, which means the syndrome is often underdiagnosed until
irreversible organ damage or serious heart events take place. Early diagnosis allows
the identification of those who have an increased cardiometabolic risk prior to the

manifestation of the disease and allows the implementation of lifestyle changes
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and pharmacological treatment in a timely manner. These preventive measures
have been found to slow disease progression, enhance metabolic control and lower

long-term health care costs due to diabetes and cardiovascular diseases [32, 33].

The importance of early diagnosis in regards to the clinical significance is not
limited to the components of metabolic syndrome. Early detection enables full
assessment, ongoing monitoring and tailored therapeutic approaches for multiple
metabolic abnormalities at once. There is also emerging data indicating that us-
ing novel biomarkers and imaging modalities as part of routine clinical assess-
ment can facilitate early detection and risk stratification, potentially preventing

complications before they occur since tissue can then still be salvaged [34, 35].

1.4.1 Disease Progression

Metabolic syndrome is a complex condition caused by low-grade inflammation,
unhealthy eating habits, sedentary lifestyle, and genetics. Insulin resistance and
central adiposity are the earliest changes, followed by hyperinsulinemia, dyslipi-
daemia, endothelial dysfunction, and high blood pressure. If left untreated, these
abnormalities continue to cause the accumulation of progressive metabolic im-
pairment, which in turn promotes the onset of type 2 diabetes mellitus (T2DM),
atherosclerosis and cardiovascular disease. Importantly, MetS is a progressive dis-
ease that slowly develops, providing valuable opportunities for intervention before

irreversible metabolic dysfunctions [32].

Along with the secretion of pro-inflammatory cytokines, including tumor necrosis
factor-a and interleukin-6 (IL-6), and through the imbalance of adipokines, in-
sulin resistance leads to chronic inflammation, which in turn drives metabolic syn-
drome.Insulin resistance also contributes to metabolic syndrome by inducing pro-
inflammatory cytokines (such as tumor necrosis factor-o (TNF-«a) and interleukin-

6 (IL-6)), as well as the imbalance of adipokines and oxidative stress.

These processes lead to endothelial injury, vascular remodeling, hepatic steatosis

and pancreatic (-cell dysfunction, and finally to the development of diabetes and
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cardiovascular complications. The timely diagnosis of these metabolic derange-
ments allows interventions such as dietary changes, regular exercise, weight loss,
and specific pharmacotherapy to stop or at least slow the progress of the disease,

leading to a dramatic improvement in long-term outcomes [34, 35].

1.4.2 Associated Complications

The risk of many organ system related chronic diseases is greatly elevated when
metabolic syndrome is not diagnosed in the initial phase. Cardiovascular disease
continues to be the major complication, and the risk of having a myocardial in-
farction, stroke, heart failure and cardiovascular mortality is significantly elevated

in those who have been diagnosed with MetS.

Moreover, a hyperinsulinemic state caused by insulin resistance may lead to pro-
gressive pancreatic [-cell failure, leading to type 2 diabetes mellitus. Other iden-
tified issues are non-alcoholic fatty liver disease (NAFLD), chronic kidney disease,

obstructive sleep apnea and some obesity-associated cancers [32, 35].

Metabolic syndrome also promotes systemic inflammatory response and endothe-
lial dysfunction, thereby worsening the damage to the vascular units and the im-
pairment of the organs. Some evidence is now emerging that metabolic abnormal-
ities cause cognitive decline, poor quality of life and increased all-cause mortality
with prolonged exposure. Hence, early detection of metabolic syndrome is crucial

to lower morbidity and better prognosis in the long-term [34].

1.4.3 Importance of Early Detection

Metabolic syndrome can be prevented if all the pathological alterations that char-
acterize the syndrome are reversible if detected early enough and treated appro-
priately, which is the basis of preventive medicine. The identification of at-risk in-
dividuals enables health care providers to make evidence-based decisions regard-
ing dietary modification, increased physical activity, smoking cessation, weight

management and/or pharmacologic treatment if necessary. These interventions
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have a significant effect on insulin resistance, lipid metabolism, blood pressure

and prevent or delay type 2 diabetes and cardiovascular disease [32].

In recent years, biomarker research has also emphasized the importance of the
early detection. In addition to classic criteria, new biomarkers may also help
determine metabolic disturbances even before traditional clinical symptoms ap-
pear, including adiponectin, leptin, high-sensitivity C-reactive protein (hs-CRP),
uric acid, inflammatory cytokines, and markers of oxidative stress. Conventional
metabolic parameters may be used in concert with novel biomarkers to enhance
diagnostic sensitivity, allow an individualized approach to risk prediction, and aid

a precision medicine approach to the management of metabolic syndrome [35, 36].

1.5 Role of Biomarkers in Metabolic Syndrome

Metabolic syndrome (MetS) is a condition of a complex nature with multiple in-
terconnected metabolic abnormalities such as insulin resistance, central obesity,
dyslipidaemia, hypertension and impaired glucose metabolism. Because of mul-
tifactorial pathophysiology, no one laboratory parameter is able to accurately re-
flect onset, progression, and clinical outcome. Biomarkers have thus become useful
tools to detect metabolic changes linked to MetS, which offer objective measures
of metabolic dysfunctions that can be used in addition to the standard clinical

assessment.

Biomarkers not only improve diagnostic accuracy, they are also used to improve
the risk stratification, monitoring disease progression and to provide a basis for
tailored therapeutic interventions. In recent years, new molecular biology and
metabolomics have been developed, and many of these factors have shown strong
correlations with cardiometabolic risk [6], such as the inflammatory mediators,
adipokines, oxidative stress markers, endothelial dysfunction markers and circu-

lating microRNAs.

The rising interest in biomarker research is due to the fact that the metabolic

changes associated with MetS may occur years before clinical symptoms appear.
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Traditional parameters such as fasting plasma glucose, serum triglycerides, high-
density lipoprotein cholesterol (HDL-C), waist circumference and blood pressure
are still the basics for diagnosis. These indicators mostly detect the earliest patho-
logical changes, however. New biomarkers could be used to identify subclinical in-
flammation, adipose tissue dysfunction, insulin resistance, and endothelial injury
before currently accepted thresholds are met, thus providing better chances for

early intervention and personalised management [37].

1.5.1 Diagnostic Biomarkers

Diagnostic biomarkers are biological markers that can be used to detect people
who have metabolic syndrome or are at high risk to develop the syndrome be-
fore they have irreversible metabolic damage. The current diagnostic practice is
mainly based on the traditional metabolic parameters such as fasting plasma glu-
cose, triglyceride, HDL cholesterol, blood pressure and central obesity parame-
ters. These biomarkers are still clinically useful due to their ease and standardiza-
tion, but offer little information on the molecular and inflammatory mechanisms
that initiate disease. This has led to extensive studies of seeking complementary

markers that would enhance the diagnostic sensitivity and specificity [6].

High-sensitivity C-reactive protein (hs-CRP) is one of the most widely studied
diagnostic markers, as it is an acute-phase protein that is indicative of chronic low-
grade inflammation that is associated with MetS. An increase in hs-CRP levels has
repeatedly been linked to obesity, insulin resistance, endothelial dysfunction and
cardiovascular risk. Adipokines also have a significant role in the diagnosis. This
suggests that adiponectin is reduced and leptin is elevated, which are associated
with poor functioning of adipose tissue to be associated with insulin resistance
and abdominal fatness. In addition, the LpA ratio has proved superior to leptin
and adiponectin in isolation as a biomarker for diagnosis based on the balance

between pro-inflammatory and insulin-sensitizing pathways [37].

Other markers of diagnostic value include inflammatory cytokines like interleukin-

6 (IL-6) and tumour necrosis factor alpha (TNF-«a), oxidative stress markers,
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gamma-glutamyl transferase (GGT), serum uric acid, ferritin and fetuin-A. These
biomarkers include different components of metabolic dysfunction such as hepatic
steatosis, oxidative injury, chronic inflammation and endothelial injury. While
most are still in the investigational stage, there is growing evidence that the com-
bination of conventional metabolic markers and novel biochemical markers may
significantly advance early diagnosis and detection of those who need preventive

intervention before the onset of metabolic disease [37].

1.5.2 Prognostic Biomarkers

Prognostic biomarkers are markers that give information about the progress of the
disease, the possible complications and /or long-term clinical results after the diag-
nosis of metabolic syndrome. Biomarkers with predictive value for the progression
of disease are of great clinical value, given that MetS is a strong risk factor for
type 2 diabetes mellitus, cardiovascular disease, chronic kidney disease and non-
alcoholic fatty liver disease (NAFLD). Prognostic biomarkers can help identify
low and high-risk patients and facilitate earlier initiation of intensive lifestyle and

pharmacological interventions [6].

Inflammatory markers continue to be some of the best prognostic factors in MetS.
High-levels of hs-CRP, 1L-6, TNF-«, fibrinogen and plasminogen activator in-
hibitor 1 (PAI-1) are linked to rapid atherosclerosis, endothelial dysfunction and
higher rates of cardiovascular events. Similarly, low levels of adiponectin are linked
to deteriorated insulin resistance, increased risk of type 2 diabetes and poor car-
diovascular (CV) outcomes, while high levels of leptin are linked to inflammation
and metabolic deterioration in obesity. Longitudinal studies have shown that peo-
ple with long-lasting elevated inflammatory and adipokine levels have much higher

cardiometabolic risk than people with normal levels of these biomarkers [6].

A number of biochemical markers have also been found to have a prognostic value.
Serum uric acid, GGT, liver enzymes, and ferritin are further associated with liver

fat content, oxidative stress, increasing insulin resistance and are predictive of the
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progression to NAFLD and cardiovascular disease. Recently, circulating microR-
NAs are shown as potential markers for prognosis due to the fact that microRNAs
regulate genes that are associated with lipid metabolism, glucose homeostasis, adi-
pogenesis and inflammatory signalling. While additional validation work is needed
before clinical use, these molecular biomarkers could have a significant impact on

long-term risk prediction and personalised patient monitoring [38].

1.5.3 Predictive Biomarkers

Predictive biomarkers are biological markers that can be used to predict a person’s
risk of developing metabolic syndrome and/or response to preventive or therapeu-
tic measures. Predictive biomarkers, unlike diagnostic markers, allow assessing
risk prior to the onset of clinical symptoms. As their identification becomes more
critical, metabolic syndrome tends to occur over a number of years without being
noticed, thus providing time to intervene and prevent disease. With the develop-
ment of genomics, proteomics, metabolomics, and molecular medicine, the identi-
fication of predictive biomarkers has increased rapidly, with the ability to identify

high-risk individuals, more accurately than just clinical measurements [39].

The best potential markers are adiponectin, leptin, hs-CRP, insulin, HOMA-IR,
and the leptin/adiponectin ratio. Low levels of adiponectin and high levels of in-
flammatory markers have been shown to be associated with a significantly higher
risk of metabolic syndrome in prospective cohort studies. Likewise, high hs-CRP
is a risk factor for insulin resistance, type 2 diabetes and cardiovascular disease,
underscoring the important role of chronic inflammation in metabolic dysfunc-
tion. Inflammatory biomarkers could be used together with anthropometric and
biochemical measurements to enhance the prediction models and to identify sus-

ceptible individuals early [37]

Circulating microRNAs are one of the most dynamic new molecular biomarkers
in the field of predictive medicine. MicroRNAs control many metabolic path-
ways that are implicated in glucose metabolism, differentiation of adipocytes, in-

sulin signalling, oxidative stress and inflammatory responses. Multiple miRNAs
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have been identified through systematic reviews that are consistently linked with
metabolic syndrome and its components. Though these biomarkers, are still not
included into our daily clinical practice, yet they still demonstrate a considerable
potential for the early risk prediction as well as personalized therapeutic decision-
making. Future integration of the conventional biochemical markers along with the
genomic and molecular biomarkers, is believed to improve the precision medicine
approaches for not only preventing metabolic syndrome but also its associated

complications [38].

1.6 Need for an Integrated Biomarker Platform

1.6.1 Challenges in Existing Literature

Although significant advances have been made in the identification of biomarkers
linked to metabolic syndrome, important limitations remain evident in the cur-
rent scientific literature. A major gap lies in the lack of integration across studies,
where biomarker data are often reported in isolation without linking molecular,
clinical, and phenotypic dimensions. This fragmentation restricts comprehensive
understanding and limits cross-study comparability. Furthermore, accessibility re-
mains a significant challenge, as biomarker information is dispersed across multi-
ple publications and databases, making systematic retrieval and utilization both
time-consuming and inefficient. Another key limitation is the absence of standard-
ized data representation [40]. Variability in biomarker nomenclature, measurement
units, and reporting formats introduces inconsistencies that hinder reproducibility
and meta-analysis. Collectively, these issues underscore the need for a unified and

systematically curated resource.

1.6.2 Importance of Data Integration

The significance of identifying and monitoring metabolic syndrome stems from its

cumulative impact on disease progression and mortality, as it comprises a complex
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group of interrelated conditions such as insulin resistance, central obesity, high
blood pressure, and dyslipidaemia. Monitoring these co-occurring factors is clini-
cally vital, as their clustering accelerates disease progression, complicates patient
management, and confers a substantially higher cardiovascular risk than isolated
individual components [41]. Metabolic syndrome functions as an important public
health marker for detecting individuals who face a significantly increased risk of
developing serious long-term outcomes, including type 2 diabetes, cardiovascular
disease, chronic kidney disease, metabolic dysfunction-associated steatotic liver
disease, multiple types of cancer, and early mortality. Given that these intercon-
nected metabolic components are major contributors to global disability-adjusted
life years and mortality, the sheer scale and complexity of the syndrome demand
integrated clinical strategies and robust data tracking to effectively manage and

mitigate its growing global burden [42].

1.6.3 Role of Bioinformatics Database

Bioinformatics databases are crucial for research on metabolic syndrome (MetS)
as they serve as a centralized platform for the storage, organization, and analysis
of vast amounts of biological and clinical data. These databases combine data
on the genome, transcriptome level, protein, metabolites and clinical information,
allowing the identification of genes, proteins, pathways and candidate biomarkers
that are associated with the pathogenesis of MetS. [43] mentioned that reliable
tools like the GWAS Catalog are useful for identifying genetic variants linked to
metabolic disorders, and [44] noted that Human Metabolome Database (HMDB)
offers extensive information about human metabolites and their functions, which
is useful for discovering biomarkers and studying metabolic pathways. In a similar
way, [45] stated that STRING can also be used to build protein—protein interac-
tion networks, which can be useful for determining the importance of regulatory
proteins and pathways involved in disease development. Furthermore, KEGG is a
widely used pathway enrichment analysis tool and a functional interpretation of
high throughput data (omics) [46]. Together, these bioinformatics databases have

facilitated the discovery of novel diagnostic and prognostic biomarkers, enhanced
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understanding of molecular mechanisms of metabolic syndrome, and advances in

precision medicine and personalized therapeutic strategies.

1.7 Problem Statement

Three major issues plague the present literature on metabolic syndrome biomark-
ers, despite notable advancements in the field: Fragmented integration: Biomarker
data are usually examined separately and infrequently connected to clinical or phe-
notypic context, which restricts thorough comprehension and cross-study compa-
rability. Inadequate accessibility: Systematic retrieval and synthesis are time-
consuming and ineffective since pertinent findings are dispersed throughout mul-
tiple publications and databases with varying breadth and organization. Inconsis-
tent reporting formats, measurement units, and nomenclature [40] lower repeata-
bility and impede meta-analysis. All of these limitations point to the need for a
single, methodically curated database that combines data on metabolic syndrome

biomarkers from molecular, clinical, and phenotypic perspectives.

1.8 Aims and Objectives

1.8.1 Aim

To integrate experimentally validated molecular biomarkers associated with meta-
bolic syndrome through comprehensive manual curation, enabling biomarker char-
acterization, interactive exploration, comparative analysis, and translational re-

search by developing a web-based knowledge exploration platform.

1.8.2 Objectives

i. To systematically identify, extract, and manually curate experimentally val-
idated molecular biomarkers associated with metabolic syndrome from peer-

reviewed scientific literature.
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ii. To standardize and annotate the curated molecular biomarkers by harmoniz-
ing, molecular classifications, standardized identifiers, and biological annota-

tions to ensure data consistency, interoperability, and comparative analysis.

iii. To enable biomarker exploration, comparative analysis, and translational re-
search toward precision medicine in metabolic syndrome through an acces-

sible web-based knowledge exploration platform.

1.9 Scope and Significance

The systematic curation, categorization, and computational arrangement of empir-
ically verified molecular biomarkers linked to metabolic syndrome as documented
in peer-reviewed scientific publications is the exclusive focus of this project. As
stated in Objectives 1 and 2, the scope covers the molecular properties, biologi-
cal roles, experimental data, and diagnostic relevance of the four main biomarker
categories: DNA-based, RNA-based, protein-based, and epigenetic. The study’s
scope includes designing and developing a web-based platform with three func-
tional modules based on this curated dataset: a Browse module for organized re-
trieval and filtering of biomarker information, an Analyse module for compara-
tive investigation of shared biological characteristics and functional relationships
among biomarkers to aid in prioritization and hypothesis generation, and an In-
sights module for statistical summarization and visualization of biomarker distri-
butions, classifications, and publication trends. In keeping with the main goal
of the project, these elements work together to create an easily accessible plat-
form that supports biomarker discovery and translational research in metabolic

syndrome.

1.9.1 UN Sustainable Development Goals

The scope of this study aligns directly with several UN Sustainable Development
Goals, situating the work within a broader global development agenda rather than

as a purely academic exercise.
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i. SDG 3 (Good Health and Well-being) is the most direct point of alignment.
SDG target 3.4 specifically calls for reducing premature mortality from non-
communicable diseases, including cardiovascular disease and diabetes, by
one third by 2030 [47]. Because metabolic syndrome is a principal upstream
driver of both conditions, a curated biomarker platform that supports ear-
lier detection and more precise risk stratification contributes directly to the

prevention and treatment efforts this target calls for.

ii. SDG 9 (Industry, Innovation, and Infrastructure) is reflected in the study’s
focus on creating a structured digital research infrastructure, the Browse,
Insights, and Analyse modules, which did not previously exist in a consol-
idated form for metabolic syndrome biomarkers and strengthens scientific

research infrastructure and capacity in the health informatics domain.

iii. SDG 17 (Partnerships for the Goals), particularly its emphasis on data avail-
ability and knowledge sharing, is reflected in the study’s objective of inte-
grating scattered, cross-institutional biomarker evidence into a single acces-
sible, shareable resource, supporting the kind of open, collaborative research

infrastructure this goal envisions.

The study presents itself as a translational contribution to both precision medicine
research and more general global health and innovation aims by limiting its scope
to curation, categorization, and platform creation while clearly connecting these

outputs to SDG 3, 9, and 17.

1.9.2 Significance

In light of these limitations, the development of MetSMarker is both timely and
necessary. The proposed platform addresses the fragmentation of existing knowl-
edge by integrating biomarker data from diverse studies into a centralized and
structured repository [48]. By applying standardized ontological annotations and
harmonized data preprocessing protocols, MetSMarker ensures consistency and

comparability across datasets. Additionally, the platform enhances accessibility
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by providing a user-friendly interface for efficient biomarker exploration and re-
trieval. Unlike conventional approaches that focus solely on data collection, MetS-
Marker incorporates knowledge exploration modules that enable functional inter-
pretation, precision medicine insights, and multi-dimensional analysis. This inte-
grative framework not only improves data usability but also facilitates the identi-
fication of clinically relevant biomarkers, thereby advancing diagnostic research in

metabolic syndrome.



Chapter 2

Literature Review

Biomarker research has emerged as a cornerstone of modern biomedical science,
offering critical insights into the diagnosis, prognosis, and mechanistic understand-
ing of complex disorders such as metabolic syndrome (MetS). Over the last twenty
years, considerable research has been directed toward discovering molecular, ge-
netic, and clinical biomarkers that capture the complex nature of metabolic syn-
drome (MetS), a condition characterized by linked disorders such as insulin resis-

tance, obesity, dyslipidemia, and hypertension. [1].

These biomarkers—ranging from circulating proteins and inflammatory mediators
to genetic variants—serve as measurable indicators of disease onset and progres-
sion, enabling early detection and risk stratification. In the context of precision
medicine, biomarker discovery plays a pivotal role in advancing personalized ther-
apeutic strategies by linking biological signatures with clinical phenotypes. Con-
sequently, the growing body of literature underscores the importance of systemati-
cally characterizing and integrating biomarker data to enhance diagnostic accuracy

and improve clinical outcomes in metabolic syndrome [21].

Insulin resistance is considered the main mechanism linking the various parts of
metabolic syndrome. In addition to insulin resistance, there is also a second patho-
biological feature of metabolic syndrome, chronic low-grade inflammation, which
is now known to be closely linked to the insulin resistance pathway and not a

distinct entity [53].
28
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2.1 Pathophysiology of Metabolic Syndrome

2.1.1 Insulin Resistance

MetS is a complex process involving a number of acquired and inherited compo-
nents under the umbrella of insulin resistance and chronic low-grade inflammation
[6]. Insulin normally increases glucose uptake in skeletal muscle, liver, and adipose
tissue, and decreases output of glucose from the liver and lipolysis, and when these
effects are lost the body responds by increasing insulin and, over time, leads to

hyperglycemia, altered lipid handling, and vascular dysfunction [49].
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FIGURE 2.1: Chronic metabolic diseases may be induced by IR [51].

Now, lipid deposition in the wrong places is known to be among the fundamental
causes of this resistance. Insulin resistance is a complex pathophysiological process
that starts with a genetic susceptibility and is triggered by core metabolic distur-
bances, primarily lipid accumulation in tissue where lipids are not normally stored

(such as liver and skeletal muscle), and is then gradually exacerbated by cell stress
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and systemic inflammation [50]. In this ectopic fat deposition, insulin signaling
pathway is directly affected and affects the translocation of glucose transporters

to the cell membrane and affects the normal disposal of glucose.

The effects of such resistance are much wider-ranging than glucose control. Insulin
resistance leads to liver fat accumulation by stimulating lipolysis, increasing free
fatty acid flux, and decreasing fatty acid oxidation, and a metabolic syndrome
state further reinforces this vicious cycle by promoting visceral adiposity, chronic
inflammation and impaired lipid metabolism [52]. Insulin resistance is upstream
of hyperglycemia, dyslipidemia and hypertension, so it is often considered the first
abnormality of the natural history of metabolic syndrome, and a primary target

for prevention before the other aspects of metabolic syndrome are fully developed.

2.1.2 Chronic Inflammation

Adipose tissue is no longer considered merely a storage depot for fat but rather an
active endocrine organ that regulates adipose tissue inflammation via endocrine,
paracrine, and autocrine effects of proteins secreted by adipose tissue, liver, and
skeletal muscle, respectively, namely adipokines, hepatokines, and myokines [53].

In obesity, the secretions of adipose tissue tend to be clearly pro-inflammatory.

Obesity is linked to increased levels of pro-inflammatory adipokines (leptin, resistin
and chemerin), and lower levels of anti-inflammatory adipokines (adiponectin),
which results in a systemic low-grade inflammatory state [53]. This change is fol-
lowed by changes within the tissue itself, including accumulation of macrophages
and activation of NF-kB, JNK, and the NLRP3 inflammasome pathways, each
of which directly impact local insulin signaling [53]. It is a serious inflammatory
condition, and the inflammation is not limited to adipose tissue; it affects other
areas of the body as well. Chronic low-grade inflammation of adipose tissue is
linked to a variety of downstream metabolic disorders, and its complex interplay
between pro-inflammatory and anti-inflammatory mechanisms of the immune re-
sponse within adipose tissue is now recognized as a major contributor to the overall

metabolic dysfunction observed in the syndrome [55].
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Given that this inflammation is a cause of insulin resistance and also contributes
to it, these pathways are now being increasingly viewed as a single entity than as

independent factors influencing the insulin resistance syndrome.

2.1.3 Oxidative Stress

The third mechanism that is orchestrated in metabolic syndrome is the oxida-
tive stress, which is the balance between the generation of reactive oxygen species
(ROS) and the body’s ability to neutralize them. Both inflammation and oxida-
tive stress favor the subsequent development of the different complications asso-
ciated with the components of the syndrome: insulin resistance, hypertension,

hyperlipidaemia, etc. [56].

The production of ROS is a result of the activation of enzymes in the cytosol, cell
membrane and mitochondria and in the absence of sufficient antioxidant capacity,
the ROS lead to oxidative stress and create intracellular damage [56]. There are
two enzymatic sources of ROS that are especially involved in this process. The

interplay between NADPH oxidases and mitochondria is the primary mechanism
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responsible for the generation of ROS that exacerbates metabolic syndrome-related
chronic inflammation, adipocyte proliferation and insulin resistance, and hence,
the link between oxidative stress and other key pathways of metabolic syndrome
[57]. This is a dual-source ROS production, which enhances inflammatory signaling

mechanisms instead of going down a different pathway:.
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chondria derived ROS overwhelm antioxidant capacity, causing cellular damage

and endothelial dysfunction that reinforce hypertension and cardiac remodeling
[56]

There are a variety of downstream effects of this oxidative burden that impact
almost every aspect of the syndrome. The subsequent oxidative stress causes
endothelial dysfunction and the irreversible buildup of oxidation products, which
ultimately reinforce the metabolic syndrome phenotype as a whole by contributing

to insulin resistance, hypertension, and dyslipidemia [56].

Oxidative stress markers are being investigated as a therapeutic target for antiox-
idant based therapies as well as a tool for diagnosing and assessing the severity
of metabolic syndrome because biomarkers of oxidative damage can be assessed

clinically.
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2.1.4 Lipid Metabolism Disorders

A typical pattern of disruption in lipid metabolism, commonly referred to as
atherogenic dyslipidemia, is the last fundamental patho-physiological pillar of
metabolic syndrome. One of the main characteristics of metabolic syndrome is
dyslipidemia, which is defined by altered levels of triglycerides and HDL choles-
terol. Elevated triglyceride levels are frequently linked to lower HDL cholesterol

concentrations, creating a lipid profile that encourages the development of vascular

disease [58].
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FIGURE 2.4: Interrelationship of Lipid metabolism disorder and Metabolic Syn-
drome [59].

The previously mentioned insulin resistance is the direct cause of this lipid abnor-
mality. The overproduction of large very low-density lipoprotein (VLDL) particles
is caused by impaired insulin signaling, which decreases the normal suppression
of lipolysis and increases the flux of free fatty acids to the liver. Together with
impaired clearance mechanisms, this fundamental defect is now recognized as the

hallmark of the dyslipidemia seen in metabolic syndrome and type 2 diabetes [58].
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These VLDL particles mix with HDL and LDL particles throughout circulation,
resulting in the production of smaller, denser, and more atherogenic lipoprotein

subtypes.

This lipid group has significant clinical implications. A pooled meta-analysis has
demonstrated a substantial correlation between novel atherogenic lipid indices,
such as non-HDL cholesterol and the triglyceride-to-HDL ratio, and metabolic
syndrome and its constituent parts across several diagnostic criteria [60]. This
dyslipidemia pattern is considered not only a downstream marker of metabolic
syndrome but also an active contributor to the cardiovascular risk that character-
izes the syndrome’s clinical significance because it directly promotes atherosclero-

sis and occurs several years before overt diabetes diagnosis.

2.2 Biomarkers of Metabolic Syndrome

2.2.1 Characteristics of an Ideal Biomarker

In contrast to traditional clinical measures like blood pressure, fasting glucose,
and lipid profiles, which are helpful but might not fully capture the underlying
metabolic disturbances occurring, biomarkers are meant to provide a more objec-
tive and accurate assessment of the physiological changes that occur in metabolic
syndrome [39]. Therefore, rather than only characterizing the disease’s clinical
endpoints, an ideal biomarker for metabolic syndrome is anticipated to reflect the
biochemical and molecular processes driving the syndrome, notably inflammation,

oxidative stress, lipid metabolism, and glucose regulation [39].

A valuable biomarker must be effective as a diagnostic tool in addition to its bi-
ological significance. The area under the curve, along with sensitivity, specificity,
and an ideal cut-off value, has been used in studies evaluating insulin-resistance-
related biomarkers for metabolic syndrome to assess diagnostic potency. Lipid
ratios and some non-HDL-cholesterol-based indices have the highest area-under-

curve values of 0.80 or above for predicting the syndrome [61]. The assumption
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that an ideal biomarker should be repeatable across populations and able to dif-
ferentiate ill individuals from unaffected ones with a specified, clinically actionable

threshold is reflected in this emphasis on quantifiable diagnostic accuracy.

Another distinguishing feature is the practicality of measuring. An ideal marker
should be practical to measure on a regular basis, such as through routine blood
or urine sampling, and sensitive enough to identify early, subclinical disturbances
before the syndrome’s clinical components fully manifest. This is because measur-
ing metabolic syndrome biomarkers can improve the diagnostic specificity for each
individual and provide clinicians with pertinent clinical information [61]. How-
ever, since biochemical marker levels differ among populations and a biomarker
validated in one group may not transfer directly to another without recalibration,
prediction models based on these markers must be flexible across various ethnic

and demographic groups [61].

2.2.2 Clinical Applications of Biomarkers

Metabolic syndrome biomarkers are usually classified into multiple functional cat-
egories in clinical and research practice, each of which captures a distinct aspect
of the pathophysiology of the syndrome. Insulin resistance markers like insulin, C-
peptide, and the HOMA-IR index; inflammatory markers like C-reactive protein,
interleukin-6, and tumor necrosis factor-alpha; adipokines like leptin, adiponectin,
and chemerin; oxidative stress markers like uric acid and oxidized LDL; vascular
markers like arterial pulse wave velocity; and lipoprotein markers like apolipopro-
tein B [62]. Whether it is glucose dysregulation, systemic inflammation, or athero-
genic lipid abnormalities, this classification enables doctors to choose indicators

that match to the molecular pathway of greatest interest in a particular patient.

Several of the indicators linked to insulin resistance have demonstrated especially
strong clinical correlations. Adiponectin and ghrelin levels were negatively corre-
lated with metabolic syndrome, while fasting insulin, HOMA-IR, leptin, HbAlc,
and visfatin levels were positively correlated with the syndrome, according to a

systematic review of the Iranian population. The relationship between adiponectin
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and the syndrome’s individual components was particularly well-established across
the literature [61]. The more conventional glucose- and lipid-based diagnostic cri-
teria, adiponectin is increasingly used clinically as a measure of both insulin sen-

sitivity and disease severity because its levels decrease as dysfunction worsens.

Composite indices, which combine many biological signals into a single actionable
score, are gaining clinical momentum in addition to individual biomarkers. Accord-
ing to a review of biomarkers of insulin sensitivity and resistance, the triglyceride-
to-HDL-cholesterol ratio, the triglyceride-glucose index, and the HOMA-IR index
have become useful predictors of insulin resistance, while adipokines like leptin
and adiponectin, along with inflammatory mediators like CRP and IL-6, have
demonstrated a strong and reliable ability to predict insulin resistance across sev-
eral prospective cohort studies [63]. Since integrating multiple emerging biomark-
ers into practice provides a more thorough, customized method of diagnosing
metabolic syndrome, tracking disease progression over time, and monitoring a
patient’s response to treatment, these composite and multi-marker approaches are

anticipated to play an increasing clinical role [39].

2.3 DNA Biomarkers

2.3.1 Candidate Genes

A series of genes, with a known biological function in some aspect of glucose, in-
sulin or lipid metabolism, have been found repeatedly and are considered candi-
dates for the metabolic syndrome. These are genes involved in insulin signalling,
including insulin receptor substrate 1 (IRS1), peroxisome proliferator-activated re-
ceptor gamma (PPARG), as well as genes that are core to lipid metabolism, such as
adiponectin (ADIPOQ), apolipoprotein A5 (APOA5) and low-density lipoprotein
receptor (LDLR) [64].

Of these, PPARG and APOC3 have been especially consistently associated with

metabolic syndrome in multiple independent samples; other candidates like the
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genes coding for angiotensin-I-converting enzyme (ACE) and fatty-acid-binding
protein 2 (FABP2) have yielded less consistent results [64]. The gene APOA5
in particular has been one of the most replicated candidates with its known role
in insulin resistance, systolic blood pressure and triglycerides [65]. These candi-
date genes were chosen because of prior biological knowledge, and so represent a
hypothesis-driven complement to the genome-wide unbiased search for discovery

that is used in genome-wide association studies.

2.3.2 Genetic Variants

Based on these “candidate genes”, researchers have found specific single nucleotide
polymorphisms (SNPs) that have been consistently associated with the risk of
metabolic syndrome. A systematic review identified a few SNPs that had minor
alleles that were more prevalent in MS patients and minor alleles that were less
prevalent in MS patients such as the Taq-1B variant in CETP, multiple variants in
APOA5 and APOC3 [64]. Despite some variations in the strength of this associ-
ation across different ethnic populations and study designs, recent meta-analyses
have maintained the consistent association between APOA5 polymorphisms and

the susceptibility to metabolic syndrome [66].

Similarly, SNP-based analyses in Middle Eastern cohorts have identified polymor-
phisms of candidate genes as linked to susceptibility to MS in Middle Eastern
populations, although the magnitude and direction of the effects vary across the
ethnic groups analyzed [65]. Single SNPs, however, often provide only a small
portion of the risk, so nowadays most researchers consider them to be part of a

larger genetic risk profile.

2.3.3 Genome-Wide Association Studies

MetaSNP studies have greatly enriched the number of polymorphisms linked to
metabolic syndrome beyond the scope of candidate gene studies. In the Taiwan

Biobank, a large-scale GWAS identified 549 SNPs, representing 10 genomic risk
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loci and 22 associated genes such as CETP, LPL, APOA5, FTO, and GCK, that
were significant for metabolic syndrome, with a sample size of over 107,000 indi-

viduals [48].

On an international scale, a multivariate GWAS model with a shared genetic factor
model for five metabolic syndrome components (fasting glucose, HDL cholesterol,
systolic blood pressure, triglycerides, and waist circumference) resulted in the iden-
tification of 235 genetic loci associated with metabolic syndrome, compared with
174 genetic loci identified in the largest single-trait GWAS of metabolic syndrome
found to date [67].

This expanded discovery is an example of the benefit of modelling the components
of the syndrome rather than modelling each risk factor individually, as this ap-
proach allows to capture common genetic effects which will not be captured by
the single-trait approach. Most of the loci so far found using GWAS methods map
to genes previously linked to lipid metabolism and glucose regulation, indicating
that these large-scale studies have mostly confirmed, not refuted, the picture of

the mechanisms arising from earlier candidate gene studies.

The documented genetic basis of MetS involves a complex array of chromosomal
positions and single nucleotide polymorphisms (SNPs) within numerous candidate
genes. Positive genetic associations have been successfully replicated for common
SNPs in the APOC3 and PPARG genes. Furthermore, specific variants predomi-
nantly linked to lipid metabolism demonstrate significant correlations, such as the
increased prevalence of minor alleles in FTO (rs9939609), TCF7L2 (rs7903146),
APOA5 (C56G, T1131C), APOC3 (C482T, C455T), and IL6 (174G > C) among
MetS patients.

Additional evidence implicates the ADIPOQ rs2241766 G-allele with augmented
MetS risk in certain populations, alongside sex-dependent associations in the
ADRB2 gene for men and correlations with the LMNA 1908C > T polymor-
phism. Despite these targeted discoveries, the multifactorial heritability and ex-
treme heterogeneity of the syndrome continue to impede the translation of these

diverse genetic linkages into routine clinical diagnostic tools [23].
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2.4 RNA Biomarkers

2.4.1 Messenger RNA

Messenger RNA expression profiling provides a direct glimpse into the genes cur-
rently being transcribed in a patient’s cells, and is therefore an obvious next step
to consider for biosignature discovery in metabolic syndrome. Liu et al., 2021a
identified two gene modules and 51 hub genes associated with metabolic syndrome
using peripheral blood high-throughput transcriptomics, and a signature of nine
hub genes was distilled, which was used to build a logistic-regression-based risk

calculator.

Such an mRNA nine-gene signature showed excellent classifying ability in the
training set (AUC 0.968) and in an external validation set (AUC 0.861) suggesting
that blood-based mRNA panels can classify patients from non-affected patients

with a high level of accuracy [68].

Whereas DNA-based variants offer a snapshot of a predisposition, mRNA-based
biomarkers are more suitable to reflect the active, ongoing pathophysiological state

of the syndrome—complementing a snapshot of fixed genetic predisposition.

2.4.2 MicroRNA

MicroRNAs are small, non-coding RN A molecules that post-transcriptionally mod-
ulate the activity of genes, and their differential expression in the blood has led
to their being sought as blood markers of metabolic syndrome. Based on high-
throughput sequencing of plasma samples, 2 microRNAs were found to be upreg-
ulated and 36 to be downregulated in patients with MS, with two microRNAs be-
ing upregulated and 10 being most downregulated being confirmed by quantitative

PCR as potential biomarkers [69].

In addition to diagnostic classification, microRNAs are also being investigated to

determine whether they can differentiate between similar but distinct metabolic
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conditions, such as the presence of a potential biomarker in the plasma of patients
with obesity who were not detected in patients who developed metabolic syndrome,
indicating that they may be useful for monitoring disease progression instead of

just presence or absence [70].

MicroRNAs are highly stable in the blood and can be measured non-invasively and
therefore have been proposed as good candidates for standard clinical diagnostic
panels, provided their signatures can be reproduced in a consistent manner across

different populations.

2.4.3 Long Non-coding RNA

A more general and understudied group of regulatory transcripts are long non-
coding RNAs, which interact with other regulatory proteins and microRNAs to

regulate the expression of other genes.

In a dedicated review, it was established that metabolism disorders, such as dia-
betes, obesity, and cardiovascular disease are closely associated with dysregulation
of specific IncRNAs, with metabolic disorders being exacerbated by such dysreg-
ulation and thus IncRNAs are proposed as diagnostic and therapeutic targets for

metabolic syndrome [71].

A large part of this regulatory control takes place via what is termed an IncRNA-
microRNA-regulatory-protein axis, where IncRNAs serve as molecular scaffolds or
sponges that regulate the availability of microRNAs for their downstream gene
targets, positioning IncRNAs upstream of the microRNA biomarkers described

above [71].

Although the field has not as yet progressed as far as mRNA or microRNA
biomarkers in our understanding of how exactly IncRNAs function in metabolic
syndrome, they are considered to be biologically more specific, due to their tissue-

specific and context-specific expression.
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2.4.4 Circular RNA

Circular RNAs are a novel and unique RNA structure generated by back-splicing
that lacks free ends in linear transcripts. CircRNAs are resistant to degradation
by exonucleases, which make them more stable than linear RNA species, and this
property has led to an increased interest in the potential of circRNAs as circulating,

stable biomarkers of metabolic diseases [24].
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FIGURE 2.5: RNA biomarker in metabolic syndrome [72].

Functionally, circRNAs are known to regulate metabolism basically in two ways:
as microRNA sponges that can competitively bind microRNAs via microRNA
recognition elements and thus modulate the post-transcriptional regulation of
the microRNA target genes [70]; as protein scaffolds that bind proteins and,
in some cases, serve as templates for peptide translation [70]. The closed-loop
structure makes circRNAs an attractive target for eventual clinical assay develop-
ment and in recent years they’ve become one of the most promising of the RNA

biomarker classes, though, like the other non-coding RNA biomarkers, correlation
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with metabolic syndrome does not demonstrate a causal role of these molecules in

the pathogenesis of this syndrome.

2.5 Protein Biomarkers

2.5.1 Inflammatory Proteins

Circulating protein biomarkers are some of the more commonly measured pro-
teins in metabolic syndrome research as the syndrome is tightly linked to chronic
low-grade inflammation. A cross-sectional study in middle aged women showed
that level of I1L-6 was highly correlated with hypertriglyceridemia and insulin re-
sistance, while the level of tumor necrosis factor-alpha (TNFa) correlated with
the abdominal obesity and was a significant predictor of cognitive impairment in

middle aged women [73].

Interestingly, the same study revealed that both IL-6 and TNF-alpha were linked
to specific aspects of the syndrome and did not interchangeably represent the same
syndrome; that is, IL-6 was more strongly associated with lipid abnormalities and
insulin resistance, and TNF-alpha was more strongly associated with adiposity
and its downstream cognitive outcomes [73]. The distinction is clinically relevant
as it implies that a single inflammatory marker is not sufficient to account for the
inflammatory burden of the syndrome and combinations of more than one cytokine
can better reflect the specific metabolic disturbances which occur in a particular

patient.

2.5.2 Hormonal Biomarkers

Hormonal biomarkers reflect the neuroendocrine responses and stress-related path-
ways that are associated with metabolic syndrome, and are not limited to those
hormones that are more well known and discussed in relation to insulin. System-

atic review of mediators of allostatic load revealed that primary mediators of the
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hypothalamic-pituitary-adrenal axis and sympathetic nervous system, such as cor-
tisol, dehydroepiandrosterone sulfate, and norepinephrine and epinephrine, play
a role in the development of metabolic syndrome via their interaction with the

neuroendocrine system [74].

Another relevant category of hormone biomarkers is the thyroid hormone status,
as population-based studies have suggested a sex-specific link between subclinical
hypothyroidism and incident metabolic syndrome, and a larger meta-analysis has
confirmed that metabolic syndrome was strongly associated with the incidence of

thyroid disease overall [75].

Hormonal biomarkers in this category are recognized as important regulators of
energy metabolism, lipid handling and blood pressure regulation, and are now
increasingly considered as markers of upstream regulatory disturbances that could
be responsible for — or part of the explanation for — the more commonly measured

metabolic aspects of the syndrome.

2.5.3 Enzymatic Biomarkers

Enzymatic biomarkers such as alanine aminotransferase (ALT), aspartate amino-
transferase (AST), and gamma-glutamyl transferase (GGT) have become known
as easily available and clinically relevant metabolic syndrome markers. A system-
atic review and meta-analysis was conducted comparing liver enzyme levels be-
tween more than 76,000 patients with metabolic syndrome and over 200,000 with-
out metabolic syndrome, which showed the close relation between liver enzyme

levels and metabolic syndrome, and its association was found [76].

These enzymes are part of established liver function tests and their elevation,
even in the normal reference range, provides a readily available and cheap marker
that could help identify those more likely to have metabolic syndrome before
other metabolic markers become elevated. In a clinical environment where more
specific inflammatory or genetic biomarker panels may not be readily available,

this diagnostic value is thought to be particularly useful.
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2.5.4 Adipokines

Adipokines are hormone-like proteins directly released by adipose tissue, and their
levels change in a characteristic manner when adipose tissue becomes dysregulated
in MS. Leptin, resistin and chemerin are pro-inflammatory adipokines linked to
obesity, while adiponectin is anti-inflammatory and decreases in obesity, reflecting
the overall shift of adipose tissue towards active inflammatory endocrine organ
[53]. The individual adipokines studied have shown the most consistent and well-
established relationship with metabolic syndrome, with lower levels of circulat-
ing adipokines being well correlated with the individual components of metabolic

syndrome in multiple studies, and particularly in the case of adiponectin [61].
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FIGURE 2.6: Schematic presentation of MetS [78].

The levels of adipokines change in predictable ways as visceral adiposity increases,
which is why this class of marker is considered to be one of the more mechanis-
tically direct markers to reflect a patient’s degree of adipose tissue dysfunction,
alongside the more downstream inflammatory and enzymatic markers described
above.Metabolic syndrome (MetS) refers to a cluster of clinical features such as

central obesity, insulin resistance, dyslipidemia, and hypertension, which together
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act synergistically to increase the risk of cardiovascular disease (CVD) and type 2
diabetes. Central obesity involves the accumulation of excess fat in the abdomi-
nal region. Insulin resistance represents a key underlying feature and is typically
identified through elevated fasting blood glucose levels or abnormal results on glu-
cose tolerance testing [40]. Dyslipidemia in this context is defined by distinct lipid
abnormalities, including elevated triglycerides, increased low-density lipoprotein
cholesterol, and reduced high-density lipoprotein cholesterol. These alterations
contribute to pro-inflammatory and pro-thrombotic conditions, which may be re-
flected clinically through raised serum biomarkers such as C-reactive protein and
fibrinogen. At present, diagnostic definitions differ across professional organiza-
tions, although they commonly depend on threshold values for waist circumfer-
ence, blood pressure, fasting plasma glucose, triglycerides, and HDL cholesterol is

a [77].

The pathophysiology of metabolic syndrome (MetS) is primarily driven by dys-
function in adipose tissue, alongside processes such as atherosclerosis, oxidative
stress, and persistent low-grade inflammation. Visceral adipose tissue functions as
an active endocrine organ, releasing pro-inflammatory cytokines including tumor
necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), and interleukin-1 beta (IL-
138) [23]. Furthermore, visceral adipose tissue dysregulation severely alters key
adipokine biomarkers; it induces leptin resistance while suppressing the produc-
tion of adiponectin, an insulin-sensitizing and anti-inflammatory hormone. This
ongoing inflammatory milieu induces endothelial dysfunction and stimulates the
liver to release acute-phase proteins like CRP, serving as both a clinical marker of

inflammation and a contributor to plaque instability [79].

2.6 Epigenetic Biomarkers

2.6.1 DNA Methylation

The most well studied epigenetic modification in metabolic syndrome is DNA

methylation, partly because arrays for genome-wide methylation can be readily
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used to measure its changes. A study was performed on the Infinium Methy-
lation EPIC BeadChip to look at the differentially methylated probes between
people with metabolic syndrome and controls and found that these probes pre-
dominantly clustered in gene bodies and intergenic regions, while hypomethylated

probes tended to cluster near the transcription start sites [80].

In the genes identified, GFPT2 hypermethylation was a very interesting candidate
as a possible biomarker, and the authors of the study state that the aberrant
expression of GFPT2 could be a direct mechanism of the syndrome’s pathogenesis,
rather than an indirect correlation [80]. DNA methylation patterns appear to
be good candidates for clinical diagnostic assays as they can be extracted from
accessible tissues like peripheral blood, and are relatively stable over short periods
of time; additional validation cohorts are required to determine which sites reflect

methylation across the population.

2.6.2 Histone Modifications

The second major epigenetic mechanism is histone modification, in which the DNA
is not modified, but rather the tightness of its packaging around histones is altered
to regulate gene expression. The authors of a review on adipogenesis and metabolic
syndrome highlighted the importance of histone modification, in addition to DNA
methylation and chromatin remodeling, in adipocyte differentiation and how these
epigenetic changes are influenced by environmental factors including energy-dense

diets, altered sleep patterns and sedentary lifestyle [81].

Histone marks are considered to be a mechanistic link between lifestyle related risk
factors and the overall gene expression changes that culminate in the metabolic
syndrome phenotype, as they depend on the interaction between an individual’s
genes and other environmental factors [81]. The environmental sensitivity also
implies that, in principle, histone modifications are reversible, which has led to
speculation of their use as biomarkers of accumulated metabolic risk and targets

for therapeutic intervention.
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2.6.3 Epigenetic Regulation in Metabolic Syndrome

All together, DNA methylation and histone modifications represent part of a larger
epigenetic regulation system that includes chromatin remodeling and non-coding
RNA mechanisms, targeting the same metabolic pathways downstream. In a de-
tailed review of epigenetics in metabolic disease, these four mechanisms were iden-
tified as the main mechanisms by which epigenetics are modulated, and it was
found that these epigenetic layers are modified by genetic and non-genetic fac-
tors together to create an individual’s metabolic phenotype [30]. The integrative
perspective has immediate clinical relevance, as already demonstrated in the clinic
through epigenetic biomarkers, drugs, and new epigenetic editing technologies [30].
Epigenetic regulation, which lies on a mechanistically intermediate step between
genetic risk and the molecular changes at transcript level and protein level out-
lined above, is therefore becoming increasingly recognized as a layer that links a

person’s genetic risk with the measurable molecular profile of metabolic syndrome.

2.7 Complications

The synergistic effect of MetS components significantly increases the odds of de-
veloping severe cardiovascular diseases, including coronary artery disease, stroke,
and peripheral artery disease. Type 2 diabetes mellitus (T2DM) is a primary
complication resulting directly from the core feature of insulin resistance, which is
further exacerbated by inflammatory cytokines and free fatty acids released from
excess adipose tissue [82]. Metabolic syndrome (MetS) is strongly associated with
metabolic dysfunction-associated steatotic liver disease (MASLD), which devel-
ops from overlapping abnormalities including central obesity, insulin resistance,
and dyslipidemia. It is also linked to additional comorbidities such as polycystic
ovary syndrome (PCOS) in females, in which hyperinsulinemia promotes exces-
sive ovarian androgen synthesis, as well as chronic kidney disease, where persis-
tent hypertension and hyperglycemia contribute to glomerular hyperfiltration and

progressive renal damage [19].
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2.8 Management and Therapeutic Approaches

Effective prevention and treatment of MetS necessitate addressing its multitudi-
nous risk factors simultaneously through lifestyle modifications and targeted phar-
macological interventions. Physical activity—encompassing aerobic exercise, high-
intensity interval training, and strength training—mitigates MetS by improv-
ing insulin sensitivity, stimulating mitochondrial biogenesis, and enhancing fat
metabolism. Dietary therapy, such as the Mediterranean diet, plays a central role
by utilizing high-fiber foods, essential fatty acids, and low refined carbohydrates to
stabilize blood sugar, reduce oxidative stress, and lower inflammatory cytokines.
When lifestyle modifications are insufficient, specific medications are utilized to
target individual MetS biomarkers, including Metformin and Thiazolidinediones
for glycemic control, statins and fibrates for managing LDL and triglyceride levels,

and antihypertensive drugs for blood pressure regulation [48].

2.9 Biomarker Discovery Technologies

2.9.1 High-Throughput Sequencing

The traditional candidate-gene approach is giving way to the new high-throughput
sequencing technology for unbiased and genome-wide discovery of biomarkers in
metabolic syndrome. Such an approach was applied to plasma samples, resulting
in the identification of differentially expressed microRNAs in healthy volunteers
as compared to those with metabolic syndrome or MS, which were then further
reduced by bioinformatic enrichment analysis and experimentally validated using

quantitative PCR [69].

The workflow, from wide sequencing to targeted validation, has now also been
adopted as the methodological paradigm for RNA and DNA-based biomarker dis-
covery in metabolic syndrome, as it permits to cast a large net and then target

resources on those that seem the most promising.
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2.9.2 Proteomics

Proteomic technologies go beyond DNA- or RNA-based technologies to discovering
biomarkers at the protein level, adding another layer of biological information to
the genome and transcriptome that cannot be fully predicted. Along with genetic
and transcriptomic and metabolomic analyses, a review of multi-omics profiling
in metabolic disease highlighted proteomics as one of the tools to be used for
more accurate characterization of the pathogenesis of metabolic syndrome and re-
lated metabolic disorders, aiming to move towards more precise, individual treat-
ment strategies [83]. Proteomic data do not simply replicate transcriptomic data,
but rather provide a more direct readout of the functional molecules, enzymes,
cytokines and hormones that ultimately give rise to the clinical manifestations
of the syndrome and should therefore be regarded as a valuable complement to

transcriptomic data.

2.9.3 Transcriptomics

A more comprehensive analysis of the totality of RNA transcripts in a sample can
be achieved using transcriptomic technologies, and this can give a genome-wide
picture of the activity of genes that underlies the more targeted mRNA biomarker
panels mentioned above. Based on the largest peripheral blood transcriptomics
data available to date, which encompasses 137,962 samples from peripheral blood
for individuals with metabolic syndrome, researchers used a weighted gene co-
expression network analysis in combination with protein-protein interaction net-
work analysis, LASSO regression and random forest methods to narrow down a

list of 51 possible hub genes to a nine-gene signature [68].

This multi-layered analytical approach, which integrates multiple independent sta-
tistical and machine-learning techniques to arrive at a small, robust set of genes,
represents one of the ways in which transcriptomic technologies have progressed
beyond the mere identification and reporting of genes that are differentially ex-

pressed to the development of a truly predictive, clinically actionable gene panel.
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2.9.4 Epigenomics

Epigenomic technologies add to the omics toolkit by profiling the patterns of
methylation, modification of histones, and chromatin accessibility across the gen-
ome in a large-scale, high throughput fashion, placing epigenetic biomarker dis-
covery in the same context as genomic and transcriptomic profiling. The authors
of the editorial, “Integrated multi-omic studies of metabolic syndrome and related
insulin disorders,” identified epigenomics, a study of gene expression regulation,
as one of the key molecular layers in addition to genomics, transcriptomics, pro-
teomics, microbiomics and metabolomics, which together will uncover the complex

mechanisms and interactions that underlie metabolic disease [84].

The multi-omics approach, which merges the genetic, transcriptomic, and pro-
teomic technologies outlined in the previous subsections with the epigenomic ap-
proach, is becoming the most promising strategy to develop the type of precise
and personalized biomarker panels required for early detection and targeted inter-

vention for the syndrome.

2.10 Existing Biomarker Databases

2.10.1 National Center for Biotechnology Information

One of the most frequently used collections of online resources for biomarker re-
search is provided by the National Center for Biotechnology Information (NCBI),
providing access to biological data through search and retrieval via 35 distinct in-
terconnected databases including GenBank and PubMed, via the shared E-utilities
programming interface [85]. In addition to storing raw sequence and literature
data, NCBI resources like ClinVar, dbGaP, and the Genetic Testing Registry
(GTR) include clinically oriented layers of curation that enable straightforward
linking of a genetic variant to the disease phenotype, so that NCBI offers a logical
starting point for research screening candidate metabolic syndrome biomarkers for

existing genomic and clinical evidence [85].
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2.10.2 Ensembl

For over 20 years, Ensembl has created high-quality genome resources for verte-
brates and model species, providing a platform for researchers to access annotated
reference genomes, comparative genomics tools and a widely-used Variant Effect
Predictor (VEP) for interpreting the functional consequences of genetic variants
[86]. In the context of metabolic syndrome biomarker discovery, Ensembl’s abil-
ity to integrate data from the population-scale variation and interactive genome
browsers enables researchers to position candidate SNPs and genes including those
from GWAS studies earmarked in earlier sections in the entirety of their genomic

and regulatory context.

2.10.3 UniProt

The main goal of UniProt is to provide a high-quality, comprehensive and open
repository of protein sequences and functional information for the tree of life, now
counting over 220 million sequences [87]. In addition to static sequence infor-
mation, UniProt incorporates large-scale data from clinically relevant variation
sources and mass-spectrometry based proteomic evidence, which is directly linked
to protein sequence records, thus making it directly relevant to supporting the
validation of the protein biomarkers, including adipokines and inflammatory cy-

tokines, discussed in earlier parts of this review [87].

2.10.4 Gene Expression Omnibus

Since its launch over 20 years ago, the Gene Expression Omnibus (GEO) has
been an international public repository where gene expression and epigenomics
datasets acquired via next-generation sequence and microarray technologies have
been deposited and archived, now housing data and links to tens of thousands
of published manuscripts [88]. GEO stores raw and processed transcriptomic and
epigenomic data submitted directly by the research community, making it the most

directly relevant resource for transcriptomic and epigenomic biomarker discovery



Literature Review 52

methods described above, in order to reanalyze existing sets of data on expression
of metabolic syndrome, or to submit raw and processed data from their own studies

for validation by others.

2.10.5 Omnline Mendelian Inheritance in Man

Online Mendelian Inheritance in Man (OMIM) is a large, regularly updated data-
base of human genes and genetic diseases, dedicated to the molecular connection
between variation and expression, and only entries curated from and cited to the
peer-reviewed biomedical literature [89]. In the context of metabolic syndrome
research, OMIM is a tool to connect candidate genes mentioned in previous sections
to the known gene-phenotype relationship, serving as a curated link between a

specific genetic variant and its known clinical relevance.

2.10.6 Other Disease-Specific Biomarker Databases

Aside from these widely used data-bases, a few others are focused on metabolic
biomarkers or metabolic syndrome. The Human Metabolome Database (HMDB)
offers detailed information about small-molecule metabolites occurring in the hu-
man body, and is specifically designed for metabolomics, clinical chemistry, and
discovery of metabolite biomarkers; it has been used directly to identify candi-
date metabolite biomarkers of metabolic syndrome and its five components in
population-based cohorts [44]. More directly, the Metabolic Syndrome Research
Resource (MetSRR) is the curation of current and potential biomarkers extracted
from the National Health and Nutrition Examination Survey (NHANES) database
of > 90,000 individuals to explore the etiology of MetS across demographic groups,
according to the developers, who state that MetSRR is the only MetS-specific
database designed to do this [90]. The purpose-built databases like HMDB and
MetSRR complement general-purpose ones like NCBI, Ensembl, UniProt, GEO
and OMIM, which are not necessarily built around any particular disease, and en-
ables researchers to search directly for biomarkers linked to metabolic syndrome,

rather than build that link from more general genomic or proteomic records.
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2.10.7 Need for the Proposed Study

The problem statement’s limitations: fragmented integration, poor accessibility,
and inconsistent standardization, show that the current literature on metabolic
syndrome biomarkers is insufficient to support the kind of systematic, cross-
dimensional research that precision medicine is increasingly demanding. Researc-
hers are forced to manually reconstruct this evidence base study by study in the
absence of a curated resource that compiles molecular, clinical, and phenotypic
biomarker data in one location. This process is ineffective, challenging to repli-
cate, and prone to missing relevant findings dispersed across various sources and

formats.

The current work is directly motivated by this disparity. The study tackles the
fragmentation and lack of standardization in the field at its source, before the
data ever reaches a researcher attempting cross-study comparison, by method-
ically identifying, extracting, and curating experimentally validated biomarkers
(Objective 1) and classifying them into standardized DNA, RNA, protein, and
epigenetic categories (Objective 2). The study goes beyond curation to include
the creation of an interactive, web-based platform since curation alone is insuffi-

cient if the final data is still as hard to obtain as the original literature.

Each of the three suggested modules is intended to address a particular weakness
noted in the problem statement. By substituting systematic, filterable retrieval
for dispersed manual literature searches, the Browse module (Objective 3) directly
overcomes the accessibility barrier. By converting individual data points into sta-
tistical summaries and visual patterns throughout the selected biomarker collec-
tion, the Insights module (Objective 4) addresses the lack of a unified, comparative
context. By enabling direct comparison of similar biological characteristics and
functional correlations across biomarkers, the Analyse module (Objective 5) goes
one step further and addresses the lack of integration in the field. This capacity

is not possible with fragmented, single-study reporting alone.

When considered collectively, these goals show that the proposed study is cor-

rective rather than merely supplementary to the body of existing literature; it is
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especially intended to address the fragmentation, inaccessibility, and lack of stan-
dards that currently limit research on metabolic syndrome biomarkers. In order to
facilitate repeatable research, support extensive meta-analysis, and eventually fur-
ther the translation of biomarker discovery into standardized, precision-medicine-

oriented clinical practice, it is imperative that such a platform be established.

2.11 Research Gap

2.11.1 Limitations of Existing Databases

Although there have been great advances in bioinformatics resources, the current
biological databases suffer from certain limitations when used for metabolic syn-
drome (MetS) biomarker research. The majority of the public databases, such
as Human Metabolome Database (HMDB), Gene Expression Omnibus (GEO),
DisGeNET, STRING and KEGG, are broad-based and contain a wide variety of
diseases, not just metabolic syndrome. This makes it difficult to retrieve compre-
hensive information and integrate it into a single pipeline within a single database,
as information about MetS biomarkers is typically spread across many databases.
Wishart et al. (2022) pointed out that the HMDB is essentially concerned with
the identification of metabolites and metabolic pathways, but lacks disease-specific

curation of biomarkers.

Likewise Barrett et al. (2013) explained that GEO is a repository for datasets from
functional genomics, which need a lot of preprocessing and bioinformatics exper-
tise before any meaningful biological interpretation can be drawn from the data.
Moreover, many databases are not annotated with a standard, do not have stable
nomenclature and do not have integrated clinical metadata, and this reduces the
replicability and comparability of biomarker studies. While DisGeNET combines
from various sources information on gene—disease associations, differences in data

quality, evidence types and annotation standards are important issues as observed

by [91].
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Moreover, the information on the validation status of biomarkers, their diagnos-
tic performance, the type of samples, the study population, and the clinical ap-
plicability is rarely available, which hinders researchers and clinicians from se-
lecting reliable biomarkers for metabolic syndrome. These restrictions highlight
the importance of more specialized, curated and disease-specific databases which
can combine multi-omics data with clinical evidence to facilitate the discovery of

biomarkers and translational research.

2.11.2 Need for a Dedicated MetS Biomarker Platform

As it becomes more common and more complex, there is a need for a special-
ized biomarker database that brings together the validated molecular and clini-
cal information in one convenient, easy-to-use platform. MetS is a multi-faceted
metabolic disorder, and diagnosis and prognosis depends on many biomarkers
derived from genomics, transcriptomics, proteomics, metabolomics, and clinical
studies. At the present time, researchers are required to search several different
independent databases and manually perform data integration from heterogeneous
sources which is time consuming and error-prone. Hasin et al. (2017) noted that
multi-omics data integration is vital for understanding and finding clinically rel-
evant biomarkers of complex diseases, while Subramanian et al. (2020) pointed
out that centralized biological databases enhance data access, repeatability and

collaborative research.

A specific MetS biomarker database will comprehensively archive experimentally-
validated biomarkers and their corresponding potential biological functions, molec-
ular pathways involved, associated genes, protein interactions, diagnostic and
prognostic importance, experimental validation status, study population, sample
source, and literature references. This would make biomarker prioritization eas-
ier and would allow for systems biology analyses, machine learning applications
for disease prediction and quick translation of research results into clinical prac-
tice. Finally, a highly specialized metabolic syndrome biomarker database would

be an important tool for researchers, clinicians and pharmaceutical scientists to
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implement precision medicine, provide greater diagnostic accuracy, and develop

targeted therapeutic interventions.

2.12 Summary of Literature Review

In summary, the current literature highlights the growing importance of diagnostic
biomarkers in understanding and managing metabolic syndrome, while simultane-
ously revealing significant gaps in data integration, standardization, and accessi-
bility. These insights emphasize the necessity for a comprehensive platform that
consolidates and curates biomarker knowledge in a systematic manner. The MetS-
Marker framework is designed to bridge these gaps by combining rigorous litera-
ture mining with advanced data integration and exploration capabilities. Build-
ing upon the limitations identified, the subsequent methodology outlines the pro-
cesses employed for data collection, curation, and platform development, providing

a structured foundation for the implementation of this resource.
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Methodology

3.1 Introduction

The construction workflow of the MetSMarker consists of two major components:
literature-based biomarker mining and the development of a biomarker knowl-
edge exploration platform. The first component includes the systematic litera-
ture survey, data selection, information extraction, preprocessing, and curation
respectively. The second component integrates the ontology annotations, preci-
sion medicine knowledge exploration, as well as the multi-dimensional data inter-
pretation. The overall framework ensures comprehensive identification, validation,

and utilization of diagnostic biomarkers associated with the metabolic syndrome.

3.2 Literature Survey and Selection Criteria

A wide-ranging literature search was carried out for published reports that re-
ported diagnostic markers for metabolic syndrome. PubMed was used as a major
source of biomedical publications for the literature search. A structured search
strategy was developed with the aim of gaining maximum searching efficiency by
using the terms related to biomarker expressions and the terms associated with

metabolic syndrome and diagnostic terms.
57
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The following search query was used: ((Biomarker [Title/Abstract]) OR (marker
[Title/Abstract]) OR (indicator [Title/Abstract]) OR (predictor|Title/Abstract]))
AND ((Metabolic Syndrome [Title/Abstract]) OR (insulin resistance [Title/Ab-
stract]) OR (obesity [Title/Abstract]) OR (dyslipidemia [Title/Abstract]) OR, (hy-
pertension [Title/Abstract])) AND ((Diagnosis [Title/Abstract]) OR (diagnostic
[Title/Abstract]) OR (Examinations [Title/Abstract])). The first search produced
9,286 publications from 1965 to 2026. The search results were then narrowed to

studies that were conducted on humans, resulting in 6,936 publications.

Applied comprehensive search strategy
q using keywords and Boolean operators
Bloiriskiae Tarins Metabolic Syndrome
’ Related Terms Diagnosis Terms 9 286
(Biomarker OR : I
Step 1 (Metabolic Syndrome OR ¥ 7
P marker OR AND insilifresicaica OR AND (Diagnosis OR results
Initial Search indicator OR obesity OR diagnostic OR
(PubMed) predictor) dyslipidemia OR Examinations)
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. 4] Step 2 Limited to studies conducted on ﬁ 6 936
]
.‘ Species Filter Humans Articles
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Studies) ¢ Randomized Controlled Trial * Pragmatic Clinical Trial
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Step 3 Limited to articles published in W 990 1
Language Filter ‘ Engllsh E Articles J

Step 4 Limited to articles with ﬁl 527
Availability Filter Free Full Text Artides

FIGURE 3.2: Literature selection workflow illustrating the sequential filtering

strategy used to identify eligible studies, including search retrieval, human sub-

ject restriction, publication type selection, language filtering, and free full-text
availability.

Further filtering was then done to keep only original clinical investigations. Eligi-
ble publications were clinical studies, clinical trials (Phase I through Phase IV),
controlled clinical trials, randomized controlled trials, observational studies, com-
parative studies, evaluation studies, validation studies, multicenter studies, prag-

matic clinical trials and adaptive clinical trials. Articles that did not contain any
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primary experimental evidence, such as review articles, systematic reviews, meta-
analyses, editorials, letters, comments, conference proceedings, book chapters, case
reports, clinical guidelines, biographies, interviews, news articles, errata, duplicate
publications, retracted publications, and other non-original research articles were
excluded. After this filtering step, there were 1,036 articles left that were original

research articles.

For uniformity in data extraction and interpretation, only studies published in
English language were included, leaving 990 eligible articles. Lastly, all search
papers were limited to full-text articles freely available online, leaving 527 studies

to be reviewed in detail by hand and for potential extraction of biomarkers.

3.3 Information Extraction

Selected articles were manually curated by independent data reviewers to guar-
antee data accuracy and reproducibility by reviewing the full text of the article.
Information extracted was biomarker characteristics, study design, demographics
(age, sex, BMI, blood pressure), assay methods and statistical significance. A
structured data schema was created to standardize data throughout studies. Data
preprocessing involved removing duplicate entries, normalizing the nomenclature
of the biomarkers with the appropriate biomedical ontologies and harmonizing
the measurement units. The missing or inconsistent data were addressed using
pre-established criteria so as to ensure integrity of the dataset. All biomarkers
were listed individually, with multiple entries for the same biomarker when it was
validated in various studies. Reliability for the curated data set was checked at

the end.

3.3.1 Stranded for extraction

A standard list of data was created for the extraction of data from selected re-
search articles, to make sure it is systematic to collect it and uniform through-

out the review area. The following standardized extraction sheet was used as a
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template for recording and structuring the information gained from each of the

selected studies. The predefined extraction format reduced the variations in data

collection and supported systematic comparisons of the results obtained from var-

ious publications. The key pieces of data that were found in each of the papers

selected were grouped into the following categories:

11.

iii.

1v.

Vi.

Literature Information (doi, journal, publication_time, title, abstract, key-
words): This category consists of bibliographic and publication data for each
selected article, so that the literature in the study can be identified, docu-

mented and referenced accurately.

Biomarker Information: (gene_symbol, biomarker_description, type_of_bio-
marker, type_of rna _biomarker, clinical use, level of evidence) contains in-
formation related to the investigated biomarker, its biological description,
type, type of rna-biomarker, clinical use and level of evidence reported in

the study.

Clinical Information: (research_region, total number, male, female, mean_
age, age, stage) This is a summary category of the demographic and clinical
characteristics of the study population that gives the necessary information
about the distribution of patients, age, sex, stage of disease, and geographical

origin of the research.

Experiment information: (source, key_experiment) This category describes
the experimental source and the major experimental strategies used in each

experiment or study to explore the reported biomarkers.

. Knowledge: (up_regulator, down_effector_or_targets, knowledge_points) This

category reports any known biological mechanisms associated with each
biomarker, such as up or down regulators, downstream effectors or targets,

and other important biological information found in the selected articles.

Disease: (disease_type, disease_subtype, disease_classification) This category
refers to disease characteristics investigated in each study; disease type, sub-

type, and classification used by the authors.
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vii. Statistics: (sensitivity, specificity, area_under_the_curve, supplementary_stat-
istics) This category covers all the statistical measurements reported in the
studies to assess the diagnostic performance of biomarkers, as well as all

other supplementary statistical analyses reported in the studies.

For standardization and reproducibility of information extraction, predefined pa-
rameters were set for each category and subcategory incorporated into the extrac-
tion sheet. These parameters gave a uniform structure to the recording of the
same kind of data from all the selected studies and gave better reliability and
comparability to the extracted data set. The following set of parameters were set

for each field:
i. field_name
ii. category
iii. Data Type
iv. Description
v. Example
These parameters ensured that all the data fields were uniformly defined and ex-

tracted, which would make it possible to organize and analyze data in a systematic

way and across all the selected articles for uniformity:.

3.4 Data Standardization and Biomarker Anno-

tation

After data extraction the curated information was systematically standardized
and annotated to make it consistent, accurate and interoperable in the MetS-
Marker database. Data standardization consisted of integrating the biomarker-
related terms, disease terminology and molecular classification using internation-

ally accepted and recognized standards, and integrating other attributes extracted.
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Naming of biomarkers, disease description and reporting format for the different
studies were carefully examined and standardized to ensure consistency of the
data structure. To ensure the quality and reliability of the curated dataset, du-
plicate records, inconsistent terminologies and suggestive entries were manually
checked and rectified. After standardization, each biomarker was annotated to a
set of well-known international biomedical databases to improve the information
extracted with standardized identifiers and biological annotations. Biomarker an-
notations, such as gene information, standardized names and associated biologi-
cal details, were obtained as the primary source from the NCBI. To validate the
information about the biomarkers and to provide additional annotations, other
publicly available biological databases were used, when needed. This annotation
process provided the database with increased biological relevance, interoperability
and usability, allowing for precise identification of biomarkers, data retrieval and

exhaustive downstream analysis via the MetSMarker platform.

3.5 Biomarker Knowledge Exploration

The key knowledge exploration modules developed for MetSMarker were: Browse,
Insights, and Analysis. These modules enable users to have ready access to the
biomarker information, detailed statistics of the database, and biomarker explo-

ration tools.

i. The Browse function allows the user to systematically browse the metabolic
syndrome biomarkers with various search criteria such as biomarker term,
disease and type of organ associated with the biomarker and category of the
biomarkers. This module offers quick access to curated biomarker records
and allows for easy access to relevant information based on user defined

search parameters.

ii. Insights: Statistical summaries and interactive visualisation of curated data-
base. It allows users to view the distribution of the biomarkers in each cate-

gory, explore the distribution of each biomarker in the metabolic syndrome,
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and provides a summary of the characteristics and contents of the database

in graphical and statistical formats.

iii. Analysis module is able to facilitate comparative and cross-omics analy-
sis of metabolic syndrome biomarkers. This module allows users to com-
pare biomarkers across the various molecular categories and studies, and to
present the analysis results using detailed comparison tables to aid interpre-
tation and the identification of biologically relevant patterns and relation-

ships.

3.6 Tool Construction and Web Implementation

The web-based database framework was designed with HTML5 (for front-end
structure), CSS3 (for the styling of the interface), JavaScript (ES6) (for the inter-
active part), PHP 8 (for the back-end processing) and SQL (for the management
of the database). This data visualization relied on the HTML5 Canvas API, and
ECharts v5.4.3, which was integrated with the v4.9.0 World Map JSON. The plat-
form is composed of 3 main modules. The Browse function allows users to search
and retrieve the biomarker information by disease, organ, biomarker category or
search terms which allows the users to have efficient access to the contents of the

database.

All curated insights or selected insights are visible, accessible and can be down-
loaded from the Insights module. It also includes access to the prevalence data
that is associated with it, and displays the geographical distribution with ECharts
v5.4.3 and v4.9.0 World Map JSON framework. The Analysis module enables
cross-omics comparisons, provides downloadable comparison tables and allows
cross-omics analysis via interactive network diagrams embedded in the bioPilot
software using Cytoscape.js to visualize node—edge networks. Other analytical

graphs and charts were created with the HTML5 Canvas API.
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Results

4.1 Overview of MetSMarker

MetSMarker was successfully evolved to be a complete knowledge platform on the
web for metabolic syndrome related biomarkers. A total of 207 biomarkers were
manually curated based on published literature from 1973 to 2026. Biomarker in-
formation was systematically standardized and annotated with relevant informa-
tion from the biomedical and clinical domain such as biomarker type, associated
diseases, sample source, level of evidence, organ association and external molecular
identifiers to facilitate its efficient exploration and retrieval.

TABLE 4.1: Top 10 most cited biomarkers based literature reviewed

Rank Biomarker Name Supporting Articles
C-Reactive Protein 13
N-Terminal Pro-B-Type Natriuretic Peptide
Triglyceride-Glucose Index

Creatinine

B-Type Natriuretic Peptide

Placental Growth Factor

Interleukin 6

Triglyceride

Tumor Necrosis Factor Alpha

Cholesterol
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The selected markers were those that were reported in the literature with different

frequencies (Table 4.1). The most common biomarkers identified were C-reactive
65
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protein (CRP) (13 publications) and N-terminal proB-type natriuretic peptide
(NT-proBNP) (8 publications), and the triglyceride-glucose (TyG) index (8 publi-
cations). Creatinine was reported in 6 publications, while B-type natriuretic pep-
tide (BNP) and placental growth factor (PIGF) were reported in 5 publications
each, and tumor necrosis factor-alpha (TNF-«) was reported in 4 publications,

while the other proteins were reported in less than 5 publications each.

The platform covered a broad range of molecular diversity as shown by the other
recurrent biomarkers, such as IL-6, adiponectin, cholesterol, HbAlc, intestinal
fatty acid-binding protein (I-FABP), retinol-binding protein 4 (RBP-4), triglyc-
erides, high-sensitivity C-reactive protein (hs-CRP), soluble ST2 (sST2), fatty

liver index (FLI), cystatin C, cytokines, and endostatin.
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50+
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301

Literature Curated

20+
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FIGURE 4.1: The analysis of publication trends, which demonstrates a progres-
sive increase in the metabolic syndrome biomarker research over the time.

Trends in publications showed a gradual rise in publications on metabolic syn-
drome biomarkers over time (Figure 4.1). The highest number of included publi-
cations was recorded in 2025 (68 studies), followed by 2021 (39 studies), 2026 (35
studies), 2018 (34 studies), and 2020 (33 studies).

Prior to 2005, relatively few studies were published, but over the past decade, there
was a significant increase in the number of studies published for the discovery and

validation of biomarkers for metabolic syndrome.
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4.2 Characteristics of Curated Biomarkers

4.2.1 Biomarker Types

All 207 biomarkers associated with metabolic syndrome were curated and grouped
into six major molecular categories (Figure 4.2). Protein biomarkers were the
highest in number (95, 45.9%) and metabolic biomarkers were the second highest
(56, 27.1%). Out of the 207 total, 18 (8.7%) were clinical biomarkers and 17 (8.2%)

were RNA biomarkers.

Fourteen (6.8%) entries were immunological markers and 7 (3.4%) entries were
DNA markers. The distribution shows that the majority of the experimentally val-
idated biomarkers, which are included in MetSMarker, are proteins and metabolic

markers.

DMNA

Immunological

Protein Clinical

Metabolic

FIGURE 4.2: Showing 207 total biomarkers associated with the metabolic syn-
drome were curated and later classified into seven major molecular categories.
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4.2.2 Disease Categories

All the curated biomarkers were correlated with a wide range of diseases related
to metabolic syndrome. The most common disease category was cardiovascular
disease (85 biomarker associations) followed by endocrine and metabolic disorders
(56). Cancer-related conditions associated with 24 biomarkers, neurological and

cognitive disorders associated 10 and liver diseases associated 9.

There were 7 biomarkers associated with kidney diseases and 6 for reproductive
disorders and 5 for respiratory disorders (Table 4.2). There were 16 other disease
conditions with additional biomarkers. The findings suggest metabolic syndrome
markers are linked to various organ systems and disease patterns with cardiovas-

cular disorders being the major clinical phenotype.

TABLE 4.2: Disease categories and respective count of the associated biomarkers

Disease Category Associated Biomarkers
Cardiovascular Diseases 85
Endocrine & Metabolic Disorders 56
Cancer 24
Neurological & Cognitive Disorders 10
Liver Diseases 9
Kidney Diseases 7
Reproductive Disorders 6
Respiratory Disorders D
Others 16

4.2.3 Sample Sources

MetSMarker was developed with the use of a range of biological samples (Fig-
ure 4.3). The most common sample source was serum (103 biomarker records),
followed by plasma (67) and blood (33). Other specimen types were urine (13),
imaging-based samples (12), saliva (5), platelets (4), cerebrospinal fluid (CSF) (3),
leukocytes (3), retina-based samples (3), and others (30).

The abundance of serum- and plasma-derived biomarkers gives rise to the wide-
spread use of these markers in metabolic syndrome research and their value in the

identification and validation of biomarkers.
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FIGURE 4.3: Showing the biological sample source distribution for the curated
biomarkers included in MetSMarker.

4.2.4 Geographic Distribution of Studies

The studies included are representative of countries and regions around the world
and demonstrate the global interest in biomarker research. China followed by
the United States, Japan, Turkey and the United Kingdom were the countries
which had the highest number of publications. Other countries of importance
were Italy, Spain, India, Austria, Greece, France, and Taiwan, and several studies
were based on multinational and/or international participation, demonstrating
a growing trend towards international cooperation in research. The work from
developing countries; Bangladesh, Egypt, Indonesia, Romania, Ukraine, Mexico,
Brazil, Argentina, South Africa and Tunisia, shows the global impact of biomarker

research in different populations and healthcare systems.

Overall, the geographical distribution highlights a high concentration of biomarker
research in Asia, Europe and North America, with China being a key player. The
relative excess in these regions might be due to increased investment in research,
bigger patient numbers or better infrastructure for biomedical research in these
areas. Multicenter international studies also indicate growing cooperation among
research institutions, resulting in greater external validity and generalizability of

biomarker discoveries for other ethnic and clinical populations.



Results 70

4.2.5 Biomarker Evidence Levels

The curated biomarkers were classified based on the evidence supporting them
(Figure 4.4). Tier 3 was the largest category consisting of 172 biomarkers (82.4%).
There were 19 biomarkers (9.1%) in Tier 4 and 14 biomarkers (7.2%) in Tier 2.

There was only one biomarker (0.5%) that met the criteria for Tier 1 evidence.
The distribution shows that the majority of the biomarkers currently available for
metabolic syndrome have moderate evidence levels while comparatively few have
been in the highest category of evidence.

Tier 1
Tier 4 TieI‘ 2

\V/

Tier 3

FIGURE 4.4: Showing the level of evidence distribution for the curated biomark-
ers.
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4.2.6 Biomarker Linked Organs

The selected biomarkers correlated with several organs that play a role in the
development of metabolic syndrome (Figure 4.5). The most common association
of an organ with the 97 biomarkers was the heart, followed by the kidney (55
biomarkers), liver (46 biomarkers), and pancreas (38 biomarkers). Adipose (20),
brain (16) and skeletal muscle (14) were other tissues commonly represented. Over-
all, these data illustrate the multi-system nature of metabolic syndrome and the

wide-spread distribution of biomarkers throughout metabolically active organs.
Heart A @97
Kidney A @55
Liver A @46
Pancreas 1 @38
Others 1 @34
Adipose Tissue - @20

Brain - @16

Skeletal Muscle 1 Q4

0 20 40 60 80 100
Associated Biomarkers

FIGURE 4.5: Showing the association of the curated biomarkers with multiple
organs involved in pathophysiology of metabolic syndrome.

4.3 Data Standardization and Annotation

All curated biomarkers have been standardized and annotated thoroughly prior
to being incorporated in MetSMarker to make it consistent and interoperable.
Harmonized biomarker names were reported in the literature with standardized
nomenclature, eliminating inconsistencies due to synonymous names, abbrevia-

tions and alternative identifiers.
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FIGURE 4.6: Biomarkers details showing the comprehensive annotation of the

LCNZ2, Protein, including the classification of biomarker, biological function,

molecular pathway, tissue expression, experimental validation, metabolic syn-
drome association, supporting literature, and external database links.

This standardization provided a standard representation of biomarker records
across the platform. Each biomarker record was then annotated with biologi-
cal and clinical information to enhance data accessibility and to enable the down-
stream analyses. The annotation framework included biomarker classification, re-
lated diseases, source of biological samples, organ association, evidence level and

supporting publication information.

Moreover, molecular biomarkers were correlated with external biological reposi-

tories such as NCBI Gene ID, which provided standardized information on gene
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specific data directly from the platform. The standardized annotation system al-
lows efficient searching, browsing and comparative analysis of articles, and helps
minimize the ambiguity of inconsistent terminology for biomarkers used in pub-
lished articles. Representative annotated records illustrate the ability to combine
the use of standardized biomarker nomenclature with curated biological attributes
and external resource identifiers, giving a structured and comprehensive view of

the metabolic syndrome-associated biomarkers in the platform (Figure 4.6).

4.4 Browse Module of MetSMarker

The Browse module of MetSMarker provides the ability to efficiently browse and
retrieve information on biomatics associated with metabolic syndrome available
in the database. The module offers several browsers to enable easy access to
biomarker data from various biological and clinical viewpoints (Figure 4.7). The
database can be searched for terms, diseases, biomarker categories and organs,

enabling the researchers to easily locate relevant biomarkers and information.

&
E &5 ) MetSMarker Home  Browse Insights  Analyze  About  Pls

&

¥

Browse Biomarkers

Find credible sets, cell types, and biomarkers across Metabolic Syndrome studies.

v [ Q Browse .. ]
. o
.04 E -r®
. / | . Category v Sample Source ¥ Organs Involve ¥ MetS Compone ¥ 10 per page v Clear o
< ’, v/ e
= S
Columns: ¥ sr. @ Biomarker Name  (J Biomarker Cat y ([ Biomarker Subtype (] Gene Symbol @ GeneiD @ Organsinvolved  (J Sample Source @ MetS Component
(O Linked Diseases (] Biomarker Role () Experimental \ O Ciinical Evidence [l References [l Details [ set
® s Biomarker Name Gene ID Organs Involved MetS Component References Details
O Neutrophil Gelatinase-Associated Lipocalin 3934 Kidney, Pancreas Kidney Dis 28671149 per
0O 2 Apolipoprotein C-lll 345 Heart 33381804 per
O 3 Matrix Metalloproteinase-9 4318 Heart Cardiovascular Diseases 33381894 per
0O s Tissue Inhibitor of Metalloproteinases-2 7077 Heart Cardiovascular Diseases 33381894 per
O s Lipid Signature Brain Neurological & Cognitive Disorders 31664345 per
O s Drain Amylase 279 N/A N/A 34348292 per
0 Soluble Fms-Like Tyrosine Kinase-1/Placental Growth Factor Ratio 5228 Heart, Kidney 31396294 40992360 per
0O s Oxidized Low-Density Lipoprotein 3949 Heart 18688083 per
(@] 9 Homo sapiens microRNA-15a-5p 406948 Heart, Kidney 36179553 per

FIGURE 4.7: Interface of Browse module of MetSMarker.
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4.4.1 Browse by Term

On this page the user can browse the biomarkers based on the terms selected
with which the biomarker data is associated. It works to identify and explore
biomarker records associated with the terms in the query and allows users to
easily get access to studies and datasets related to specific research topics in the

MetSMarker database (Figure 4.8).

Browse Biomarkers

Find credible sets, cell types, and biomarkers across Metabolic Syndrome studies.

A » .

Pe-,
.9
/ | . Category v Sample Source ¥ Organs Involve ¥ MetS Compone ¥ 10 per page v Clear
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Columns:  # sr. B Biomarker Name () Biomarker Category (O Biomarker Subtype Gene Symbol [ GenelD [ Organs Involved () Sample Source [l MetS Component

O Linked O Biomarker Role () Expt (O clinical Evidence @ Refe B Details Reset
® st Biomarker Name GenelID  Organs Involved MetS Component References Details
O 1 figh-Sensitivity C-Reactive 1401 Heart, Liver, Pancreas, Kidney, Adipose Tissue, Skeletal Cardiovascular Diseases, Endocrine & Metabolic 17531569 20167041
Proteir Muscle Disorders 35784528

FIGURE 4.8: Browse module of MetSMarker by term e.g. TNF-A.

4.4.2 Browse by Disease

Here you will find an opportunity to navigate through biomarkers by disease as-
sociated with metabolic syndrome. Users can discover disease-specific biomarkers

and comprehend their role in various pathological situations (Figure 4.9).

Q Browse
e,
9.3
/ | 1 Category v Sample Source ¥ Organs Involve v Cardiovascular ¥ 10 per page v Clear

-
Choose Visibility
Columns: ¥ Sr @ Biomarker Name () Biomal Category (O Biomarker Subtype Gene Symbx @ Genell @ Organs Involved (O sample Source @ MetS Componer

O Linked O Biomarker Role () Expt ethod  (J Clinical Evidence B Details Reset

B st Biomarker Name GenelD  Organs Involved  MetS Component References Details
O oprotein C-Iil 345 Heart 33381804
O 2 Matrix Metalloproteinase-9 4318 Heart 33381894
O 3 Tissue Inhibitor of Metalloproteinases-2 707 Heart 33381894
O 4 Soluble Fms-Like Tyrosine Kinase-1/Placental Growth Factor Ratio 5228 Heart, Kidney 31396294 40992360
O 5 oxidized Low-Density Lipoprotein 3949 Heart 18688083

FIGURE 4.9: Browse module of MetSMarker by Disease e.g., CVDs.
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4.4.3 Browse by Biomarker Category

The user can browse the database by the different kinds of biomarkers using this
page. It aids in the discovery of biomarkers within specific functional or biological

classes (Figure 4.10).

Browse Biomarkers

Find credible sets, cell types, and biomarkers across Metabolic Syndrome studies.
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O 1 Apolipoprotein E £4 Genotype 348 Brain Neurological & Cognitive Disorders 27077117
O 2 d Frizzled-Related Prote ylation 6423 N/A Cancer 32517740
0O 3 e Dehydrogenase 2 rs671Polymorphism 21 Liver Cancer 40660548

FIGURE 4.10: Browse module of MetSMarker by Category e.g., DNA

4.4.4 Browse by Organ

This page provide with the ability to browse biomarkers by organ that they are
expressed or associated with. It provides opportunities to study organ-specific
biomarkers of metabolic syndrome and their possible involvement in disease mech-

anisms (Figure 4.11).
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FIGURE 4.11: Interface of Browse module by Organ e.g. Liver
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4.5 Insights Module of MetSMarker

MetSMarker’s Insights module gives detailed statistical and analytical reports on
the contents of the database. This module aims to provide users with insights
into biomarker distribution, the selected characteristics of the biomarkers and the

prevalence of metabolic syndrome worldwide. This module helps researchers to

detect patterns and trends in the database (Figure 4.12).
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FIGURE 4.12: The interface of insights module of MetSMarker displaying the

statistical summaries and visualizations of biomarkers.
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4.5.1 Insights of All Database

The overall summary and statistical overview of all biomarkers and datasets in
the MetSMarker database is retrieved in this page. It allows users to know the

range and contents of the database (Figure 4.13).
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FIGURE 4.13: Insights module of MetSMarker displaying the statistical sum-

maries and visualizations of selected biomarkers, including the category of

biomarker, organ/tissue distribution, and the category-MetS component’s
heatmap.

4.5.2 Insights of Selected Biomarkers

This page contains detailed information and summary statistics of user-selected

biomarkers. It assists researchers to examine particular markers and data in more

depth (Figure 4.14).
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FIGURE 4.14: Insights Module’s interface and statistics of selected biomarkers

4.5.3 Prevalence Globally

The following information relates to the global burden of metabolic syndrome. It
offers a worldwide picture of the burden of metabolic syndrome and its distribution

in populations and region (Figure 4.15).
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FIGURE 4.15: Global MetS prevalence page represent combined map for male
and female
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4.6 Analysis Module of MetSMarker

The Analysis module of MetSMarker facilitates comparative and integrative analy-
ses of metabolic syndrome biomarkers. This module supports comparing biomark-
ers either on one by one basis or in bulk, and cross-omics analyses to uncover inter-
actions and relationships between biomarkers. Results are reported in comparative
tables and network diagrams, giving meaningful insights in biomarker associations

(Figure 4.16).

8
E & ) MetSMarker Home Browse Insights Analyze About Pls

Analyze

v LR Compare and explore biomarkers across categories, tissues, and molecular pathways.

FIGURE 4.16: Interface of Analysis Module of MetSMarker

4.6.1 Comparison of Two Biomarkers

This page enables the user to compare two chosen biomarkers. The results are then
presented in a comparative table and user can compare similarities and differences

between the selected biomarkers (Figure 4.17).

Matrix metalloproteinase-9 Apolipoprotein C-III

Compare Biomarkers

Attribute Apolipoprotein C-Iil Matrix Metalloproteinase-9

Biomarker otein C-lll Matrix Metalloproteinase-9

Gene Symbol

Type Protein Proteir

FIGURE 4.17: The interface of Analysis Module of MetSMarker, where users
are allowed for comparative analysis of two biomarkers, results are displayed in
comparative tables for easy analysis.
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4.6.2 Bulk Biomarker Comparison

On this page, user can compare more than one biomarker at a time. The results
of analysis are compared and displayed in a comparative table for easy large-scale

evaluation and comparison of biomarkers (Figure 4.18).
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Sensitivity — 0.917 — 85, 80.4, 82

Specificity - 925 - 48,76.9

AUC 0.995 0.975 —_ 0.75, 0.697

Total Number 757 360 07 98, 80, 153, 6781, 168, 2482, 14

Male N/ N/A 5, 26, 78

Female N/A N/A 3 83,54,75

Mean Age N/A N/A 64.2 55,90, 62.5, 87.4

Age N/A A Adults
chronic dyspnea

Stage N/A A N/A Free of baseline cardiovascular

CKD stage 3

FIGURE 4.18: The interface of Analysis Module of MetSMarker, where users
are allowed for comparative analysis of bulk biomarkers, results are displayed

in comparative tables for large scale analysis and evaluation.
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4.6.3 Cross-Omics Analysis

This page enables cross-omics analyses to explore relationships and interactions
between biomarkers from different omics layers. Network diagrams are used to
visualize the results, giving intuitive understanding of the relationship between

biomarkers and the biological association between the biomarkers (Figure 4.19).
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FIGURE 4.19: The Cross-Omics Analysis, results are visualized via network
diagrams enabling better understanding of biological associations.

4.7 Database Architecture and Web Interface

4.7.1 Homepage

To make MetSMarker available for efficient exploration and analysis in a user-

friendly way, it was implemented in the form of an application in the Web. The
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platform features an intuitive interface that allows easy navigation between its key
functional components, facilitating users to navigate curated biomarker informa-

tion in a structured and interactive space (Figure 4.20).

The homepage is the main entry point and links directly to the Browse, Analysis,

and Insights modules as well as general information about the platform.

E é ) MetSMarker Home Browse Insights Analyze About Pls

MetSMarker

A Database for Biomarkers of Metabolic Syndrome

Major Modules

Core functional modules of MetSMarker — browse biomarkers, discover insights, perform cross-omics analysis, explore global prevalence data,
and search biomarkers with simple or complex queries.
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Browse Insights Analysis
The Browse module allows users to The Insights module provides The Analysis module enables
explore metabolic syndrome statistical summaries and analytical comparative and cross-omics
biomarkers by term, disease, visualizations of the database, analysis of biomarkers, presenting
category, or organ, enabling quick helping users understand biomarker results through detailed comparison
access to relevant information. distribution and MS prevalence. tables

View Sub Modules View Sub Modules View Sub Modules

FIGURE 4.20: Home page of MetSMarker, major modules implemented in

the MetSMarker: (a) Browse module for the searching as well as exploring

metabolic syndrome-associated biomarkers, (b) Insights module specific for vi-

sualizing biomarker statistics and their epidemiological information, and (c)

Analyze module for the comparative biomarker analysis as well as cross-omics
investigation.
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4.7.2 Navigation

The Browse module provides a few different ways of accessing biomarker infor-
mation, such as by browsing by biomarker term, disease, biomarker category, and
associated organ. The browsing capabilities enable fast identification of the ap-
propriate biomarker records and exploration from various biological and clinical

angles.

The Analysis module offers tools for comparative analysis of biomarkers (Fig-
ure 4.20). Users can compare two biomarkers, compare multiple biomarkers in
bulk and do cross-omics analyses to gain deeper insight into the relationships be-
tween different molecular classes. The created comparative tables and network
visualizations enable a detailed examination of the properties of the biomarkers

and molecular relations.

The Insights module gives statistical summaries and graphical visualization of the
overall composition of the curated collection of biomarkers. This module offers in-
formation on the distribution of the biomarkers, selected biomarker characteristics
and the worldwide distribution of metabolic syndrome, allowing for a snapshot of

the data available and the major trends of the platform.

4.7.3 About Us

In addition to the above functional modules, the platform also includes an About
Us page containing the background information on the project, its objectives, as
well as the development team. The overall architecture greatly emphasizes sim-
plicity, accessibility, and an efficient navigation, allowing the researchers to ex-
plore, compare, and to analyze metabolic syndrome biomarkers through an effi-

cient unified web interface.
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Discussion

5.1 Introduction

Metabolic syndrome (MetS) is a multifactorial disorder that presents with a series
of interrelated metabolic abnormalities, such as insulin resistance, central obesity,
dyslipidaemia, hypertension and impaired glucose metabolism. Due to the com-
plexity of its molecular mechanisms and clinical symptoms, several biomarkers
have been suggested to enhance the diagnosis, prognosis and monitoring of the
disease. Despite all the expanding research on biomarkers, however, the evidence
is spread out in thousands of scientific publications, making comprehensive in-
terpretation and use in the clinic more challenging. Cross-study comparisons are
further complicated and reproducibility is reduced by variations in the names of
biomarkers, experimental methodologies, reporting standards, etc. and by molec-
ular classification. Thus, the identification of validated biomarkers, comparison of
results between studies and selection of candidate molecules to further investigate

are often a major challenge for researchers [43, 44].

The present study aimed to tackle these issues by developing MetSMarker, an inte-
grated, comprehensive web-based knowledge exploration platform that systemati-
cally incorporates the experimentally validated molecular biomarkers of metabolic
syndrome. The platform was not only meant to be a repository for biomarkers

but a tool that would enable biomarker characterization, standardized annotation,
84
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comparative exploration and interpretation of biological evidence. The platform
combines DNA, RNA, protein, and epigenetic markers into a single platform, of-
fering researchers a structured environment for research into the molecular com-

plexity of metabolic syndrome, hypothesis generation, and translational research.

The rise of precision medicine has revealed the need to combine diverse biological
data and data into a user-friendly computational tool. The key elements in preci-
sion medicine are finding consistent molecular indicators that can be used to fore-
cast disease susceptibility, disease progression and therapeutic response. This has
made it imperative that curated biomarker resources take on a key and vital role
in biomedical research today, by enhancing data access, minimizing data redun-
dancy, and enabling repeatable studies [92]. For metabolic syndrome, a condition
in which several interrelated molecular pathways are involved at the same time in
causing the disease, an integrated knowledge resource truly adds value—because

no one individual biomarker can provide a whole picture of the disease.

The second major contribution of this work is to highlight the manual literature
curation process. While automated text-mining techniques have advanced signif-
icantly, manually curated information still offers greater reliability by careful ex-
amination of the experimental evidence, identification of the biomarkers, molec-
ular classification, and association with disease. The process of standardization
on biomarker annotations also contributes to the interoperability of studies and
helps reduce inconsistencies that can occur due to different naming conventions
or experimental designs. Such harmonization is increasingly known to be a neces-
sary step for meaningful comparisons of biomarkers and subsequent computational

analyses [93].

The platform also helps to achieve the platform’s overall goal of making molecular
discoveries relevant to the clinic. Identification of molecular changes in metabolic
syndrome at an early stage could make better risk stratification, individual moni-
toring and tailoring of therapeutic strategies easier. MetSMarker will create a use-
ful research infrastructure that enables broadly accessible, experimental validation
of specific biomarkers; biological annotations; and comparative exploration both

for fundamental biomedical research and for future precision medicine efforts.
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5.2 Comparison with Existing Databases

Motivation towards developing MetSMarker arose from certain limitations of the
existing resources available based on biomarkers. While several web based plat-
forms have been constructed for diseases such as cancer, neurological disorders,
cardiovascular diseases, and other chronic diseases, only a limited number of web
platforms have been specifically developed to systematically organize experimen-
tally validated molecular biomarkers of diseases associated with metabolic syn-
drome. Current resources are limited to a single disease, single molecular class,
or a single technology (omics) and therefore do not offer a comprehensive picture
of the molecular landscape of complex multifactorial diseases. Thus, researchers
studying metabolic syndrome are often forced to use multiple independent sources
for genetic, transcriptomic, proteomic, and epigenetic data, resulting in increased
time spent in data collection, and the increased chance of data that may be inter-
preted differently by researchers. Because of this, researchers studying metabolic
syndrome are often required to use multiple independent sources to get the ge-
netic, transcriptomic, proteomic, and epigenetic data, which increases the time
needed to collect such data and the risk of data being interpreted differently by
the researchers [43, 44].

One of the most unique and notable features of MetSMarker is the integration of
many groups of molecular biomarkers in a structured format. The present plat-
form is not restricted to one biomarker category, but includes all DNA biomark-
ers, messenger RNAs, microRNAs,; long non-coding RNAs, circular RNAs, protein
biomarkers and epigenetic regulators, which are all experimentally validated and
published in peer-reviewed literature. This multi-layer organization enables to ex-
plore molecular interactions at various levels of biological organization, rather than
isolated biomolecules. This is especially crucial because metabolic syndrome is a
multi-metabolic and multi-inflammatory pathomorphosis that cannot be explained

by a single molecular change [6].

One of the other key differences is that the focus is on manual curation and stan-

dard annotation. There are many online resources that are based on automated,
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literature mining, which is useful for processing large numbers of publications, but
may bring in inconsistencies in the identification of the biomarkers, duplicated in-
formation, ambiguous gene symbols or missing experimental details. Unlike this,
the manual curation strategy, which is used by MetSMarker, involves manually
curating each biomarker entry from experimentally validated, peer-reviewed stud-
ies and then normalizing each entry against accepted molecular identifiers and bi-
ological annotations. This contributes to more accurate data, reduces data dupli-
cateness, and boosts confidence in the retrieved data, making it more appropriate

for downstream computational analyses and translational research [93].

The current platform also goes beyond mere information retrieval and also includes
knowledge exploration features for comparative analysis of biomarkers. Most re-
sources available today are mostly searchable repositories that allow the user to
find a biomarker record, but do not provide many opportunities for comparative
investigation or biological interpretation. MetSMarker was developed specifically
for interactive analysis and exploration of biomarker characteristics, molecular
classifications, disease associations and functional relationships in a single analyti-
cal environment. These features enable investigators to explore common biological
characteristics, to directly compare multiple biomarkers together and to make new

hypotheses about disease processes and future diagnostic signatures.

The other interesting benefit is that of the inclusion of precision medicine ideas in
the system structure. In the present era of biomedical research, individualized dis-
ease management, that is based on molecular characteristics, is a much increased
focus. Therefore, biomarker resources will not only be expected to structure the
biological information, but also to aid in personalized diagnosis, risk assessment,
and therapeutic decisions [92]. MetSMarker is a systematic organization of exper-
imentally validated biomarkers, along with standardized biological annotations,
providing a valuable basis for future precision medicine applications in metabolic
syndrome and for biomarker prioritization, patient stratification and translational

investigations.

The platform further enhances accessibility and usability by providing a user-

friendly web platform specifically designed for efficient biomarker exploration.
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With the ever-exponentially increasing scientific publications, efficient retrieval
of molecular information is gaining an increasing significance. A well-designed
computational platform eliminates the difficulty of literature searches and allows
the researcher to find relevant biomarkers in a short amount of time, without hav-
ing to hand-crawl hundreds of individual papers. This will allow repeatability of

research, but also minimise duplication of effort between different laboratories.

However, MetSMarker is not intended to serve as a substitute for the big interna-
tional molecular repositories that have genome-wide sequencing data, transcrip-
tomic profiles, protein interactions, metabolomic data, or information on path-
ways. Rather, its main value is the ability to enhance these existing resources
with a disease-agnostic, manually curated, experimentally validated knowledge
platform that is dedicated to the metabolic syndrome biomarkers. Combining
curated literature evidence with a standardized molecular annotation is an es-
sential link between isolated scientific publications and biomedical applications,
and is useful for future biomarker discovery, comparative studies and translational

research.

5.3 Strengths

MetSMarker’s key features are the integration of a multitude of validated molecular
markers related to metabolic syndrome within a uniform framework of knowledge,
and the structured organization of these markers into a knowledge platform. The
information regarding the biomarkers of metabolic syndrome is published in many
scientific publications and retrieval and comparative analysis of that information
is difficult and time consuming. This makes the platform much more accessible,
and less cumbersome to determine which biomarkers may be suitable. This inte-
grated organisation allows molecular evidence to be assessed more efficiently and
helps to develop a more comprehensive understanding of the biological complexity
of metabolic syndrome [44]. An additional important advantage is that it allows

for the simultaneous inclusion of several types of molecules in a single platform.
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MetSMarker includes not only DNA-based biomarkers, but also coding and non-
coding RNA molecules, protein biomarkers, and epigenetic markers. As metabolic
syndrome is the result of a combination of molecular mechanisms, combining vari-
ous biomarker classes leads to a better representation of disease biology. This mul-
tidimensional structure enables the comparison of investigations across molecular
levels and makes it possible for the researchers to investigate any relations that

might be overlooked if each category of biomarkers is examined independently [6].

Another key benefit of the platform is manual literature curation. Each biomarker
featured in MetSMarker was selected from the peer-reviewed, experimental studies,
and not solely based on automated literature mining methods. Computational
Text-Mining techniques can be used for the rapid extraction of vast amounts of
information; however, they can lead to errors in data due to ambiguity in gene
names, multiple entries for the same gene, or incomplete experimental description.
Manual verification enhances data reliability by ensuring that biomarker identity,
molecular classification, disease association, and experimental evidence supporting
the data are thoroughly verified before adding the data. This stringent process
boosts confidence in the quality of information and its appropriateness for further

computational analysis, as well as translation [93].

The platform’s usefulness is further bolstered by the adoption of molecular anno-
tations that are standardised. There are often inconsistencies in the nomenclature,
identification and reporting of biomarkers, as well as inconsistencies in terms of
the molecular classes, between independent studies. MetSMarker enables a har-
monisation of these annotations, thanks to the use of internationally recognised
biological identifiers and to the use of standardised terminology, and improves the
interoperability and the possibility of reproducing these annotations. Standardiza-
tion also facilitates easier comparative investigations and allows users to interpret
information conveyed by biomarkers without being influenced by the variability in

reporting between scientific publications [43].

A second advantage is inclusion of knowledge exploration modules which go be-
yond traditional information retrieval. The platform is not only a repository for

biomarker records that can be searched, it is also a tool for comparative analysis
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of biomarkers, biological interpretation and interactive exploration of molecular
characteristics. The analytical tools help researchers discover common molecu-
lar characteristics, determine functional links, and develop new hypotheses about
biological functioning. Interactions between multiple biomarkers are especially
important in precision medicine research, where the study of multiple molecular

markers may be more informative than the study of any single molecular marker.

The platform also offers an intuitive browser interface for easy access to curated
biomarker information. A user-friendly organizational structure enables the re-
trieval of the relevant molecular information by various search and browsing modal-
ities, making the system more accessible to research users of different computa-
tional backgrounds. The platform facilitates multidisciplinary research by clini-
cians, molecular biologists, bioinformaticians and translational researchers by pro-

viding easy access to experimentally-validated biomarker data.

Lastly, MetSMarker lays the groundwork for future precision medicine studies of
metabolic syndrome. The systematic assembly of validated biomarkers along with
the appropriate annotation or standardization is a valuable resource for biomarker
prioritisation, diagnostics investigations, computational modelling and hypothesis
generation. With the growing trend of molecular medicine to focus on person-
alized disease management, organised knowledge platforms like MetSMarker can
play a substantial role in enhancing biomarker-driven research and enable future

translational uses [92].

5.4 Limitations

The results of the present study have to be interpreted with regard to some lim-
itations. The first is that all information on the platform is strictly from pub-
lished peer-reviewed literature. Therefore, unpublished, invalidated, and unpub-
lished biomarker data was excluded. Such dependence can create publication bias,

with biomarkers showing statistically significant results more likely to be reported
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than those showing negative or inconclusive results. The next constraint is as-
sociated with the manual curation process. While manual extraction can signifi-
cantly increase the data’s accuracy and reliability, it is also very time-consuming
and labour-intensive. With the ever increasing amount of biomedical data in the
literature, it is essential to update the data on an ongoing basis to ensure that new
biomarkers are added in immediately. If the platform is not maintained periodi-
cally with newly discovered items, the platform may not offer a complete repre-
sentation of the discoveries immediately, which may cause a loss of completeness

over time, especially with newly discovered items.

The second constraint is associated with the manual curation process. Manual
extraction is quite time-consuming and labour-intensive, but remarkably improves
the accuracy and reliability of data. As biomedical literature continues to grow,
it is necessary to keep up to date with the latest release so that newly discovered
biomarkers can be added in as soon as possible. If updates with new finds are not
being added constantly to the site, these may not be represented until the next

update, and this could diminish the completeness of the website over time.

The present work is mainly concerned with collection of biomarkers, their stan-
dardization and knowledge exploration and not experimental validation. The bio-
logical relevance of each biomarker relies on the quality of the initial investigations
in which they were discovered. Caution should be used when comparing studies
because there is variability in study design, sample size, patient characteristics, di-
agnostic criteria, laboratory methodology or statistical analysis among published

studies, which can affect reported biomarker performance.

A drawback is that there is not sufficient full clinical metadata available. There are
numerous published studies that yield molecular findings without a description of
the severity of the disease, response to treatment, longitudinal follow-up, ethnicity,
lifestyle factors or any other medical conditions. The platform currently puts a
focus on molecular characterization instead of individual clinical prediction. A
richer clinical information would further enhance the translational applicability

and enable more robust biomarker stratification.
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In addition, while there are standardized annotations that make the platform more
interoperable, the platform does not yet include state-of-the-art predictive algo-
rithms that can automatically prioritize biomarkers based on diagnostic accuracy
or clinical utility. Likewise, coupling with transcriptomic, proteomic, metabolomic,
and clinical cohort data on a large scale is not included in this work. The extra lay-
ers of information may further enhance systems-level understanding of metabolic

syndrome and prioritize biomarkers.

Lastly, there has not been a thorough external validation process with a number
of independent institutions or international user groups. A wider testing of the
system by clinicians, researchers and bioinformaticians would be helpful in giving
feedback on usability, functionality and real-life applications, and would contribute

to further development of the system.

5.5 Future Improvements

There are some opportunities for further development of MetSMarker which could
significantly improve its scientific value and translate impact. The development of
automatic literature surveillance, based on the use of NLP and text mining with
the support of artificial intelligence, is one of the future directions that needs to be
explored. This could help identify new published biomarker studies continuously
and minimize manual work to keep up with new updates. However, data quality
and reliability should be maintained throughout the curation process with expert

verification.

Further development of the platform could also include the incorporation of more
omics data, such as metabolomics, lipidomics, proteomics, microbiome, and single
cell sequencing. The assembly of these complementarily layered molecules would
give a more complete systems biology view of metabolic syndrome and allow the

study of complex interactions between disparate biological processes.

Another valuable addition would be the addition of longitudinal clinical data

such as disease progression, treatment response, therapeutic results and patient
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follow-up. The platform would be further enhanced by the inclusion of molecular
biomarkers coupled with clinical phenotypes for better risk stratification, prognosis

and personalized treatment choices.

The addition of pathway enrichment analysis, protein interaction network visu-
alization, functional annotation and gene ontology information would further en-
hance the biological interpretation of curated biomarkers. Such analytical capa-
bilities would be useful for exploring molecular mechanisms better and also for
identifying potential targets for therapy and pathways that are engaged in the
pathogenesis of metabolic syndrome. Biomarkers could also be ranked using ma-
chine learning algorithms based on diagnostic accuracy, biological relevance, or
predictive performance. Integrated molecular and clinical data can be used to
train predictive models that can help researchers select biomarker panels that are

more diagnostic than individual biomarkers.

Additional software features that could be developed include application program-
ming interfaces (APIs) for interoperability with other biomedical resources and
bioinformatics software. Better data exchange would promote increased use across
the research community and enable the incorporation into larger computational
workflows. Lastly, an international collaborative curation system with clinicians,
molecular biologists and bioinformaticians would facilitate ongoing enhancement
and quality control of the platform. Regular updates and external validation,
plus community-based expert contributions, would help keep MetSMarker a reli-
able and up-to-date knowledge resource that can help power biomarker discovery,

translational research and future precision medicine efforts in MetS.



Chapter 6

Conclusion

Metabolic syndrome has become one of the most important public health prob-
lems worldwide as its prevalence has been rising, and it has been linked to high
prevalence of type 2 diabetes mellitus, cardiovascular diseases, chronic kidney
disease, metabolic dysfunction associated steatotic liver disease, and other non-
communicable diseases. Many molecular biomarkers have been linked to metabolic
syndrome, but the results are scattered across the scientific literature, posing sig-
nificant challenges for systematic retrieval, comparative evaluation and transla-
tional application. This fragmentation has hindered the effective identification of
validated biomarkers, the ability to compare experimental data and the develop-
ment of complete molecular signatures that could facilitate precision medicine.
The present study aimed at solving these problems by developing a web based
knowledge exploration platform called MetSMarker, which systematically inte-
grates the molecular biomarkers for metabolic syndrome, which have been val-
idated experimentally. The platform was developed following a strict workflow
that included systematic literature screening, manual curation, standardization of

data, biological annotation and web implementation.

MetSMarker was developed to enable knowledge exploration and biological in-
terpretation, rather than the traditional approach of data storage of biomarker
information. The new Browse, Analyse, and Insights module allows efficient re-

trieval of biomarker information, comparative investigations, and study of the total
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molecular landscape of metabolic syndrome. These features make the data more
accessible as well as facilitate hypothesis generation, prioritization of biomarkers
and translational research. A further significant aspect of this work is the fo-
cus on manual curation of good quality. All biomarkers included in the platform
have been rigorously selected from peer-reviewed and published scientific litera-
ture which has been the object of experimental validation. The standardization
of the naming of biomarkers, molecular classification, and biological annotations

enhance interoperability and reproducibility between studies.

Systematization of experimental validated biomarkers in this study can help to
simplify future studies aimed at the development of biomarker panels, molecular
risk prediction, patient stratification and the development of personalized treat-
ment for metabolic syndrome. The study has some limitations, however. The site
is based on published and peer-reviewed literature only and thus addresses cur-
rent scientific evidence. Moreover, hand-curated data has the advantage of quality,
but is still time-consuming and requires regular updates to add newly published

studies.

The present study successfully met the overall objective of systematically curat-
ing, standardizing and accessibly making available a knowledge exploration plat-
form for experimentally established molecular biomarkers involved in metabolic
syndrome. In the future, with the growth of the genomics, transcriptomics, pro-
teomics, epigenetics, and artificial intelligence in the fields of biomarker research,
the resources provided by MetSMarker will become more valuable to support col-
laborative biomedical studies, to facilitate clinical translation, and to ultimately
help achieve better prevention, diagnosis and personalization of metabolic syn-

drome management.
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