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A B S T R A C T

Aims: Cardiovascular disease (CVD) continues to be a leading cause of morbidity and mortality, significantly
impacting healthcare systems and individual lives. This pragmatic review focuses on the assessment of CVD
utilizing traditional and emerging risk factors that provide a basis for personalized medicine and precision nu-
trition, highlighting the knowledge and application of these insights for accurate risk diagnosis, individualized
interventions, and precise outcome/evaluation prognosis.
Data synthesis: Critical biochemical markers such as lipid metabolism signatures, inflammatory molecules, en-
docrine mediators, homeostatic signals (including omics data), and lifestyle factors such as unhealthy dietary
habits, physical inactivity, smoking, alcohol abuse, along with anthropometric variables and body composition
measurements, play a pivotal role in assessing and managing CVD. This progression starts with early vascular
and cardiac dysfunctions, advancing to atherosclerosis, and ultimately leading to cardiovascular events. Major
adverse cardiovascular events, including myocardial infarction, stroke, and heart failure, highlight the need for
effective and accurate risk stratification and objective assessment. Various CVD risk scores, such as the Framing-
ham Risk Score, SCORE, and the Atherosclerotic Cardiovascular Disease Risk Calculator, provide valuable global
frameworks for predicting individual risk based on recognized conventional factors. Additionally, omics mark-
ers—which encompass genomic, transcriptomic, epigenomic, proteomic, metabolomic, and metagenomic
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data—offer deeper insights into the molecular mechanisms underlying CVD, alongside novel lipidomic and im-
munomic determinants.
Conclusions: Integrating these various determinants and risk factors through a comprehensive approach is essen-
tial for advancing and implementing precision medicine and nutrition in the management of CVD.

1. Introduction

Cardiovascular disease (CVD) is the leading cause of human morbid-
ity and mortality worldwide, placing a significant burden on healthcare
systems and individual lives [1]. Each year, more than 19 million peo-
ple die from cardiovascular disease, with more than four in five deaths
attributable to heart attacks and strokes and one-third of deaths occur-
ring prematurely in people under 70 years of age [1,2]. Accordingly,
CVD coherence and natural history includes acute and progressive car-
diometabolic events associated with lifetime risks [3,4], stroke, acute
coronary syndrome, myocardial infarction, heart failure, and arrhyth-
mias [3]. On the other hand, progressive clinical events refer to the
worsening of cardiovascular disease over time, leading to subclinical
atherosclerosis, peripheral arterial disease, atrial fibrillation, chronic
heart failure and recurrent myocardial infarction, among others [3,4].

The factors associated with the occurrence of CVD are diverse and
involve pathophysiological, behavioral and environmental determi-
nants [2], including manifestations such as high systolic blood pressure,
elevated LDL-c levels, excessive adiposity, hyperglycemia, kidney dys-
function, as well as exposome factors such as environmental pollution,
urban/climate exposures, smoking history, dietary imbalances, and
sedentary behavior [5]. Indeed, there are metabolomics markers of car-
diovascular risk which need to be analyzed deeply in the setting and
clinical scenario [5]. In this context, residual risk is the risk that re-
mains after the implementation of interventions aimed at the reduction
and/or elimination of known and addressable variables that contribute
to the disease [6]. On the other hand, the excess risk concept concerns
the additional risk of disease due to specific factors, calculated as the
difference between the current risk and the risk without those factors,
assessing pathological outcomes that could be reduced by controlling or
eliminating those factors [7].

Furthermore, LDL-c has been identified as a major etiological factor
for CVD via many epidemiological and interventional studies, because
LDL-c plays an important role in the pathogenesis of atherosclerosis as a
stratification factor [8]. Patients with atherosclerosis are at an elevated
risk for major adverse cardiovascular events [9], which include CVD
mortality from cardiac events, arrhythmias, heart failure, endocarditis,
aortic dissections and thromboembolic events [10]. Besides, LDL-c has
mostly replaced total cholesterol as the primary lipid measure for pre-
dicting CVD risk [11]. Despite the clinical interest in lowering LDL-c to
decrease cardiovascular risks, relevant residual risk remains due to
other dyslipidemia disturbances, including elevated triglyceride-rich
lipoprotein concentrations and low HDL-c circulating levels, underscor-
ing the importance of assessing a broader lipid profile when stratifying
cardiovascular risk [12].

A recent systematic review and meta-analysis suggests that in indi-
viduals with CVD, oxidized low-density lipoprotein (oxLDL) is signifi-
cantly elevated in the presence of chronic inflammatory conditions
[13]. This finding indicates that oxLDL may be a pivotal biomarker for
risk stratification in these patients [13]. One of the pathophysiological
mechanisms that has been described is the close relationship between
platelets, oxLDL and native low-density lipoproteins, which leads to
mild activation of the platelet cascade, together with the release of
proatherogenic factors, initiating the formation of foam cells that
progress to atheroma plaque [14].

Moreover, polymerase chain reaction for measuring diverse nucleic
acids has been considered a highly valuable tool to early detect markers
of CVD outcomes, as well as genome-exposome interactions that play a
critical role in the onset and development of CVD [5]. Lifestyle habits

such as unhealthy dietary habits, alcohol consumption, tobacco smok-
ing, and physical inactivity, each of which is a CVD risk factor that,
when combined, are not only additive but in some cases multiplicative
[15]. Mechanisms linking the exposome to CVD include inflammatory
responses due to chronic exposure to environmental factors triggering
endothelial dysfunction and atherosclerosis. Also, excess oxidative
stress, induced by pollutants and unhealthy lifestyles, can damage car-
diovascular tissues [15].

A recent study has demonstrated the role of lysophosphatidyl-
cholines (LPCs) in the immune regulation of monocytes showing that
elevated levels of LPCs are associated with the modulation of immune
checkpoint pathways, being involved in increased cardiovascular risks
[16]. Thus, oxidized LPCs regulate mitochondrial bioenergetics in
monocytes and macrophages that finally control tissue-specific glucose
homeostasis with potential CVD implications [17]. In addition, epige-
netic changes and associated metabolic dysfunctions, produced by un-
healthy diet, physical inactivity, and chemical exposures disrupt meta-
bolic processes, interacting with conditions such as obesity, diabetes,
and hypertension, all significant clinical risk factors for atherosclerosis
and CVD, among others [18–21].

Indeed, obesity is a cardiovascular risk factor that increases the risk
of serious cardiac events. Weight loss through lifestyle changes and
medication can reduce these risks, so it is essential to treat obesity, a
complex disease, with integrated, multidisciplinary management in-
volving endocrinologists, nephrologists and cardiologists to mitigate
CVD events [22,23]. Notably, recent studies on the intricate relation-
ship between the immune system and the induction of obesity revealed
that innate lymphoid cells (group 2) – ILC2s – from intestinal origin, but
not from white adipose tissue are involved in the induction of diet-
induced obesity [24]. Here, macrophage-dependent mechanism(s) ap-
pear to be determinant for liver lipid-storage and insulin resistance im-
pacting cardiovascular manifestations [25].

Moreover, the genetic makeup plays a pivotal role in regulating the
cardiovascular system and impacting various cardiac risk factors [26].
Recent advances revealed several genetic variants associated with in-
creased risk of CVD [26,27]. Specifically, single nucleotide polymor-
phisms within genes such as SORT1, CDKN2A/2B, CELSR2-PSRC1-
SORT1, FADS1, and LPA, along with hereditary conditions like familial
hypercholesterolemia, are recognized as key genomic factors contribut-
ing to CVD susceptibility, where a polygenic risk score based on differ-
ent genes has been described as a key marker of CVD [28]. Moreover,
gene-environment interactions are critical cornerstones in understand-
ing the pathogenesis of CVD, where genomic medicine and pharma-
cogenomics could play integrative roles [27–29]. These interconnec-
tions underscore that genetic predispositions interact with environmen-
tal factors to influence the development and progression of cardiovas-
cular related physio-pathological conditions, emphasizing the necessity
of personalized precision approaches in managing and preventing CVD,
which may be complemented by CVD risk omics signatures [29], such
as transcriptomics, metabolomic and metagenomic tools and
metabolomics are able to assess residual and excess CVD risk at an early
stage with increasing medical precision for integrated intervention (Fig.
1).

Furthermore, the assessment of CVD risk entails both objective eval-
uations of residual risk, defined as the probability of an individual expe-
riencing major adverse cardiovascular events due to coronary artery
disease despite therapeutic intervention, and excess risk, which refers
to the additional risk posed by specific factors or conditions. To be more
precise, cardiovascular events that occur in patients despite optimal
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Fig. 1. Global cardiovascular disease assessment, experimental integration and
translational progress.

risk factor control are called “residual risk” [6,30]. Some biomarkers
such as C-reactive protein or the presence of subclinical atheromatosis
have been identified as independent predictors of residual cardiovascu-
lar risk [6,30,31].

The residual risk of developing CVD can be quantified through a
number of objective measures (Fig. 2), including lipid profile (triglyc-
erides, lipoprotein(a), etc.), advanced inflammatory markers, glycemic
control, blood pressure monitoring, genetic testing (polygenic risk

scores), cardiac function biomarkers, imaging markers such as coronary
artery calcium score, carotid intima-media thickness, ankle-brachial in-
dex, as well as lifestyle and behavioral assessments (physical activity
monitors, dietary assessment tools, psychosocial stress and sleep qual-
ity scales) [32–34], together with quality of life indications as health
surrogates. In contrast, the excess risk of CVD can be assessed using car-
diovascular scores and risk calculators like the SCORE questionnaire or
the Framingham risk score [7]. Additionally, genetic testing, behavioral
assessments, and circulating homocysteine and lipid levels should be
boosted for the assessment of residual and excess risk [7,35].

Subsequently, diverse biomolecules are extensively employed in
various fields of medicine, including drug discovery and development,
as well as safety assessment concerning CVD management [36]. These
tools/measures serve as valuable indicators for disease progression, di-
agnostic accuracy, and therapeutic efficacy, while also monitoring ad-
verse side effects in organisms, organs, and/or cells, as well as for dis-
ease prognosis [36,37]. It is noteworthy that biomarkers possess dis-
tinctive characteristics which define their specific applications, includ-
ing diagnostic and monitoring biomarkers (Fig. 2), biochemical indica-
tors, biomolecular markers of pharmacodynamic/response, outcome
predictors, safety and susceptibility/risk biomarkers, which should be
specific, sensitive, cost-effective, reliable, reproducible, and inter-
pretable [36,37]. The progress made in biomarker research and the de-
velopments associated with CVD management have resulted in more
accurate screening techniques and achieving more favorable clinical
outcomes (Fig. 2), as evidenced by the advent of precision medicine
[38].

Fig. 2. Integrative graph of the natural history of cardiovascular disease and major adverse cardiovascular events. Advanced Glycation End Products (AGEs),
Blood Pressure (BP), Cardiovascular Disease (CVD), C-Reactive Protein (CRP), Dyslipidemia (DLP), Hypertension (HTN), Interleukin-6 (IL-6), Low-Density
Lipoprotein Cholesterol (LDL-C), Major Adverse Cardiovascular Events (MACE), Oxidized Low-Density Lipoprotein (oxLDL), Reactive Oxygen Species (ROS), Sym-
pathetic Nervous System (SNV), Tumor Necrosis Factor-alpha (TNF-α), Type 2 Diabetes Mellitus (T2DM).
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More specifically, traditional risk factors for CVD include male sex,
older age, excess weight, hypertension, diabetes, elevated cholesterol
levels, and a family history of CVD, as well as lifestyle factors such as
sedentary behavior, unbalanced diet, smoking habits, and alcohol
abuse [39]. Biological factors, including inflammatory, prothrombotic,
endocrine, oxidative stress, and vascular/imaging markers, also con-
tribute to the development of CVD [40], which need to be accounted
for. These factors were initially identified by the Framingham Heart
Study and subsequently incorporated into prediction equations to assist
physicians in identifying individuals at an elevated risk and, conse-
quently, optimizing cardiovascular prevention strategies, particularly
in patients lacking established CVD [41]. Notable risk prediction mod-
els comprise SCORE, REYNOLDS RISK SCORE, ASCVD, and CUORE
equation and algorithms [40].

Furthermore, “omics” signatures, such as genomic, transcriptomic,
proteomic, epigenomic, metagenomic, and metabolomic data, provide
insights into the genetic and molecular basis of CVD, thereby enhancing
risk prediction and disease understanding [42]. A recent study has iden-
tified 23 metabolic biomarkers, mainly acylcarnitines, which are associ-
ated with cardiovascular events. Different patterns, such as heart fail-
ure-specific alterations in glycerophospholipids, improve risk predic-
tion when combined with clinical markers [43]. In morbidly obese pa-
tients with a normal conventional lipid profile, advanced lipoprotein
testing reveals atherogenic patterns associated with cardiac changes,
inflammation, and insulin resistance. Parameters such as increased
small LDL-P and LDL-P/HDL-P ratio are more predictive of the severity
of left ventricular impairment than traditional risk factors [44].

In this context, precision medicine represents a novel and invaluable
instrument for the management of CVD [45]. Precision medicine is de-
fined as an evolving scientific approach to disease prevention and treat-
ment that integrates an individual's genetic, environmental, and
lifestyle factors [45,46]. Indeed, the precision management of CVD en-
tails the utilization of both traditional and new markers to accurately
predict, prevent, and treat the disease and for precision integrating
prognosis and diagnosis [31].

This pragmatic review focuses on the assessment of CVD status, uti-
lizing traditional and novel risk factors that provide a basis for person-
alized medicine and precision nutrition, highlighting the knowledge
and application of these factors for preventive, management, and prog-
nosis purposes. In conjunction, recent scientific advances such as car-
diovascular risk scores and omics markers associated with diagnostic
and prognostic monitoring may open the door to establish early preci-

sion personalized therapeutic intervention measures in selected pa-
tients, where the assessment of residual and excess CVD risk factors
should be part of the translational implications.

2. Methodology

An extensive and comprehensive review was conducted through a
rationalized search of scientific literature. The focus of this review was
to collect classic CVD biomarkers such as lipoprotein(a), apolipoprotein
A-1, triglycerides, cholesterol, C-reactive protein, insulin, among others
and more specific traditional and emerging CVD risk factors. Risk esti-
mators or scores (Framingham risk score, Regicor, ASCVD, Qrisk score,
CUORE risk score, prospective cardiovascular Münster risk score, QD-
Score5-year DAD risk equation, etc.) were collected for risk prediction.
Omics signatures were recorded, information on genomics, proteomics,
transcriptomics, metabolomics, epigenomics and metagenomics mark-
ers of CVD were also gathered. Due to the breadth of the topic, it was
decided not to conduct a formal systematic review but an in-depth
multi focused and structured narrative review for pragmatic purposes.

2.1. Search strategy

Independent exhaustive programmed analyses were performed
based on credited electronic databases such as PubMed, Web of Sci-
ence, Google Scholar, American Heart Association, European Society of
Cardiology, and World Health Organization websites, including articles
published during the last 2 decades (i.e. from 2002 and onwards), based
on risk factors (biochemical and lifestyle-related), CVD scores and
omics markers of CVD patients from a global perspective, following a
flow chart design (Fig. 3).

The inclusion criteria for articles are related to individuals with CVD
of any sex and age, with no restriction to European or Caucasian popu-
lations. The search attempted to follow the PRISMA recommendations
[47] although the aim was not a systematic review; nevertheless, the
rules decided before the start of the search are shown in Table 1. The
points for PRISMA which were not accomplished were the following:
No specify the criteria for grouping the studies for synthesis or the con-
sultation date where no filters and limits were applied. The number of
reviewers who screened each record and report, whether they worked
independently, and details of any automation tools used in the process
were not supervised. In addition, we have not listed the outcomes for
which data were sought or other variables such as participant and inter-

Fig. 3. Flow chart of the process carried out for the implementation of this pragmatic review.
*CVD, Cardiovascular disease.
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Table 1
Features and criteria for including studies in the review, based on the
PRISMA guidelines [47].

Title of review Translational Biomarkers for integrated
Cardiovascular Disease Risk assessment: A
Pragmatic multidisciplinary Review with
Applications in Precision Medicine

Population, or participants and
conditions of interest

Cardiovascular disease patients with or without
comorbidities
No population restrictions were applied.

Interventions or exposures No selected or removal specifically drivers.
Comparisons or control groups Optional, not sought.
Outcomes of interest Coronary artery disease, CVD, CVD risk factors,

omics markers, CVD scores, precision medicine,
biomarkers.

Setting Healthy/Diseased individuals.
Study designs Observational cross-sectional, prospective cohort

studies, systematic reviews and meta-analysis on
CVD risk factors.

Criteria for excluding
studies in the review

Studies not correlated with CVD incidence and
traditional or novel markers. Reports and articles
which we could not retrieve the full text.

Search method
Electronic

databases/Information
source

PubMed, Web of Science, Google Scholar,
American Heart Association, European Society of
Cardiology and the World Health Organization
website.

Method of Review
Details of methods At least 2 searches in every database.
Quality assessment Searches based on the PRISMA/Cochrane

guidelines.
Narrative synthesis 1) CVD definition, prevalence, comorbidities,

manifestations, complications.
2) Objectively measurement of CVD.
3) Traditional and novel CVD biomarkers.
4) Precision medicine.

vention characteristics and funding sources. The methods used to assess
the risk of bias in the included studies were not specified. Finally, the
effect measures (e.g., risk ratio, mean difference) for each outcome
were not detailed, nor were any sensitivity analyses conducted to assess
the robustness of the synthesized results due to the obvious difficulties
for composers and that this pragmatic review is intended to provide in-
formation at a sequential glance.

The eligibility criteria for studies included in this search considered
articles that included individuals diagnosed with CVD. Also, this com-
prehensive review included observational cross-sectional, prospective
cohort studies, systematic reviews and meta-analyses evaluating major
risk factors as well as traditional and novel biomarkers associated with
CVD. The selected language was English or Spanish for all the research
articles. The relevance of studies was assessed by using a hierarchical
approach based on title, abstract, and full manuscript.

The main outcomes assessed in this review in relation to CVD and
associated risk factors included lifestyle, biochemical markers, disease
scores or estimators, and omics features (Table 2).

The traditional risk factors for CVD are classified into two cate-
gories: non-modifiable and modifiable factors. The non-modifiable fac-

Table 2
Main outcomes to be assessed from literature search
Key concept Associated items

CVD risk factors
(Lifestyle)

Sedentary lifestyle, Dietary intake, Smoking, Stress, Alcohol
abuse, Anthropometric and nonmodifiable factors

CVD risk factors
(Biochemical)

Lipid metabolism - related, Inflammatory - related,
Prothrombotic- related, Endocrine-related,
Vascular/Imaging-related, Miscellaneous

CVD scores or
estimators

SCORE, Reynolds Risk Score,
Framingham General CVD Risk Score, Regicor, ASCVD
Edmonton Frailty scale, Assign risk score, QRISK3 score, etc.

CVD omics markers Genomics, Proteomics, Metabolomics, Immunomics,
Transcriptomics, Epigenomics and Metagenomics

tors include age and genetics backgrounds, while the modifiable factors
encompass lifestyle and anthropometric factors, such as sedentary be-
havior, smoking, and dietary habits (Table 3).

3. Results

The major categories of CVD risk factors: lifestyle, biochemical,
scores or estimating omics markers, are presented in Table 2. According
to the CVD risk factors/lifestyle related, it has been shown that older
age and males are reported to be at a greater risk of CVD (Table 3). In
addition, family background played an important role as it was shown
to be associated with recurrent CVD events [48]. Moreover, anthropo-
metric parameters and more specifically, higher values of BMI, WC,
WHtR, and fat mass index have been shown to be associated with
higher CVD risk [49–52]. Likewise, long term sedentarism increases the
CVD risk and higher dietary intake and/or blood concentrations of vita-

Table 3
Traditional CVD risk factors (general and lifestyle related). Measurement
tools are some of the most used.
Markers Measurement tools Interpretation/Rational Ref

Unmodifiable factors
Age and sex Questionnaire Advanced Age – Male sex

associated with higher CVD
risk

[138]

Family
Background

Medical Record Associated with recurrent CV
events

[48]

Modifiable factors
Anthropometric
BMI BMI=Weight

(kg)/Height (m)2
Higher BMI associated with
CVD risk

[49]

WC FMT, AT Higher WC associated with
CVD risk

[50]

WHtR FMT, SM or HMR Higher WHtR associated with
CVD

[51]

Fat mass index DEXA, BIA, SC
ADP, HW

FMI associated with CVD [52])

Lifestyle
Sedentary

lifestyle
SRQ, AM, SBL
DO, RST, HM

Long-term SL increases the
CVD risk

[53]

Dietary intake FFQs, 24HR, FR (or D),
DAS, DO
Biomarkers of Dietary
Intake

Some foods and nutrients
related to lower CVD risk

[54]

Smoking SRQs, BoTE, CMO, UB
SB, EMD, BV

Smoking is associated with
CVD

[55]

Stress SRQs, SAS, PM, BA, PA,
Biofeedback and
Neurofeedback

Stress associated with
atherogenesis

[56]

Alcohol abuse AUDIT, CAGE
Questionnaire
TLFB, DDQ, ACD

Alcohol abuse associated with
CVD risk

[57]

ACD, Alcohol Consumption Diaries; ADP, Air Displacement Plethysmography;
AM, Activity Monitors; AR, Administrative records; AT, Anthropometric Tape;
AUDIT, Alcohol Use Disorders Identification Test; BA, Behavioral Assessments;
BIA, Bioelectrical impedance analysis; BMI, Body Mass Index; BoTE, Biomarkers
of Tobacco Exposure; BV, Biochemical verification; CAGE, CMO, Carbon
Monoxide (CO) Monitoring; CT, Clinical Trials; DAS, Dietary Assessment Soft-
ware; DDQ, Daily Drinking Questionnaire; DEXA, Dual-energy X-ray Absorp-
tiometry; DO, Direct Observation; DS, Demographic Surveys, HER, Electronic
Health Records; EMD, Electronic Monitoring Devices; ES, Epidemiological sur-
veys; FFQs, Food Frequency Questionnaires; 24R, 24-Hour Dietary Recall; FMI,
Fat mass index; FMT, Flexible Measuring Tape; FR (or D), Food Records (or Di-
aries); HM, Heart monitoring; HMR, Height Measuring Rod; HW, Hydrostatic
Weighing; OFHT, Online Family History Tools; PA, Psychological Assessments;
PM, Physiological Measures; RST, Remote Sensing Technologies; SAS, Stress As-
sessment Scales; SBL, Sedentary Behavior Logs; SB, Salivary Biomarkers; SC,
Skinfold Calipers; SL, Sedentary Lifestyle; SM, Stadiometer; SQ, Structured
Questionnaires; SRQs, Self-Reported Questionnaires; TLFB, Timeline Follow-
Back; UB, Urinary Biomarkers; WC, Waist Circumference; WHtR, Waist-to-
height ratio.
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min C, carotenoids, and α-tocopherol (as markers of fruit and vegetable
intake) were associated with reduced risk of CVD [53,54]. Smoking also
increases CVD risk [55] and psychological stress is associated with
atherogenesis [56]. Another factor is alcohol abuse which increases the
risk of developing CVD [57] (Table 3).

Regarding lipid metabolism factors, high concentrations of Lp(a)
have been associated with a greater risk of ischemic CVD, aortic valve
stenosis and Myocardial infarction [58] and apolipoprotein A-1 has
been related with an increased risk of CVD events [59]. Higher APOB
levels were associated with the risk of heart and vascular vessel disease
(Table 4A). LDL particle also indicates high CVD risk [53] and elevated
triglycerides were associated with high overall risk for atherosclerotic
cardiovascular disease [60]. In addition, other lipid metabolism factors
such as cholesterol, cholesteryl ester transfer protein, Lp-PLA2, etc.
May increase the risk for heart attack or stroke and predict future CVD
(Table 4A).

In terms of inflammatory related factors, high-sensitivity C-reactive
protein is a marker of inflammation that predicts incident of myocardial
infarction, stroke, peripheral arterial disease, and sudden cardiac death
(Table 4B). In addition, the levels of IL-6, IL-18 were associated with
high CVD risk, but IL-10 was protective against CVD [61]. Furthermore,
increased TNF–α with IL-6 were correlated with CVD risk [62], ICAM–1
was associated with endothelial damage [63] and myeloperoxidase was
found to be correlated with coronary artery disease [64] (Table 4B). In
addition, VCAM-1 can predict the CVD mortality and high ferritin levels
were related to high CVD risk [65,66] On the other hand, regarding to
endocrine related factors, high Insulin leads to atherosclerosis, and low
adiponectin levels also were associated with CVD [67,68]. Moreover, it
is observed that leptin resistance is associated to CVD risk as well as
fasting plasma glucose and other endocrine factors such as E-selectin,
NT-proBNP, Chimerin etc. [69–74] (Table 4B).

Concerning prothrombotic related factors, increased plasma fibrino-
gen concentration may be the cause of the development of atheroscle-
rotic lesions (increased risk of atherothrombosis) [75] (Table 4C). D-
dimer is a prognostic biomarker for major adverse cardiovascular
events and Von Willebrand factor is predictive for adverse cardiac
events [76,77]. In addition, vascular/imaging related markers were in-
cluded and were shown to be predictive factors for CVD events. Carotid
intima media thickness [78], coronary artery calcium [79] and Ankle-
brachial index have been used as a vascular/imaging markers of athero-
sclerosis for cardiovascular risk assessment [80]. Relating to miscella-
neous markers, sialic acid is correlated with CVD risk while high de-
sacyl ghrelin is associated with lower CVD risk (Table 4C).

Several risk scores have been developed and are being used for car-
diovascular risk prediction. Some of the most common CVD scores or
risk estimators (SCORE, SCORE2 and SCORE2-OP, REYNOLDS RISK
SCORE, FRAMINGHAM CVD RISK SCORE, REGICOR, ASCVD, Pooled
cohort equations calculator, Edmonton Frailty scale, Assign risk score,
QRISK3 score, CUORE risk score, PROCAM Risk Score, 5-year DAD risk
equation) are attached on (Table 5) in order to specify the prognostic
tools needed to identifying individuals at higher risk and prevent car-
diometabolic abnormalities. SCORE (Systematic Coronary Risk Evalua-
tion) predicts the 10-year risk of cardiovascular and takes into account
age, sex, Systolic Blood Pressure, total cholesterol, and smoking [81].
Similarly, Reynold's Risk Score estimates 10-year risk of cardiovascular
events and takes into account age, sex, systolic blood pressure, total
cholesterol, HDL-c, etc. And it was found to have high predictive value
[82]. In addition, Framingham risk score and other cardiovascular risk
prediction equations are mentioned in this rational review (Table 5).

Finally, newer CVD biomarkers and especially omics markers were
found to affect CVD risk morbidity and mortality (Table 6). Regarding
the field of genomics, SORT1, SORT1 regulates LDL-c levels and is cor-
related with CAD risk and CDKN2A/2B is associated with CAD and pe-
ripheral vascular disease [83,84]. CELSR2-PSRC1-SORT1 was found to
be related with CVD risk, FADS1 was correlated with high CVD risk, and

Table 4A
Traditional Biochemical CVD Risk factors in relation to lipid metabolism
markers.
Markers Measurement

tool
Interpretation/Rationale Ref

Lipid metabolism related
Lipoprotein(a) ELISA, HPLC,

Nephelometry
Immunoassay
Kits

Higher lipoprotein(a)
associated with myocardial
infarction

[58]

Apolipoprotein A-1 ELISA, HPLC -
MS, WB

Higher ApoA1 - predictor for
ischemic heart disease

[11]

APOB ELISA, WB,
HPLC
Immunoassay
Kits

Higher Apo B associated
with risk of heart and blood
vessel disease

[11]

LDL particle NMR
Spectroscopy,
IMA, GGE, UC,
LPT

LDL particle indicates high
CVD risk

[151]

Triglycerides ECA, Chemical
Titration
HPLC - MS, GC -
MS

Elevated TG levels
associated with CVD risk

[60]

Chol LP, POCTD,
HCTK, SCTK

Higher TC improve CVD risk
prediction

[152]

CETP ELISA, RIA, WB,
CETP Activity
Assay, MS

Lower CETP levels
associated with decreased
CVD risk

[153]

Lp-PLA2 ELISA, Activity
Assays
HPLC - MS, WB,
POCT

Increased concentrations of
Lp-PLA2 predict future CVD

[154]

Small-dense LDL GGE, NMR
Spectroscopy,
IMA, PAGE, LPT

sdLDL-C proportion is a
marker for CVD

[155]

Paraoxonase-1 EAA, AAA,
ELISA, WB,
HPLC - MS

Low PON1 activity
associated with CVD risk

[156]

Plasma PLTP EAA, PTA,
ELISA, WB, MS

Plasma PLTP activity is
associated positively with
CVD risk

[157]

Lysophosphatidylcholines
(LPCs)

MS, ELISA Levels of LPCs are associated
positively with CVD risk

[158]

PCSK9 ELISA, WB, MS,
FC, IHC, RIA,
SPR

PCSK9 associated with acute
CVD events

[159]

AAA, Arylesterase Activity Assays; CETP, Cholesteryl ester transfer protein;
EAA, Enzyme Activity Assays; ECA, Enzymatic Colorimetric Assay; ELISA, En-
zyme - linked immunosorbent assay; FC, Flow Cytometry; GC–MS, Gas Chro-
matography Mass Spectrometry; GGE, Gradient Gel Electrophoresis; HDL-C,
high-density lipoprotein cholesterol; HPLC–MS, High Performance Liquid Chro-
matography-Mass Spectrometry; HCTK, Home Cholesterol Test Kits; IHC, Im-
munohistochemistry; IMA, Ion Mobility Analysis; LDL-C, Low-density lipopro-
tein cholesterol; LP, Lipid Panel; LP-PLA2, Lipoprotein-associated Phospholi-
pase A2; LPT, Lipoprotein Profiling Tests; MS, Mass Spectroscopy; NMR, Nu-
clear Magnetic Resonance; PAGE, Polyacrylamide Gel Electrophoresis; PCSK9,
Proprotein convertase subtilisin/kexin type 9; POCT, Point-of-Care Testing;
POCTD, Point-of-Care Cholesterol Testing Devices; PLTP, phospholipid transfer
protein; PTA, Phospholipid Transfer Assays; RIA, Radioimmunoassay; SCTK,
Smartphone-Compatible Testing Kits; SPR, Surface Plasmon Resonance; TC, To-
tal Cholesterol; TG, Triglycerides; UC, Ultracentrifugation; WB, Western Blot-
ting.

LPA was also linked with CVD risk [85–87]. Regarding to proteomics,
TNNT2 is a strong biomarker of myocardial infarction [88] and other
markers such as BNP, C-reactive protein, myeloperoxidase, and metal-
loproteinase, were associated with cardiac events and classical CVD fac-
tors [89–91] as described (Table 6).

As regards the field of metabolomics, trimethylamine N-oxide
(TMAO), a gut derived metabolite, has been associated with atheroscle-
rotic burden and peripheral artery disease [92]. These effects could be
significantly influenced by the content of specific lysophosphatidyl-
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Table 4B
Traditional Biochemical CVD Risk factors in relation to inflammation and en-
docrine markers.
Markers Measurement tool Interpretation/Rational Ref

Inflammatory - related
hsCRP ELISA,

Immunoturbidimetry
and
Immunonephelometric
HSI, POCT, HPLC

Higher hsCRP associated
with CVD risk

[160]

Interleukins 6,
10, 18

ELISA, MI, FC, qPCR
IHC

Oversecretion of IL-6, IL-
18 associated - CVD
risk/Low IL-10 associated
with CVD

[61]

TNF-α ELISA, MI, FC, qPCR,
IHC

Increased TNF - α
correlated with CVD risk

[62]

ICAM-1 ELISA, FC, IHC, WB, SPR ICAM-1 associated with
endothelial damage

[63]

Myeloperoxidase ELISA,
Immunofluorescence
FC, WB, AA

Elevated levels of MPO
related with CAD

[64]

VCAM-1 ELISA, FC, IHC, WB, SPR VCAM-1 predicts CVD
mortality

[65]

Ferritin ELISA, CLIA
RIA,
Immunoturbidimetry
POCT

Increased SF levels
increased CVD risk

[66]

Hepcidin MS, ELISA Increased risk and
mortality

[161]

Endocrine-related
Insulin RIA, ELISA, CLIA,

ECLIA, LC-MS
High insulin levels lead to
atherosclerosis

[67]

Adiponectin ELISA, RIA, LA, WB Low adiponectin levels
associated with CVD

[68]

Leptin ELISA, RIA, LA, WB Conflicting findings on
hyperleptinemia or leptin
resistance contribution to
CVD

[69]

Fasting plasma
glucose

BCM, Laboratory-Based
Tests OGTT, CGM,
HbA1c Testing

Fasting glucose leads to
CVD risk

[70]

E-selectin ELISA, FC, WB, IHC,
qPCR

Higher E-Selectin levels
connected to
atherosclerosis

[71,72]

NT-proBNP Immunoassays, POCT
Devices, AIA, MS

High NT–proBNP
concentration associated
with CHD

[73]

Chemerin ELISA, WB, IHC, qPCR Chemerin - predictive
marker of atherosclerosis

[74]

Cystatin-C ELISA, CLIA,
Nephelometry
Turbidimetry

High cystatin-C related to
heart disease

[162]

HOMA-IR BCM, IM High levels of HOMA-IR is
an independent CVD risk
factor

[163]

TyG Index RIA and EAI. High levels of TyG Index
are an Independent CVD
Risk Factor

[164]

Atherogenic
Index of Plasma
(AIP)

LP, POCT, LCS AIP – predictive biomarker
of CVD

[165]

Castelli's Risk
Index (CRI)

LP, POCT, CIT CRI associated with
atherosclerosis and CVD

[166]

TG/HDL-C ratio LP, POCT, OCDH High TG/HDL-C associated
with CVD

[167]

apoB/apoA1 LP, POCT, OCDH High apoB/apoA1
associated with CVD

[168]

Fatty Liver Index ECA, Chemical Titration
HPLC - MS, GC - MS

High Fatty Liver Index
associated with CVD

[169]

Hepatic steatosis
index

ELISA High Hepatic steatosis
index associated with CVD

[170]

AA, Activity Assays; AIA, Automated Immunofluorescence Assays; BCM, Blood
Glucose Measurement; CAD, Coronary Artery Disease; CE, Capillary Elec-
trophoresis; CGM, Continuous Glucose Monitoring; CHD, Coronary heart dis-

ease; CLIA, Chemiluminescent Immunoassay; CIT, Complementary Imaging
Tools; EAI, Enzymatic Assays Immunoassays; ECA, Electrochemiluminescence
Assisted or Advanced Chromatography Assay; ECLIA, Electrochemilumines-
cence Immunoassay; FC, Flow Cytometry; HOMA-IR, homeostatic model assess-
ment for Insulin Resistance; HPLC - High-Performance Liquid Chromatography;
hsCRP, High-Sensitivity C-Reactive Protein; HSI, High-Sensitivity Immunoas-
says; ICAM–1, Intercellular Adhesion Molecule 1; IHC, Immunohistochemistry;
IM, Insulin Measurement; LAA, Latex Agglutination Assays; LA - Luminex Assay;
LC–MS, Liquid Chromatography - Mass Spectrometry; LCS, Laboratory Calcula-
tors and Software; LP, Lipid Panel; MI, Multiplex Immunoassay; MPO,
Myeloperoxidase; NT-proBNP, N-terminal pro B-type Natriuretic Peptide;
OCDH, Online Calculators and Digital Health Apps; OGTT, Oral Glucose Toler-
ance Test; POCT, Point-of-Care Testing; qPCR, Quantitative Polymerase Chain
Reaction; RCAA, Ristocetin Cofactor Activity Assay; RIA, Radioimmunoassay;
SPR, Surface Plasmon Resonance; TNF-α, Tumor Necrosis Factor-alpha; TyG,
Triglyceride-Glucose Index; VCAM–1, vascular cell adhesion molecule 1; WB,
Western Blotting; SPR, Surface Plasmon Resonance.

cholines (i.e., 16:0 or 18:2), which result prone to oxidation affecting
monocyte/macrophage's proinflammatory and metabolic activity. De-
spite LPC's serum levels appear not to change in coronary artery dis-
ease, LPC inhibition can significantly contribute to surmount and/or
avoid the disease through endothelial progenitor cells revitalization
[93]. In this context, recently identified metabolites such as itaconate
(s) received significant interest due to its therapeutic value and poten-
tial as biomarker in CVDs [94].

Branched-chain amino acids and more specifically, elevated concen-
trations of circulating Isoleucine were associated with increased risks of
CVD, whereas Valine and Leucine did not appear to be associated with
CVD incidence [95] (Table 6). Additionally, CVD is attributable to other
metabolomic markers such as oxLDL, advanced glycation end products
(AGEs) and fatty acid metabolites [96,97]. Transcriptomics such as
miR-21, miR-155 are linked with cardiac events or death [98,99] while
downregulated expression of miR-126 has been associated with highly
prevalent cardiovascular risk factors such as arterial hypertension and
diabetes mellitus [100].

Epigenomics are factors aligned with high CVD risk. In detail, DNA
methylation is associated with CVD development [101], histone modifi-
cations promote CVD [102], while microRNA expressions are involved
in the development of atherosclerosis and thrombosis [103] and non-
coding RNA modifications are important contributors to CVD [104] in-
cidence (Table 6).

Further, metagenomics, for instance, inflammatory microbiota, Ru-
minococcus, Akkermansia and other bacteria were highlighted to have a
direct association with the CVD and cardiovascular artery disease pro-
gression [105–107] under different conditions (Table 6).

All these parameters are interconnected as CVD risk is influenced by
a combination of lifestyle-related factors, biochemical markers, and
omics data, which are integrated into risk scores to estimate an individ-
ual's overall risk. They help healthcare providers to develop compre-
hensive and personalized approaches to CVD prevention and manage-
ment, whose integrated interpretation in fundamental for precision nu-
trition and medicine.

3.1. Some mechanistic insights

While diabetes and insulin resistance are multifactorial [108,109],
it is now clear that glucose overload, especially when chronic, plays
major roles in the etiology and development of these metabolic disor-
ders [110]. Among the key consequences of chronic glucose overload is
an apparent stiffness in mitochondrial substrate selection [110]. This
phenomenon is termed “metabolic inflexibility” and ultimately leads to
“metabolic gridlocks,” in which, for example, mitochondria are over-
loaded, and carbon flux is perturbed [110]. It must be underscored that
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Table 4C
Traditional Biochemical CVD Risk factors in relation to prothrombotic, vascu-
lar/imaging and miscellaneous markers.
Markers Measurement tool Interpretation/Rational Ref

Prothrombotic- related
Fibrinogen CM, Immunoassays, RI fibrinogen associated with

Atherosclerosis
[75]

D-dimer ELISA, LAA,
Immunoturbidimetry
AIA, POCT

High D-dimer levels
associated ischemic heart
disease and
thromboembolism

[76]

Von Willebrand
factor

ELISA, RCAA, Multimer
Analysis VWF, Activity
Assays

VWF is predictive for
adverse cardiac events

[77]

Homocysteine HPLC, EAI, GC-MS High HC associated with
atherosclerosis and CVD

[171]

Haptoglobin Immunoturbidimetry
Immunonephelometry
ELISA, WB, CE

Hp is a risk factor for CV
events

[172]

Asymmetric
Dimethylarginine
(ADMA)

HPLC, LC-MS, ELISA,
RIA, CE, POCT

Higher levels of ADMA
associated with CVD risk

[173]

Fatty Acid Binding
Protein 4 (FABP4)

ELISA, RIA, WB, MS,
IHC, MAP, POCT

FABP4 associated with
CVD risk and mortality

[174]

Vascular/imaging -related
CIMT UI, MMT, EDA CIMT of 1 mm or more

associated with CHD risk
[78]

CAC score CT, SAT, ACSS, MC High CAC levels associated
with CVD

[79]

Ankle-brachial index DU, BPC, Automated
ABI Systems, Handheld
ABI Devices

Low ABI is associated with
CV disease

[80]

Miscellaneous
Sialic acid CA, HPLC, EAI, CE Elevated sialic acid

correlated with CVD
[175]

Desacyl ghrelin ELISA, RIA, LC-MS, WB Des-acyl ghrelin lowers
the CVD risk

[176]

ACSS, Automated Calcium Scoring Systems; AIA, Automated Immunofluores-
cence Assays; BCM, Blood Glucose Measurement; BPC, Blood Pressure Cuffs;
CA, Colorimetric Assays; CAC score, Coronary artery calcium score; CE, Capil-
lary Electrophoresis; CGM, Continuous Glucose Monitoring; CIMT, Carotid in-
tima-media thickness; CM, Clauss Method; CT, Cardiac Computed Tomography;
DU, Doppler Ultrasound; EAI, Enzymatic Assays Immunoassays; ECLIA, Electro-
chemiluminescence Immunoassay; EDA, Edge Detection Algorithms; ELISA, En-
zyme-linked immunosorbent assay; FC, Flow cytometry; GC MS, Gas Chro-
matography-Mass Spectrometry; HC, Homocysteine; HPLC, High-Performance
Liquid Chromatography; HIS, High-Sensitivity Immunoassays; IHC, Immunohis-
tochemistry; IM, Insulin Measurement; LAA, Latex Agglutination Assays; LA,
Luminex Assay; LC MS, Liquid Chromatography-Mass Spectrometry; MAP, Mul-
tiplex Assay Platforms; MS, Mass Spectrometry; MC, Manual Calculation; MI,
Multiplex Immunoassay; MMT, Manual Measurement Tools; OGTT, Oral Glu-
cose Tolerance Test; POCT, Point-of-Care Testing; qPCR, Quantitative Poly-
merase Chain Reaction; RCAA, Ristocetin Cofactor Activity Assay; RIA, Ra-
dioimmunoassay; RI, Radial Immunodiffusion; SAT, Software Analysis Tools;
SAT, Software Analysis Tools; SPR, Surface Plasmon Resonance; UI, Ultrasound
Imaging; VWF, von Willebrand Factor; WB, Western Blotting.

mitochondrial dysfunction is exacerbated by age [111] and that a
proper, plant-based diet slows down this phenomenon [111].

In any case, mitochondrial dysfunction has immediate untoward
consequences. The first and most notable one is the onset of oxidative
stress [112], in which the flux of oxidants from mitochondria overloads
their [mostly enzymatic] scavenging system [112]. Furthermore, mito-
chondrial dysfunction can impair the function of the tricarboxylic acid
(TCA) cycle, a central metabolic pathway in cellular energy production
[113]. This impairment can lead to a cascade of detrimental effects, in-
cluding reduced ATP synthesis, increased oxidative stress [112], and al-
tered cellular signaling. The TCA cycle relies on mitochondrial function
to generate essential molecules like NADH and FADH2, which are cru-
cial for oxidative phosphorylation to produce ATP [113].

Table 5
Main characteristics of the most widely used CVD Scores or risk estimators.
Index Data Interpretation/Rational Ref

SCORE Age, sex, SBP, TC and
smoking

Very High risk: >10 %,
High risk: 5–9 %, Moderate
risk: 1–4 %, Low risk:
<1 %

[81]

SCORE 2 (40–49
years)

Age, gender, tobacco
consumption, diabetes,
SP, non-HDL-C, TC and
European geographic
region

High: ≥7.5 %
Moderate: 2.5–7.5 %
Low: <2.5 %

[177]

SCORE 2 (50–69
years)

Age, gender, tobacco
consumption, diabetes,
SBP, TC, non-HDL-C, and
European geographic
region

High: ≥10 %, Moderate: 5–
10 %, Low: <5 %

[177]

SCORE2-OP Age, gender, SBP, TC,
smoking status, diabetes,
family history of CVD, use
of antihypertensive
medication, renal function
and European geographic
region

High: ≥15 %, Moderate:
7.5–15 %, Low: <7.5 %

[177]

REYNOLDS RISK
SCORE (RRS)

Age, gender, TC, HDL-c,
SBP Smoking status,
hsCRP level, family
history of premature heart
disease (before the age of
60)

High: RRS ≥10 %, Medium:
5 %≤ RRS <10 %, Low:
RRS <5 %

[82]

FRAMINGHAM
GENERAL CVD
RISK SCORE
10-year risk

Age, gender, TC, HDL,
smoking habits, and SBP,
Diabetes

High risk: >20 %,
Intermediate risk: 10–20 %,
Low risk: <10 %

[178]

FRAMINGHAM
GENERAL CVD
RISK SCORE
30-year risk

Age, gender, TC, HDL,
smoking habits, and SBP,
Diabetes

High risk: ≥40 %, Moderate
risk: 13–39 %, Low risk:
≤12 %,

[179]

REGICOR Age, sex, SBP, DBP, TC,
HDL-C, and smoking
status.

High risk: <10 %,
Moderate risk:
5–9.9 %, Low risk: <5 %

[180]

ASCVD Age, sex, race, TC, HDL,
DM, SBP, BP treatment
and current smoking
status. Race (Black or non-
Black

High risk >20 %,
Intermediate risk
7.5–20 %, Borderline risk:
5–7.4 %
Low risk: 0–4.9 %

[181]

Pooled cohort
equations
calculator

Age, sex, SBP, treatment
for hypertension, TC,
HDL-C, history of T2DM
and smoking status

High (≥20 %), Intermediate
(7.5 % to <20 %),
Borderline (5 % to
<7.5 %), Low risk (<5 %)

[182]

Edmonton
Frailty scale

Cognition, general health
status, functional
independence, social
support, medication use,
nutrition, mood,
continence, functional
performance

Severely frail (≥10),
Moderately Frail (8–9),
Mildly frail (6–7),
Vulnerable (4–5), Fit (0–3)

[183]

Assign risk score Age, sex, SBP, TC, T2DM,
smoking, social
deprivation and family
history of CVD

High risk: >20 %,
Moderate risk: 10–20 %,
Low risk: <10 %

[184]

QRISK3 score Ethnicity, family history,
Cholesterol/HDL ratio,
BMI, hypertensive
medication, rheumatoid
arthritis, chronic kidney
disease and atrial
fibrillation

High Risk: >20 %,
Moderate Risk: 10–20 %,
Low Risk: <10 %

[185]

CUORE risk
score

Age, sex, SBP, TC, HDL-C,
presence of DM2,
treatment for
hypertension and smoking
status

High risk: ≥20 %, Medium
risk: ≥5 % and <20 %, Low
risk: <5 %

[186]

(continued on next page)
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Table 5 (continued)
Index Data Interpretation/Rational Ref

PROCAM Risk
Score

Age, SBP, LDL-C, HDL-C,
TGs, presence of DM2,
family history of MI and
smoking status

High risk (>20 %),
Medium risk (10–20 %),
Low risk (<10 %)

[187]

Five-year DAD
risk equation

Age, gender, TC and HDL,
smoking status (current or
past), BP, history of
diabetes, family history of
CVD, and exposure to
indinavir, lopinavir and
abacavir

Very high score (>10 %),
High score (5–10 %),
Moderate score (1–5 %),
Low score (<1 %)

[187]

BMI, Body mass index; BP, Blood pressure; CVD, Cardiovascular disease; DBP,
Diastolic blood pressure; DM, Diabetes mellitus; HDL, High Density Lipopro-
tein; hsCRP, high-sensitivity C-reactive protein; LDL, Low Density Lipoprotein;
MI, Myocardial infarction; SBP, Systolic blood pressure; T2DM, Type 2 Diabetes
Mellitus; TC, Total cholesterol; TG, Triglycerides.

Finally, the accumulation of harmful intermediates like methylgly-
oxal [114] and AGEs [114] is a significant contributor to cardiometa-
bolic disorders (and the aging process) [115]. These molecules, formed
through non-enzymatic reactions [114], can cause cellular dysfunction
[114,115] and, as noted, contribute to the development of conditions
like diabetes, cardiovascular disease, and neurodegenerative disorders
[114,115].

In summary, an inordinate consumption of high-glycemic index
foods causes cardiometabolic disorders [116] via a plethora of mecha-
nisms including endothelial dysfunction and metabolic inflexibility. A
plant-based diet and low-glycemic load meals should be promoted to
lower the cardiometabolic burden [117].

Emerging evidence emphasizes the critical role of epigenetics in car-
diovascular and other chronic diseases, including regulatory methyla-
tion phenomena and histone post-translational covalent modifications
[118]. Thus, acetylation of nuclear proteins, including histones, meta-
bolic enzymes, and SIRT-regulated targets, has been implicated in phys-
iopathological processes such as cardiomyocyte energy imbalance, im-
paired inflammatory responses, and endothelial dysfunctions
[119,120]. Acetylation-driven alterations modulate key cellular func-
tions like mitochondrial respiration, fatty acid oxidation, and the ex-
pression of proinflammatory genes [121,122] (3–4).

Furthermore, some epigenetic processes are increasingly recognized
as contributors to residual cardiometabolic risk, which persists despite
control of recognized risk factors such as LDL cholesterol, blood pres-
sure, and glycemia [123]. For instance, dysregulation of sirtuin activity,
particularly SIRT3 in mitochondria and SIRT1 in the nucleus, can im-
pair cellular resilience by altering acetylation states of proteins in-
volved in oxidative metabolism and vascular tone [119,122].

Additionally, epigenetic patterns have been associated with a
proatherogenic and inflammatory phenotype in vascular tissues, sug-
gesting that such epigenetic and post-translational mechanisms may
underlie residual cardiovascular risk [122].

Altogether, these findings support the notion that targeting genetic
and epigenetic-related regulatory networks could offer novel therapeu-
tic opportunities for moderating residual risk in cardiometabolic-
associated diseases [123,124].

4. Discussion

Personalized and precision medicine and nutrition are innovative
concepts that can benefit from approaches that integrate multiple fac-
tors and determinants and tailor clinical recommendations to an indi-
vidual's unique genetic makeup, lifestyle, and health status [125,126].
Personalized medicine and nutrition focus on individuality dietary
plans based on personal characteristics such as age, gender, medical
history, and preferences [127] while precision nutrition takes this no-
tion a step further to holistically convey genetic, microbiome, meta-

Table 6
Omics signatures and determinants for prediction and management of CVD.
Index Research tools Interpretation/Rational Ref

Genomics
rs10757274

(SORT1)
PCR and Genotyping
Arrays

Regulates LDL
cholesterol levels and
CAD risk

[83]

rs1333049
(CDKN2A/2B)

PCR and Genotyping
Arrays

Linked with CAD risk [84]

rs646776
(CELSR2-
PSRC1-
SORT1)

PCR and Genotyping
Arrays

Associated with
increased CVD risk

[85]

rs1746048
(FADS1)

PCR and Genotyping
Arrays

Correlated with CHD
risk

[86]

rs6725887
(LPA)

PCR and Genotyping
Arrays

Negative association
between the rs6725887
risk allele (C) and
carotid IMT

[87]

Proteomics
Troponin T

(TNNT2)
hsTnT assay TNNT2 is a biomarker of

MI
[88]

BNP BNP Immunoassay BNP associated with
increased stroke risk

[89]

CRP hsCRP Assay CRP is a predictor of
CVD

[90]

MPO ELISA, CLIA,
Immunoturbidimetry or
Immunonephelometry

MPO associated with
cardiac events

[91]

MMPs ELISA, Multiplex
Immunoassays (e.g.,
Luminex)

MMPs are associated
with the classical CVD
factors

[188]

Metabolomics
TMAO HPLC/LC-MS TMAO is associated to

PAD severity
[92]

BCAAs HPLC Higher Isoleucine
associated with CVD but
Valine and Leucine not

[95]

oxLDL ELISA OxLDL increased in CVD
participants

[13]

AGEs LC coupled with MS, ELISA AGE/RAGE axis is
correlated with CAD

[96]

Fatty acid
metabolites

GC-MS, LC-MS, NMR
Spectroscopy

Lipid-based metabolites
associated with CVD

[97]

Itaconate MS Low risk of cholesterol-
induced inflammation
and atherosclerosis

[94,189]

Transcriptomics
miR-21 qRT-PCR microarrays and

sequencing approach
miR-21 is a regulator of
cardiac diseases

[98,99]

miR-126 qRT-PCR microarrays and
sequencing approach

Downregulated
expression of miR - 126
associated with CVD

[100]

miR-155 qRT-PCR microarrays and
sequencing approach

MiRNA-155 expression
linked with cardiac
death

[147]

miR-208a qRT-PCR microarrays and
sequencing approach

Linked to cardiac
hypertrophy and heart
failure

[190]

Long non-coding
RNAs
(lncRNAs)

qRT-PCR microarrays and
sequencing approach

Emerging roles in CVD
pathogenesis

[191]

Epigenomics
DNA

methylation
(CpG sites)

MSP, MeDIP, RRBS, WGBS CpG methylation
associated with CVD
development

[101]

Histone
modifications

ChIP, ChIP-seq, ChIP -
qPCR
WB, IF, MS

Abnormal methylation
promotes CVD

[102]

(continued on next page)
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Table 6 (continued)
Index Research tools Interpretation/Rational Ref

MicroRNA
methylation

MeRIP or MeRIP-seq,
SCARLET-seq, RNA
Sequencing Technologies,
LC-MS/MS, Northern
Blotting and
Immunoblotting

miRNAs regulate CVD
development

[103]

Non-coding
RNA
modifications

MeRIP, SCARLET-seq,
Enzymatic Mapping,
Northern Blotting and
Immunoblotting, LC-
MS/MS, Direct RNA
Sequencing Technologies

Modifications in RNA
bases, contribute to the
progression of CVD

[104]

Metagenomics
Inflammatory

Microbiota
Microbiota/Metagenomic
tools

The gut microbiota
influence CVD risk
through a pro-
inflammatory effect

[105]

Ruminococcus Microbiota/Metagenomic
tools

Reduced abundance of
Ruminococcus associated
with CVD

[106]

Akkermansia Microbiota/Metagenomic
tools

Akkermansia associated
with reduced aortic
atherosclerosis

[107]

Prevotella Microbiota/Metagenomic
tools

Alloprevotella associated
with decreased CVD
risk/Prevotella 2 and
Prevotella 7 associated
with increased CVD risk

[192]

Bacteroides Microbiota/Metagenomic
tools

Bacteroides is a
diagnostic marker in
CAD patients

[148]

Lactobacillus Microbiota/Metagenomic
tools

Lactobacillus plantarum
associated with reduced
CVD risk

[193]

AGEs, Advanced glycation end products; BCAAs, Branched-chain amino acids;
BNP, B-type natriuretic peptide; CAD, Coronay Artery Disease; Carotid IMT -
carotid intima-media thickness; ChIP, Chromatin Immunoprecipitation; CLIA,
Chemiluminescent Immunoassay; CRP, C-reactive protein; ELISA, Enzyme-
Linked Immunosorbent Assay; GC – MS, Gas Chromatography-Mass Spectrome-
try; hsTnT, High-sensitivity Troponin T assay; IF, Immunofluorescence; LC MS,
Liquid Chromatography-Mass Spectrometry; MeDIP, Methylated DNA Immuno-
precipitation; MeRIP, Methylated RNA Immunoprecipitation; MMPs, Matrix
metalloproteinases; MPO - Myeloperoxidase; MS, Mass Spectrometry; MSP,
Methylation-Specific PCR; NMR, Nuclear Magnetic Resonance; oxLDL, Oxidized
LDL; PAD, Peripheral Artery Disease; PCR, Polymerase chain reaction; qRT PCR,
Quantitative Reverse Transcription Polymerase Chain Reaction; RRBS, Reduced
Representation Bisulfite Sequencing; SCARLET-seq, Site-Specific Chemical La-
beling Followed by RNA Sequencing; TMAO, Trimethylamine N-Oxide; WB,
Western Blotting; WGBS, Whole-Genome Bisulfite Sequencing.

bolic, and phenotypic data to provide highly specific dietary guidance
[108,128]. This strategy aims to optimize the measuring health out-
comes by adapting the diet to an individual's biological and physiologi-
cal needs [108]. The primary objective of these approaches is to screen
the effectiveness of dietary and other lifestyle interventions to improve
health and to prevent diseases such as cardiovascular disease, diabetes
and obesity by considering the complexity of individual responses to
different macronutrients [128], however, further advances and integra-
tive bioinformatics tools are needed for clinical implementation.

To effectively understand and implement personalized and precise
endogenous and exogenous determinants and individualized prescrip-
tions and counseling, objective and global tools are essential [129].
These instruments include genomic testing, which analyzes an individ-
ual's DNA to identify genetic variants that affect nutrient metabolism
and nutritional needs [130]. Metabolomics and proteomics provide in-
sights into metabolic and molecular protein profiles, revealing real-
time responses to dietary intake [131,132]. Microbiome analysis also
examines the composition of gut bacteria that influence digestion and
health [133,134]. In addition, digital health technologies, such as wear-

able devices and mobile apps, track dietary intake, physical activity and
biomarkers, providing continuous feedback and data integration, bene-
fit from data available. Together, these tools provide a comprehensive
picture of an individual's health [135]. In addition, in precision nutri-
tion, machine learning (ML) and artificial intelligence (AI) are pivotal
in analyzing complex data sets to generate personalized dietary recom-
mendations [136]. ML algorithms are able to detect subtle relationships
within data that traditional statistical methods might miss, enabling
more accurate predictions about interindividual differences to metabo-
lize nutrients and respond to dietary changes interventions prescrip-
tions [137]. On the other hand, AI tools also facilitate the integration of
multi-omics data, providing a holistic view of individual health and al-
lowing for the development of highly tailored nutritional interventions
[137]. As a result, these technologies may improve the accuracy of di-
etary recommendations and medical therapies to prevent chronic dis-
eases [136,137].

Traditional risk factors, including age, obesity, hypertension, dia-
betes, cholesterol levels, and lifestyle choices, remain critical in assess-
ing CVD risk [2] Actually, CVD risk is influenced by a combination of
non-modifiable and modifiable factors. Older age and mostly male sex
are unmodifiable factors associated with increased CVD risk [138]
which need to be addressed concurrently and objectively. Family back-
ground is also crucial as it is associated with recurrent cardiovascular
events [48], while inherited anthropometric measures provide essential
insights into CVD risk. Higher BMI is associated with increased CVD
risk [49]. Similarly, greater waist circumference and waist to height ra-
tio, measured by fat mass thickness, abdominal thickness, somatic mea-
surements, and height measurement ratio, are indicative of higher CVD
risk [50,51]. The fat mass index is another critical marker associated
with CVD as well as body fat and muscle mass [52]. Moreover, lifestyle
factors play a crucial role in CVD risk management, as sedentary habits,
monitored via self-report questionnaires and activity monitors, are as-
sociated with an increased risk of CVD, especially with long-term
sedentary behavior [53]. In addition, dietary intake of vitamin C, spe-
cific carotenoids (β-carotene, lycopene) and α-tocopherol (as markers of
fruit and vegetable intake) which are basic components of the Mediter-
ranean diet, are associated lower risk of coronary heart disease, stroke
and CVD overall [54](58). Within this scope, the PREDIMED and the
CORDIOPREV studies demonstrated that a high-unsaturated fat and
(poly)phenol-rich dietary pattern such as the Mediterranean diet are
useful tool in the prevention of CVD [139,140]. Similarly, smoking is a
well-known risk factor for coronary heart disease [55] (59). Stress and
loneliness [141], measured through various psychological and physio-
logical tools, contributes to atherogenesis and CVD risk [56]. Lastly, al-
cohol abuse [142] or low essential fatty acid intakes [143,144] are as-
sociated with increased CVD risk. Early assessment of liver disease in
obese patients is essential to establish cardiovascular risk [145,146]. In
short, promoting a healthy lifestyle is the most important cardiopreven-
tive measure that can and should be implemented.

In addition to the aforementioned, it is important to underscore that
the integration of omics markers is revolutionizing our understanding
of CVD risk and management [135]. In genomics, specific genetic vari-
ants such as SORT1 and CDKN2A/2B have been associated with choles-
terol levels and coronary artery disease risk using tools such as genotyp-
ing arrays [130] (163). Further, CELSR2-PSRC1-SORT1 and FADS1
were associated with CVD and coronary heart disease, respectively
[85,86] whereas LPA was inversely associated with carotid intima-
media thickness [87]. Moreover, proteomic markers, including tro-
ponin T and BNP, have been identified as biomarkers of myocardial in-
farction and stroke risk and are associated with classical CVD factors
[88,89]. Metabolomic studies highlight the role of metabolites like
TMAO and oxLDL in CVD, while demonstrating the significant role of
AGEs. Furthermore, transcriptomic markers, including miR-21 and
miR-155, are regulators of cardiac disease and manifest an emerging
role in CVD pathogenesis [98,99,147]. Epigenomic factors such as DNA
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methylation and histone modifications, also play a significant role in
CVD development showing that abnormal methylation can lead to car-
diometabolic abnormalities [101,102]. Along with, metagenomic
analysis reveals that gut microbiota, such as Akkermansia and Bac-
teroides, influence cardiovascular risk through proinflammatory effects
[107,148], but some other bacteria, such as Ruminococcus and other
ones have protective roles [106,149,150]. Thus, this comprehensive
multi-omics approach provides actionable insights into pathogenesis
and the therapeutic approach of CVD.

5. Conclusion and perspectives

Personalized and precision medicine and nutrition are innovative
strategies tailored to an individuals' unique genetic, lifestyle, and
health profile, aiming to optimize health outcomes and prevent diseases
such as CVD, diabetes, and obesity [125,126]. Traditional risk factors
mentioned above, are identified in landmark studies such as the Fram-
ingham Heart Study, have been incorporated into various risk predic-
tion models such as SCORE, REYNOLDS RISK SCORE, and ASCVD [40].
Moreover, the integration of “omics” markers like genomic, proteomic,
metabolomic, epigenomic, transcriptomic, epigenomic and metage-
nomic markers is providing deeper insights into the molecular basis of
CVD [42,135].

The use of advanced tools like genomic testing, metabolomics, pro-
teomics, microbiome analysis, and digital health technologies improves
the accuracy of dietary recommendations and aids in the prevention
and management of chronic diseases [42]. Furthermore, the application
of machine learning and artificial intelligence in precision nutrition en-
ables the analysis of complex datasets and the generation of highly tai-
lored dietary recommendations [136,137].

In conclusion, a comprehensive approach that integrates traditional
risk factors with advanced omics data science and risk scores should
and will provide a robust framework for better understanding and man-
aging CVD better. Indeed, given the multifactorial etiology of CVD and
the interaction between risk factors, there is no single biomarker able to
explain alone the measurable risks, neither the residual nor the excess
of risk found in CVD, that health professionals need to be aware of the
overall tools that are critical for clinical practice or research endeavors.
Therefore, these newer holistic tools will facilitate personalized risk
stratification, guide clinical decision-making and preventive strategies
to mitigate CVD risk, ultimately individualize patient prescriptions and
outcomes, implement public health policies and promote tailored mea-
surement for precision information of personalized medicine/nutrition.
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