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Abstract: Atherosclerosis is a significant health concern with a growing incidence worldwide. It
is directly linked to an increased cardiovascular risk and to major adverse cardiovascular events,
such as acute coronary syndromes. In this review, we try to assess the potential diagnostic role of
biomarkers in the early identification of patients susceptible to the development of atherosclerosis and
other adverse cardiovascular events. We have collected publications concerning already established
parameters, such as low-density lipoprotein cholesterol (LDL-C), as well as newer markers, e.g.,
apolipoprotein B (apoB) and the ratio between apoB and apoA. Additionally, given the inflamma-
tory nature of the development of atherosclerosis, high-sensitivity c-reactive protein (hs-CRP) or
interleukin-6 (IL-6) are also discussed. Additionally, newer publications on other emerging compo-
nents linked to atherosclerosis were considered in the context of patient evaluation. Apart from the
already in-use markers (e.g., LDL-C), emerging research highlights the potential of newer molecules
in optimizing the diagnosis of atherosclerotic disease in earlier stages. After further studies, they
might be fully implemented in the screening protocols.

Keywords: atherosclerosis; apolipoprotein B; interleukin-6

1. Introduction

Cardiovascular diseases (CVDs) continue to remain the foremost cause of mortality
on a global scale, with coronary artery disease (CAD) emerging as the most prevalent
among them [1]. In Europe, CVDs account for approximately 45% of the overall deaths.
Furthermore, approximately 4 million individuals die annually due to cardiovascular (CV)
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events, resulting in a staggering loss of over 60 million years of life due to CVDs in Europe
alone [2,3]. While historically, CVDs predominantly affected the elderly population, a shift
in paradigm has occurred due to the increasing incidence of diabetes, obesity, and smoking,
leading to a growing number of patients under the age of 65 being diagnosed with these
pathologies. In light of this, enhancing the existing screening methods and discovering
novel ones should be accorded the utmost priority by medical systems worldwide [4].

In general practice, we rely on standardized CV risk scores (SCORE diagram, U-
prevent algorithm, ASCVD score) to identify classic CV risk factors such as age, gender,
blood pressure, cholesterol levels, smoking status, and diabetes. Even though multiple
studies proved their efficiency, it is noteworthy that 50% of the patients who develop CAD
are previously classified in the low- or intermediate-risk group [5]. The latest guideline on
Chronic Coronary Syndromes from the European Society of Cardiology (ESC) identifies
several complementary risk-assessment tools, namely intima-media thickness, coronary
artery calcium scores, brachial flow-mediated dilation, ankle-brachial index, high sensitivity
C-reactive protein (hs-CRP) and family history of CAD, which may be used in selected
patients. However, they recommend using these tools sparingly, due to a lack of scientific
proof of their efficiency [6]. Considering this, it is natural to say that there is an urgent need
to find alternative instruments able to improve the existing algorithms’ accuracy and give a
higher discrimination power to the existing scores.

The United States National Institutes of Health defines biomarkers as “a characteristic
that is objectively measured and evaluated as an indication of normal biological processes,
pathogenic processes, or pharmacologic responses to a therapeutic intervention”. Even
if, after 2010, an increased rate of their use has been registered, they are far from being
fully implemented instruments in medical practice, this term dates from as far back as
1970. From infectious diseases and cancers to cardiovascular pathologies such as heart
failure (HF), many molecules can serve as indicators of the systemic impact of a particular
disease, providing valuable guidance to medical professionals [7]. However, based on
our knowledge, the scientific evidence strongly supporting a specific biomarker is lacking
when it comes to atherosclerosis and CV risk stratification. Therefore, our article aims to
focus on presenting the latest evidence that supports the significance of two particular
molecules, interleukin 6 (IL-6) and apolipoprotein B (apoB), as potential biomarkers for
atherosclerosis. The article will primarily emphasize their molecular structure and elucidate
their involvement in the pathogenesis of atherosclerosis.

Firstly, we will present the most recent studies concerning the pathogenesis of atheroscle-
rosis in the human body, including its underlying processes and influential factors. Secondly,
we will expand upon the subjects of low-density lipoproteins (LDL), apoB, hs-CRP, and IL-6.
Finally, we will present the potential role of apoB and IL-6 as future screening biomarkers,
together with other emerging components.

2. Pathophysiology of Atherosclerosis

Atherosclerosis serves as the underlying cause for various CV events and its manifesta-
tions, including CAD and myocardial infarction; peripheral artery disease (PAD) and lower
limb amputation; and aortic aneurysm (AA), renal artery stenosis (RAS), and carotid artery
stenosis (CAS) associated with strokes [8]. Due to its characteristic risk factors—elevated
serum cholesterol, diabetes, smoking, male gender, age, obesity, and chronic systemic
inflammation—atherosclerosis tends to be more prevalent in higher-income countries, with
a continuous and steady rise in incidence [1].

From the pathophysiological point of view, endothelial dysfunction, hypercholes-
terolemia, and inflammation represent the central triad of atherosclerosis [8]. The endothe-
lium, the internal layer of the vascular wall, is the interface between the bloodstream
and the main site of atherosclerosis. Thus, its integrity is mandatory to prevent lipid
accumulation within the arteries. However, phenotypic changes in the endothelium’s
cellular structure may alter its protective capacity, opening the path to atherosclerosis,
sheer stress playing a central role in this process [9]. Laminar shear stress, physiologically
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exerted by the bloodstream, has an atheroprotective effect. On the other hand, disturbed
blood flow, commonly observed near branch sites, generates low shear stress (frictional
drag), activating the endothelial cells, diminishing their vasodilative and anti-thrombotic
properties, associating increased oxidative stress, and promoting lipid uptake beneath the
endothelium [10]. Once activated, endothelial cells also facilitate atherosclerosis and lipid
accumulation by promoting inflammation and intimal hyperplasia via adhesion molecules,
cytokines, and growth factors [11]. Adhesion molecules, such as vascular cell adhesion
protein 1, intercellular adhesion molecule 1, P-selectin, and E-selectin, bind the circulating
inflammatory cells and keep them trapped within the arterial wall. Subsequently, the se-
creted cytokines and chemokines attract new inflammatory cells to the atherosclerotic site.
Lastly, growth factors, including platelet-derived growth factor, determine extracellular
matrix deposition and smooth muscle proliferation [8,12].

The effects exerted by the activated endothelium lead to the over-activation of inflam-
matory cells, primarily targeting the cholesterol deposits beneath the endothelium [13].
This excessive inflammatory state manifests not only at the local site but also systemi-
cally, as evidenced by literature documenting a direct correlation between atherosclerosis
and specific inflammatory biomarkers [14]. Additionally, the latest guidelines from the
ESC on Chronic Coronary Syndromes recommend the use of hs-CRP as a complementary
biomarker for assessing atherosclerosis [6]. Thus, comprehending the role of inflamma-
tion in the pathophysiology of atherosclerosis is crucial for preventing and treating this
condition. The main leukocytes recruited into the vascular wall are monocytes, which
become macrophages under the influence of the locally secreted cytokines [15]. Despite
their initial protective role in removing cytotoxic oxidized LDL (ox-LDL), which they
bind to via scavenger receptors (SR-A1, CD36, and LOX1/SR-E1), macrophages become
a central component of the atherosclerotic plaque. Due to their inability to effectively
digest LDL, it tends to accumulate within the inflammatory cells, leading to the forma-
tion of foam cells [13,16]. Subsequent accumulation of these pathological macrophages
leads to fatty streak formation, which is, from the morphopathological point of view, the
foundation of the future atherosclerotic plaque. In a desperate attempt to eliminate the
abnormal lipids, proinflammatory (IL-1, IL-6, IL-12, IL-15, IL-18) and anti-inflammatory
cytokines (IL-10 and TGF-β) are secreted, and the inflammatory response is augmented [17].
Those macrophages that fail to eliminate their lipid content and undergo cell death by
apoptosis via endoplasmic reticulum activation are eliminated by other macrophages via
efferocytosis [18]. Subsequently, when this process becomes overwhelmed, the foam cells
recruit new inflammatory pathways. Dendritic cells play an important role in initiating
the adaptative immune response. They are responsible for atherosclerosis-related antigen
presentation to T cells. The predominant type of T cells in the atherosclerotic plaque are the
T-helper type 1 lymphocytes (Th1), also implicated in the inflammatory process associated
with myocardial infarction and HF [19,20]. They are central regulators of the adaptative
immune response, able to differentiate into other T-helper subtypes, having either pro- or
anti-inflammatory effects [13]. Type B lymphocytes are also present in the atherosclerotic
process, being represented by B1, IgM antibody-producing cells and B2, IgG antibody-
producing cells [17]. Contrary to the former, which proved to have an anti-atherosclerotic
effect mediated by IL-5, IgG antibodies are associated with an increase in the atherosclerotic
process [21]. The supplementary activation of the inflammatory response generates new
foam cells, which determine the secretion of more cytokines and reactive oxygen species,
transforming atherosclerosis into a vicious circle [8,22].

Lipids represent the final, but certainly not the least significant element of the atheroscle-
rotic triad. A proportionality relationship exists between atherosclerosis and serum lipid
levels [8,23]. If, theoretically, every human being developed atherosclerosis at some point
in their life, the extent of the process and the moment of its development would be tightly
correlated to their cholesterolemia [24]. Within the bloodstream, cholesterol particles exist
in different forms. However, at least for the general population, LDL represents the most
atherogenic fraction. Serum levels of LDL-cholesterol (LDL-C) are not the only determinant
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of the degree of atherosclerosis. In order to become atherogenic, the lipid particles need to
suffer different types of structural changes, such as desialylation, glycation, and oxidation,
with native LDL not causing lipid accumulation in the arterial wall [23]. After entering the
arterial wall, LDL is internalized by the macrophages and contributes to the vicious circle
already presented [8,25].

As previously mentioned, the initial manifestation of atherosclerosis is the fatty streak,
which develops very early in life, typically during adolescence or even childhood. For
the atherosclerotic plaque to progress into a more advanced lesion, there must be an
accumulation of extracellular lipids, forming extensive pools beneath the endothelium.
These lipid pools serve as the core of the atheroma [26]. In response to inflammatory
cytokines such as TNF-alpha, smooth muscle cells and fibroblasts from the outer layers of
the arterial wall are recruited to the subendothelial site. Fibroblasts secrete large quantities
of collagen, which forms the fibrous layer of the atheroma, giving rise to a new type of
atherosclerotic lesion known as fibroatheroma [26,27]. Over time, the fibrous cap becomes
weakened by locally secreted proteolytic enzymes, rendering it susceptible to rupture.
This exposes the thrombogenic core to the bloodstream. From a clinical perspective, these
events underlie some of the most concerning manifestations of atherosclerosis, including
unstable angina, myocardial infarction, sudden cardiac death, and stroke [8,22,26]. While it
was previously believed that cells producing the fibrous cap in the atherosclerotic plaque
originated exclusively from smooth muscle cells, recent evidence has revealed that a
significant portion of these cells are derived from endothelial cells and macrophages. This
discovery has paved the way for identifying novel therapeutic approaches to enhance
plaque stability (see Figure 1; see Table 1) [28].
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Table 1. Factors that contribute to atherosclerosis formation.

Monocyte Chemotaxis
and Adhesion

Activation and Proliferation
of VSMCs Plaque Development Plaque Instability /Rupture

ICAM-1
VCAM-1
MCP-1

TNF-α
IFN-γ
PDGF
TGF-β
bFGF

Cytokines
Growth factors MMPs

ICAM-1—intercellular adhesion molecule-1; VCAM-1—vascular cell adhesion molecule-1; MCP-1—monocyte
chemoattractant protein-1; TNF-α—tumor necrosis factor-α; IFN-γ—interferon-γ; PDGF—platelet derived growth
factor; TGF-β—transforming growth factor β; bFGF—basic fibroblastic growth factor [29–31].

3. LDL

LDL serves as the primary carrier of cholesterol and it is recognized as the most abundant
atherogenic particle. Many existing therapies are targeted towards this molecule [32,33]. It
possesses an average diameter of 22 nm and exhibits a dynamic molecular structure
comprised of three layers: the core, which contains approximately 170 triglycerides and
1600 cholesteryl esters; the outer surface layer, primarily composed of phospholipids;
and the interfacial layer, formed by the interpenetration of core and surface lipids [32].
Unesterified cholesterol molecules serve as a shared structural component in all three
layers, with approximately one-third comprising the core and the remainder constituting
the surface layer [34]. LDL has a complex proteome within its structure, apolipoprotein B
100 (apoB-100) being the primary protein in this lipoprotein [35]. It mediates the interactions
between LDL and other molecules and receptors, being essential to all lipoprotein-related
physiological processes. ApoB-100 accounts for approximately one-fifth of the weight
of LDL and consists of three alpha-helical and two beta-structured domains. It has a
molecular mass of 550kDa, being the largest monomeric glycoprotein known [36]. As
shown by electron microscopy studies, apoB-100 wraps the surface of LDL molecules,
forming a dense protein halo protecting the lipidic core and remaining attached to them
throughout the entire lipid metabolism, given its hydrophobic character [32,37].

In order to determine LDL-C, multiple options are available. The first method, initially
described in 1972, is the Friedewald formula. It estimates LDL-C using total cholesterol,
high-density lipoprotein (HDL) cholesterol (HDL-C), and triglycerides (TGs). This for-
mula presents a series of limitations, mainly imposed by TG levels, as in patients with
TG > 250mg/dl it becomes inaccurate [38]. A response to the Friedewald’s formula’s limi-
tations has appeared: the Martin equation. Contrary to what we have previously presented,
in Martin’s equation, TGs are divided by an adjustable factor according to plasma TGs and
nonHDL-C levels. However, neither the Martin equation nor the Friedewald formula are
validated for TG > 400mg/dl. A new equation using more advanced and accurate math-
ematical instruments was introduced recently. We refer to the Sampson equation, which
may be used for TG levels up to 800 mg/dl; however, not all studies support its superiority
over the Martin equation [39]. LDL-C may also be determined using direct assays, which
measure and do not estimate LDL-C. These methods are also called homogenous assays, as,
in order to count LDL-C, they do not separate LDL from other lipoproteins but rather con-
sume or mask them. They also impose some limitations, as alterations in the composition
and size of lipoproteins decrease these methods’ accuracy [38]. A more recently introduced
LDL quantification method uses nuclear magnetic resonance spectrometry to quantify the
number and also the size of LDL particles [40].

3.1. Structure-Based Alterations of LDL

While the serum level of LDL-C serves as an important marker of atherogenicity,
recent studies have revealed that native LDL does not readily accumulate within the
arterial wall. For lipid molecules to become atherogenic, they need to suffer different
phenotypical changes that facilitate their entry through the endothelial layer and promote
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the atherosclerotic process [23]. The existing evidence in the literature indicates that
desialylation might be the earliest modification suffered by the native LDL, which promotes
its atherogenicity. Desialylated LDL accounts for as much as 60% of the total circulating
LDL in patients suffering from CAD [41]. In the molecular structure of LDL, sialic acid is an
essential component of apoB, as it represents the terminal carbohydrate of the biantennary
sugar chains. Removing sialic acid leads to multiple structural and functional alterations
in the LDL particle, including size reduction, increased density, negative electric charge,
loss of lipids, and oxidation. These changes collectively contribute to the heightened
atherogenicity of desialylated LDL [42,43]. Desialylated LDL may be detected in human
serum using a lectin-sorbent assay. However, there are few data supporting the use of this
molecule as a biomarker for atherosclerosis [44]. On the other hand, we found a study cited
in the literature suggesting the potential utility of desialylated apoB-100, detected using an
ELISA assay, in predicting the presence of carotid atherosclerosis [45].

In addition to desialylation, glycation is another extensively studied structural mod-
ification of LDL that contributes to its increased atherogenicity [23]. Glycation is a non-
enzymatic reaction between glucose and the exposed lysine residues of proteins. While
it primarily occurs in proteins, it can also affect lipoproteins, LDL being particularly rich
in glycated apoB-100 [46]. Similar to desialylation, glycated LDL is smaller, facilitating its
accumulation within the arterial wall. It also has a slower catabolic rate, and due to apoB’s
structural alteration, it is not adequately cleared by the LDL receptors [23,47]. Besides the
structural changes, recent studies showed that glycated LDL may increase atherosclerotic
risk by increasing platelet aggregation. The precise mechanism underlying this effect is
not fully understood, but it may be linked to inhibiting the thrombocytes’ membrane
Na+/K+ channels and the concomitant stimulation of Ca2+ ATP-ase, which raises intracel-
lular calcium levels, increasing the response of platelets to ADP [48]. Glycated LDL can be
measured using ELISA assay. However, this is not a routine technique in daily practice,
and the literature lacks data supporting its use as a biomarker of atherosclerosis [49].

Lastly, oxidation is another essential reaction for the atherosclerotic process [50]. Ox-
LDL is a strong promoter of atherosclerosis, as it is a major component of foam cells [51].
Compared to native LDL, ox-LDL has a higher affinity for scavenger receptors, making it
more readily internalized by macrophages and promoting foam cell formation [52]. More-
over, ox-LDL possesses several biological properties that further contribute to atheroscle-
rosis, including chemotactic activity for monocytes, promotion of growth factor expres-
sion, cytotoxic effects, endothelial dysfunction, and stimulation of platelet adhesion. Ox-
idation of LDL occurs primarily within the arterial wall by resident vascular cells and
macrophages [52]. In vitro studies showed that LDL suffers some degree of oxidation dur-
ing glycation, even in the absence of oxygen free radicals and oxygen-radical-generating
processes [47]. Although ox-LDL levels in plasma are generally low due to plasma’s an-
tioxidant properties, advances in ELISA techniques have enabled the detection of these
particles with high sensitivity [53,54]. These advances led to a growing interest in re-
searching ox-LDL as a biomarker of CVD. In a meta-analysis, which included 12 studies,
increased circulating levels of ox-LDL proved to be associated with an increased risk of
CV events [55]. In a prospective study, the ox-LDL/LDL ratio was positively associated
with the severity of CAD, assessed using the Gensini score [56]. Additionally, increased
levels of ox-LDL were also observed in patients with carotid artery disease. The hypothesis
stating that ox-LDL may be a better indicator of the total CV risk is plausible, considering
the pathophysiological implications of this molecule [57].

3.2. Lipid-Lowering Therapies and CV Risk

Statins represent the most prescribed drugs used to control the CV risk. They represent
the first-line agents used to lower LDL-C. Their efficiency in reducing the rate of cardio-
vascular events, both as primary and secondary prevention, made them the cornerstone
of CV risk management in guidelines [58]. Relatively recent medical research has led to
the development of more potent lipid-lowering therapies such as proprotein convertase
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subtilisin/kexin type 9 (PCSK9) inhibitors. By regulating the number of LDL receptors
responsible for LDL degradation, PCSK9 indirectly influences LDL-C levels. Lower levels
of PCSK9 are associated with an increase in LDL receptor density and, consequently, a
reduction in LDL-C [59]. Even if the efficiency of these molecules in reducing LDL-C has
been proven by numerous randomized controlled studies, whether their effects go beyond
cholesterol lowering remains unclear [60–62].

HUYGENS is a randomized controlled trial which tested the effects of Evolocumab
on atherosclerotic plaques. The study included 161 patients who underwent coronary
angiogram for NSTEMI and presented at least one angiographic lesion in addition to the
culprit plaque, which implied a stenosis <50%. Other inclusion criteria which concerned the
atherosclerotic plaques were having at least one image of fibrous cap thickness ≤120µm and
lipidic ac >90◦. Patients were randomly assigned to the placebo group or to the Evolocumab
group, receiving 420mg/month for 48 weeks. For the atherosclerotic plaque study, opti-
cal coherence tomography (OCT) and intravascular ultrasound (IVUS) examination was
performed at the baseline and after 50 weeks. At the end of the follow-up period, patients re-
ceiving Evolocumab presented a significantly better plaque regression, reflected by fibrous
cap thickening (+39.0 µm vs. +22.0 µm, p = 0.015) and lipid arc decrease (−57.5◦ vs. −31.4◦,
p = 0.04). Additionally, an interesting finding was that in the Evolocumab group, the length
of the vessel containing macrophages was reduced significantly (−3.17 mm vs. −1.45 mm,
p = 0.04) [63].

PACMAN-AMI is a similar trial that tried to evaluate the effects on atherosclerotic
plaques of the early administration of PCSK9 inhibitors in patients suffering from acute
myocardial infarction. This study was centered on Alirocumab and included 300 randomly
allocated participants to receive 150mg of Alirocumab or placebo for 52 weeks. To evaluate
the effects of Alirocumab at the end of the follow-up period, they used: the percentage of
atheroma volume (PAV), determined using IVUS; fibrous cap thickness, measured using
OCT; and lipid core burden evaluated using near-infrared spectroscopy. Patients who
received the PCSK9 inhibitor showed a greater reduction in PAV compared to placebo
(−2.13% vs. −0.92%, p < 0.001). Similar changes were also evident for lipid burden index
reduction (−79.42 vs. −37.6, p = 0.006) and fibrous cap thickness (+62.67 µm vs. 33.19 µm,
p = 0.001) [64].

PCSK9 inhibitors represent an important step forward when it comes to dyslipidemia
treatment and CV risk management, mainly due to their efficiency in LDL-C reduction.
Based on their findings regarding the effects of Alirocumab and Evolocumab on plaque
stability, HUYGENS and PACMAN-AMI bring us closer to understanding what lies behind
the efficiency of these molecules [63,64].

4. Apolipoprotein B
4.1. Structure and Secretion

ApoB is a protein possessing amphipathic properties, serving as a structural frame-
work for all lipoproteins implicated in atherogenesis. These lipoproteins include very
low-density lipoproteins (VLDL), intermediate-density lipoproteins (IDL), LDL, and chy-
lomicrons [65]. ApoB exists in two primary forms: apoB-100, a full-length apolipoprotein
comprising of 4536 amino acids, predominantly found in VLDL and its metabolic deriva-
tives, and apoB-48, which is synthesized by the intestine and consists of only 2152 amino
acids, playing a key role in chylomicrons [66].

ApoB-100 is synthesized by the liver, depending on lipid availability [67]. Contrary
to other secretory proteins, apoB-100 becomes exposed to the cytosol of the endoplasmic
reticulum very early in the post-translational period. This allows its rapid proteasomal
degradation via chaperon protein binding immunoglobulin [68], the liver secretion of apoB-
100 being easily regulated proportionally to the need for lipoprotein synthesis. Eventually,
apoB-100 is maturated in the Golgi apparatus, where VLDL is formed [69,70].

Structurally, apoB-100 comprises five α-helical structures and β sheet domains, closed
by one N-terminal region and another C-terminal one. Each of these structures has specific
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functions [71]. The βα1 N-terminal domain is a binding site for microsomal triglyceride
transfer protein (MTP). MTP is a specific apoB protein needed for VLDL assembly and
for scavenger receptors [72]. The β1 domain is essential for lipid binding and lipoprotein
formation, being the anchor that facilitates the firm adhesion of apoB-100 to the surface
of different lipoproteins [73]. Another important binding site is the β2 domain, located at
the C-terminal portion, assuring the interaction between apoB-100 and LDL receptors [74].
Lastly, α2 and C-terminal α3 domains are responsible for core lipid recruitment, forming
the flexible region of the apolipoprotein [75].

4.2. Role as a Biomarker

Most lipid-lowering and cardiovascular risk-management protocols currently in use
focus primarily on targeting LDL [76]. This approach proves effective for a significant
proportion of patients, as achieving the recommended LDL-C levels helps reduce the risk
of fatal CV events. However, in certain situations, despite reaching the therapeutic goals,
these events may not be prevented, suggesting the existence of a residual atherogenic risk.
This residual risk may be related to triglyceride concentrations and cholesterol content
within particles rich in triglycerides [67,77]. Thus, the need for an alternative biomarker
efficient in these particular situations is evident. As measurement methods for apoB have
become more and more accessible, research interest in this molecule has considerably
increased, and so has its potential as an atherosclerosis biomarker. A 2011 meta-analysis
that incorporated data from 12 epidemiological studies aimed to compare the predictive
capabilities of LDL-C, non-HDL cholesterol, and apoB in relation to fatal and non-fatal
CV events. The analysis utilized the relative risk ratio (RRR) as the measure of predictive
power. The study’s findings indicated that among the three investigated risk factors, LDL-C
exhibited the weakest association, with a mean RRR of 1.25, while apoB emerged as the
strongest indicator of CV risk, with a mean RRR of 1.34. Furthermore, in direct comparison,
the RRR for apoB was found to be 5.7% higher than that of non-HDL cholesterol (95% CI,
2.4% to 9.1%; p < 0.001) and 12% higher than LDL-C (95% CI, 8.5% to 15.4%; p < 0.0001) [78].
Another representative research that evaluated the association of apoB with the total CV
risk is AMORIS. This prospective study included 175,553 patients, who were followed
up for a mean period of 66.8 months. The study aimed to assess whether apoB adds
any predictive power regarding CV events to the classic cholesterol profile. Similarly to
the meta-analysis previously presented, apoB not only increased the predictive power of
LDL-C when added to statistical models, but it was also a better predictor of the CV risk
in individuals with low LDL-C [79]. As a response to the growing data supporting the
use of apoB as a CV risk-assessment tool, the latest ESC guidelines for the management
of dyslipidemias recommend routine measurement of apoB for patients suffering from
pathologies such as hypertriglyceridemia, diabetes, obesity, and metabolic syndrome [76].

Furthermore, the atherogenicity of lipids is influenced by their mass, with smaller
particles having a greater propensity to penetrate the arterial wall. Consequently, LDL-
C, which measures the total mass of cholesterol contained in LDL particles, may not
accurately reflect the CV risk [65]. On the other hand, apoB reflects a number of a wider
spectrum of atherogenic particles but does not provide information about their mass. By
combining these two biomarkers using the LDL-C/apoB ratio, valuable insights can be
gained regarding the average mass of circulating atherosclerotic particles. This information
may prove useful in assessing an individual’s CV risk [80]. A retrospective case-cohort
study, which included 1058 diabetic patients, aimed to evaluate the association between
a low LDL-C/apoB ratio and the presence of coronary heart disease (CHD). Participants
were included in the CHD group if they had a positive history of percutaneous coronary
intervention, coronary bypass graft, acute coronary syndrome, or myocardial infarction.
The study concluded that patients with CHD had a significantly lower LDL-C/apoB ratio
(p = 0.001). Moreover, an LDL-C/apoB ratio ≤ 1.2 was able to predict the presence of CHD,
independently of the ASCVD score (OR = 1.841, p = 0.002) [81]. More importantly, Jung et al.
found in their study that the LDL-C/apoB ratio was an important predictor of significant
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coronary artery stenosis (>50%) and the need for revascularization. Their research included
non-diabetic patients, extending the use of this biomarker outside the borders specified
in the ESC guidelines. However, in their study, apoB alone did not offer any additional
predictive power for coronary stenosis over LDL-C [82].

Contrary to apoB, apolipoprotein A-I (apoA-I) plays a protective role in the atheroscle-
rotic process. It is the main component of HDL, and increased serum levels of apoA-I have
proven to be associated with a lower risk of CV events [83,84]. Provided that each of these
two biomarkers give separate information regarding the atherogenicity of one’s plasma,
several studies attempted to combine their predictive power under the apoB/apoA-I ratio.
Liting et al. conducted a prospective study which included over 820 patients with coronary
angiography indications. ApoB, apoA-I, and the apoB/apoA-I ratio were measured for
each study participant. Statistical analysis revealed that patients with angiographically
significant coronary lesions (>50%) had higher levels of apoB and apoB/apoA-I ratio and
lower apoA-I levels. Furthermore, when CAD patients were divided into groups according
to the severity of their lesions, they observed that the apoB/apoA-I ratio was proportional
to the extension of the coronary disease. At the end of the 3-year follow-up period, they
also concluded that the apoB/apoA-I ratio better predicted long-term CV events than
LDL-C [85].

Lastly, apoB proved to be a more powerful predictor for myocardial infarction than
LDL-C and triglycerides. In a prospective study, which included over 430,000 patients,
split into two groups (the primary and the secondary prevention group), apoB was the
only independent predictor of the risk of myocardial infarction. Additionally, they tested
whether the type of lipoprotein (triglyceride-rich lipoproteins or LDL) had any prognostic
importance. They evaluated the triglyceride/LDL-C ratio while adjusting for apoB and
clinical risk factors and concluded that the type of apoB-containing lipoprotein brought no
additional risk-assessment value [86].

5. Interleukin 6

High hs-CRP has proved to be a promising predictor of future CV events in clinical
trials conducted worldwide. However, the data supporting it as a routine biomarker for
atherosclerosis are insufficient. IL-6 is a central mediator of acute phase response and an
essential stimulant for hepatic CRP synthesis [87]. Going “upstream” in the pathophysio-
logical chain of atherosclerosis-related inflammation, IL-6 plays a central role, along with
IL-1, in this process. This relationship is supported by genetic research as well. Compared
to hs-CRP, IL-6 has a shorter half-life and within-person variability, which limited the
research regarding this molecule [88]. However, an increase in both molecules may be a
better indicator of a chronic inflammatory process, as atherosclerosis is [89]. Having this
in mind, recent studies support its utility for CV risk assessment [90,91]. Structurally, IL-6
is a phosphorylated glycoprotein consisting of four-helix bundles, which form a single
chain. The four helices run in different directions; thus, helices A and B have opposite
distributions than helices C and D. The linking between these components is made via four
loops, connecting the bundles two by two [92].

Regarding its physiological effects, IL-6 is a ubiquitarian molecule secreted by various
tissues and cells. In response to infection, trauma, or stress, IL-6 is expressed by monocytes
and macrophages. The adipose tissue is another important source of IL-6, the latter being
associated with obesity and diabetes. For different neoplastic tissues (myeloma, plasmacy-
toma, renal cell carcinoma, Kaposi sarcoma), IL-6 serves as a growth factor [93–96]. Studies
in the literature also link IL-6 to the endothelial dysfunction associated with angiotensin-II-
induced hypertension [97–99].

On the other hand, a potential protective effect of this interleukin was observed in
studies conducted on IL-6 depleted mice. Schieffer et al. observed its atheroprotective
role, as the deficit of IL-6 not only did not stop plaque formation but was associated with a
more pronounced atherosclerotic process in their study [100]. Furthermore, Al-Khalili et al.
observed that mice with IL-6 deficiency who developed obesity had a positive glucose and
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lipid metabolism response after short-term administration of IL-6. This might be explained
by the fact that at the level of skeletal muscle, IL-6 ensures short-term energy supply and
glucose mobilization [101,102]. However, to our knowledge, these results have yet to be
reproduced in human subjects. Additionally, patients suffering from autoimmune diseases
characterized by increased IL-6 levels, such as rheumatoid arthritis, tend to have a higher
risk of developing CVD, supporting the role of IL-6 as a risk factor for atherosclerosis [103].

IL-6 plays its roles via a cell-surface receptor complex formed by a ligand-binding
glycoprotein (IL-6R) and a signal-transducing component (gp130). IL-6R is an alpha-chain
containing three domains. There are two types of IL-6R, the membrane-bound one (mIL-6R),
mainly expressed in hepatocytes, neutrophils, and monocytes, and a soluble one (sIL-6R),
which acts as a transporter for IL-6 [92].

5.1. IL-6 and the Risk of CV Events

The relationship between IL-6 and atherosclerosis is bidirectional. On the one hand,
an intense atherosclerotic process is associated with increased IL-6 production due to
inflammation. On the other hand, increased IL-6 levels, determined by extrinsic factors
such as obesity, social stress, smoking, and pollution, may increase the atherosclerotic
risk, as it is associated with increased insulin resistance, hypertension, dyslipidemia, and
endothelial dysfunction [104]. Papadopoulos et al. observed in their meta-analysis, which
included 11 population-based prospective cohort studies, a linear association between IL-6
levels and the risk of ischemic stroke. For each standard deviation increase in log-IL-6
levels, the risk of ischemic stroke increased by 19%. Their observation was independent of
conventional CV risk factors and comparable to other ischemic stroke risk factors (non-HDL
cholesterol and blood pressure) [105].

In another meta-analysis, which included eleven epidemiological studies and over
288,738 patients, IL-6 emerged as a predictive factor for CVD. The mean follow-up period
was seven years. IL-6 baseline levels were associated with an increased risk of developing
coronary heart disease at the end of the follow-up period. Furthermore, IL-6 levels corre-
lated with the incidence of hypertension and hypercholesterolemia [106]. A prospective
study conducted over 12 years, which included 1592 patients suffering from peripheral
artery disease, showed a linear correlation between CRP, IL-6, and ICAM-1 and the disease
progression, reflected by the ankle-brachial index (ABI) evolution. In the same study, IL-6
was the only biomarker able to predict the ABI decline at both 5 and 12 years, showing its
superiority over the other molecules [107].

5.2. IL-6 and CAD

The existing literature provides supporting evidence for utilizing IL-6 as an indicator
for subclinical CAD. In their prospective study, which included over 300 diabetic subjects,
who underwent electron-beam cardiac computed tomography, Saremi et al. observed a
significant association (p < 0.01) between IL-6 levels and the severity of CAD, reflected
in the calcium score (CAC score). This association remained significant even after the
adjustment for other risk factors. This type of relationship was not evident for CRP or
Lp-PLA2 and CAC score [108].

Gerin et al. conducted a prospective study over 118 subjects who underwent coronary
angiography. The analysis excluded those patients suffering from pathologies that could be
associated with increased IL-6 levels. CAD disease was defined as the presence of at least
one coronary stenosis >50%. CAD severity was quantified using SYNTAX and GENSINI
scores. IL-6 levels correlated with the two severity scores, and they were higher in the
CAD group. Furthermore, after the regression analysis, IL-6 proved to be an independent
predictor for the presence of CAD, with serum levels >7.91 pg/mL being able to predict
significative atherosclerotic plaques with a sensitivity of 78% and a specificity of over
70% [109]. Similar results were found in another recent prospective study, which included
1796 patients who underwent computed tomography angiography. Besides the association
between IL-6 levels and the severity of CAD, serum levels >1.8ng/L were associated with
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an increased risk of death, myocardial infarction, or unstable angina. Additionally, in
patients with non-obstructive coronary plaques (<70%), high-sensitivity troponin and IL-6
levels above the median were predictive for major adverse cardiovascular events [110].

These findings have been validated by other prospective and observational studies as
well. However, in order to establish a consensus regarding the appropriate cut-off values
for IL-6, further research is required [111–113].

5.3. Anti-inflammatory Therapy and CV Risk

The existing therapies designed to reduce the CV burden induced by atherosclerotic
disease almost exclusively concentrate on cholesterol targets. Even though the inflam-
mation hypothesis of atherothrombosis has been validated by numerous animal-based,
epidemiological, and genetic studies, the causality effect remains to be established by future
interventional trials. This is why there is a growing interest in exploring the efficiency of
anti-inflammatory therapies in reducing CV risk [114]. A recent randomized, double-blind
trial (CANTOS) assessed whether Canakinumab, a human monoclonal antibody targeting
IL-1β, could reduce the total CV risk without affecting lipid levels. The study separated
their cohort of over 10,000 patients into two groups: the placebo group or the Canakinumab
group. The primary endpoints were nonfatal myocardial infarction, stroke, or cardiovascu-
lar death. The mean follow-up period was 3.7 years. At the end of this period, CRP and IL-6
were significantly reduced in the Canakinumab group. Additionally, compared to placebo,
Canakinumab reduced the risk of the primary endpoints by 15% without influencing the
lipid levels of the patients (3.86 vs. 4.5 events per 100 person-years) [115].

The fact that IL-1 is a major inducer of IL-6 production, as well as the effects of
Canakinumab on IL-6 levels identified in the prior study, prompted the additional inves-
tigation. In an IL-6-centered analysis, Ridker et al. observed that the baseline levels of
this cytokine were correlated with the risk of future CV events. More importantly, an
on-treatment IL-6 level of <1.65 ng/L was associated with a reduction in the risk of major
CV events of 32% (p < 0.0001) and a 52% reduction in CV mortality (p < 0.0001). Based on
these findings, they concluded that there is a strong correlation between the IL-6 signaling
pathway and the risk of CV events. Additionally, this study gives solid clinical arguments
for the inflammatory hypothesis of atherothrombosis, supporting, at the same time, the use
of IL-6 as a potential biomarker for the CV risk [116].

RESCUE is another recent randomized trial which tested the effects of Ziltivekimab,
an antibody-mediated IL-6 inhibitor explicitly developed for atherosclerosis. This study
included 264 participants with high CV risk, moderate to severe chronic kidney disease
(CKD), and hs-CRP > 2 mg/L. They were randomly assigned to the placebo group or
to Ziltivekimab at ascending doses (7.5 mg, 15 mg, 30 mg). At the end of the 24-week
follow-up period, hs-CRP was reduced proportionally to the Ziltivekimab dose (77%, 88%,
92%), compared to the 4% reduction in the placebo group. Compared to Canakinumab
from the CANTOS trial, Ziltivekimab was almost twice as efficient in reducing hs-CRP
levels [117].

In response to the findings from the RESCUE and CANTOS trials, the concept of a
new randomized, long-term endpoint trial called ZEUS emerged. The first results from
this trial are expected in 2025, and it is meant to compare Ziltivekimab to a placebo among
6200 patients with moderate to severe CKD and elevated hs-CRP. The central question of
this trial is whether reducing IL-6 levels can reduce CV event rates, testing one more time
the causal effect of inflammation in atherothrombosis [118].

6. Role of Emerging Biomarkers of Atherosclerosis

Searching the existing literature, we found numerous other molecules currently under
research which may act as biomarkers of atherosclerosis and CVD [51,119] (see Table 2).
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Table 2. Emerging biomarkers of atherosclerosis.

Biomarker Relation References

Arginine vasopressin abdominal obesity, diabetes

[120–156]

Copeptin an increased risk of CAD, HF, arterial stiffness,
subclinical atherosclerosis

Midkine inflammatory and reparative processes

Myeloperoxidase LDL oxidation

Growth differentiation factor-15 heart failure

Lipoprotein-associated phospholipase A2 vascular inflammation, LDL specificity

Arginine vasopressin (AVP) is a pituitary gland peptide which was proven to be
related to CV risk factors such as abdominal obesity and diabetes [120]. Copeptin is the
C-terminal fragment of the precursor pre-provasopressin, which is released in the same
amount as AVP, but has greater plasma stability [121]. There is a growing interest in
researching this molecule and its relationship to the CV risk; however, most of the existing
data are based on diabetic patients. Copeptin levels were associated with an increased risk
of CAD, HF, and death in this population [122]. It was also proven to be a good indicator
of subclinical atherosclerosis as it was also correlated with arterial stiffness [123]. Recently,
similar results were obtained in non-diabetic patients. Tasevska et al. concluded that higher
copeptin levels were predictive for CAD development, even though the association was
stronger for non-diabetics. As for the risk of CV mortality, the relationship with copeptin
was equally strong in both groups [124].

Midkine (MK) is a low molecular weight protein, representing the family of growth fac-
tors and cytokines. It is associated with both inflammatory and reparative processes [125].
Numerous studies have shown its relationship with CVD [126,127]. In atherosclerosis,
MK is responsible for various pathophysiological processes, such as inflammation, neoin-
timal formation, angiogenesis, and foam cell formation [125,128]. In a study conducted
on patients referred for peripheral artery revascularization, higher levels of MK were ob-
served in the diseased group compared to controls. Furthermore, as part of a diagnosis
panel, MK proved to be efficient in predicting the presence of obstructive peripheral artery
disease [129]. Similar results were obtained with a different panel tested for CAD [130].

Myeloperoxidase (MPO) is an inflammation-related enzyme, mainly secreted by
phagocytes (monocytes, macrophages, and neutrophils). Its implication in the atheroscle-
rotic process is related to LDL oxidation, a process that MPO supports mainly via oxidant-
hypochlorous acid secretion [131]. Additionally, it was found that MPO is also a strong
promoter of endothelial dysfunction, being responsible for nitric oxide bioavailability im-
pairment [132]. A recent prospective study found a significant inverse correlation between
MPO and brachial flow-mediated dilation, a measure of endothelial function. In the same
study, higher levels of MPO were associated with a higher prevalence of subclinical carotid
atherosclerosis [133]. In another prospective study, MPO proved to be a strong predictor for
developing CAD (p = 0.001). The analysis included over 1100 patients, who were followed
up for a mean period of 8 years [134].

Growth differentiation factor-15 (GDF-15) is a cytokine from the transforming growth
factor-β superfamily [135]. It is expressed by various cells, including myocardial cells,
adipocytes, macrophages, endothelial cells, and vascular smooth muscle cells. However,
its serum levels are generally low in healthy individuals [136]. As a biomarker of CVD,
GDF-15 proved its efficiency, especially in HF patients, for whom it appeared to be a reliable
predictor of mortality [137] and disease severity [138]. As for atherosclerosis, its biological
functions are not completely understood. However, GDF-15 seems to support this pro-
cess by promoting inflammation and angiogenesis [139]. In patients suffering from acute
coronary syndromes (ACS), GDF-15 has been demonstrated to be a powerful predictor of
death [140,141] and risk of hospitalization for HF [142]. In stable CAD patients, GDF-15 is
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associated with CV and non-CV death [143] as well as with the risk of developing myocar-
dial infarction [144]. In a retrospective study based on the Framingham Offspring Study
cohort, GDF-15 levels were predictive for subclinical carotid atherosclerosis [145]. Further
studies assessed the association between GDF-15 and CAD. A small prospective study
concluded that increased GDF-15 levels were predictive for the presence of CAD, evaluated
angiographically. In the same study, GDF-15 correlated with the Gensini score [146]. A
positive correlation was also observed between GDF-15 and the extent of coronary collateral
formation, described using the Rentrop grading system, which further linked it with the
severity of CAD [147].

Lipoprotein-associated phospholipase A2 (Lp-PLA2) is an enzyme secreted especially
by monocytes and macrophages [148]. It has a high specificity for vascular inflammation,
and it circulates in the plasma primarily associated with LDL [149,150]. Lp-PLA2 promotes
atherosclerosis by hydrolyzing the oxidized phospholipids in the LDL, which generates
bioactive products, such as lysophosphatidylcholine, oxidized fatty acids, and arachidonic
acid, capable of recruiting monocytes, activating endothelial cells, and stimulating smooth
muscle cell proliferation [151,152]. The quantification of Lp-PLA2 can be performed using
two methods: measuring its mass concentration using an ELISA immunoassay or assessing
its enzymatic activity using a spectrophotometric assay. However, the latter proved to be
more accurate [153]. In stable CAD patients, Lp-PLA2 activity proved to be a predictor
of CV events, such as myocardial infarction, CV death, and stroke [154]. In another
prospective study, Lp-PLA2 was positively correlated with the presence and the severity of
CAD, independently of other CV risk factors (p < 0.05) [155]. Additionally, adding Lp-PLA2
to a biomarker panel, along with hs-CRP, increased the predictive power for atherosclerotic
carotid disease, assessed using ultrasonography [156].

Using ultracentrifugation, LDL particles can be separated into four subclasses based
on their density: subclass I—large LDL, subclass II—intermediate LDL, and subclasses III
and IV, generally assigned as small dense LDL (sdLDL). Small dense LDL is the smallest
and also the densest subclass, measuring less than 25.5nm and with a density that ranges
from 1.034 g/mL to 1.060 g/mL [157,158]. Experimental studies suggested that compared
to other LDL subfractions, sdLDL presents higher atherogenic properties due to several
metabolic and structural features, including smaller size, which promotes endothelial
penetration [158], a higher affinity for proteoglycans in the arterial wall [159], a lower
affinity for LDL receptors [160], and higher susceptibility for oxidation, due to vitamin
E deficiency [161]. Based on these results, the idea of using sdLDL as a biomarker for
atherosclerosis and CV risk emerged. In a prospective cohort study, which included over
11,000 participants, sdLDL-C was associated with incident CHD (hazard ratio of 1.51,
95% CI, 1.21–1.88). Additionally, sdLDL-C was higher in patients with diabetes [162]. In
another prospective trial conducted on patients who suffered an acute ischemic stroke,
sdLDL was able to predict short-term mortality (p < 0.05) and also ischemic stroke onset
(OR = 4.31, p < 0.001) [163]. This subfraction of LDL was also associated with coronary
artery stenosis. In a small case-control study, which included over 190 patients referred
for elective coronary angiography, sdLDL-C levels were predictive for the presence of
significant coronary stenosis [164]. Additionally, there are studies in the literature, which
link sdLDL-C levels to the risk of plaque progression and destabilization, strengthening
the use of sdLDL as a marker for CV risk [165,166].

7. The Potential Use of Apolipoprotein B and Interleukin-6 as Future Screening
Biomarkers for Cardiovascular Risk

This review aimed to explore the pathophysiological basis that supports the role of
these two molecules as potential biomarkers of atherosclerosis. Based on our research, there
is a rising number of studies supporting the notion that apoB and IL-6 are able to predict
both the risk of future CV events and the presence and severity of CAD. However, further
prospective studies are needed in order for these molecules to be implemented in clinical
practice (see Figure 2).
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At the moment, LDL-C represents the only routine biomarker used by the guidelines
to estimate the total CV risk, despite its limitations, especially in specific populations.
However, based on the current existing data, apoB, the common piece that links all the
atherosclerotic lipoproteins, might be a potential substituent for LDL-C, able to cross its
boundaries [154].

Furthermore, inflammation plays a key role in the atherosclerotic process, and repre-
sents an important risk factor for CV events. Despite this, no inflammatory biomarker is
currently used for the CV risk assessment, except for hs-CRP, whose utility is controversial.
IL-6 is a strong stimulator of hs-CRP liver secretion and a central inflammation mediator
in the atherosclerotic process, making it a good candidate for this position. Moreover,
the rising number of prospective studies linking IL-6 serum levels to the severity of CAD
supports future research on this topic [108–113].

These emerging biomarkers could prove useful in assessing individuals during the
early stages of the atherosclerotic process when the cardiovascular risk is still low, thus
enabling the faster initiation of the preventive measures before the onset of events such as
CAD or stroke. This could also allow us to reclassify the patients based on the cardiovascu-
lar risk. However, at the moment, their sensibility and specificity should still be studied in
larger groups, in order to fully understand their mechanisms, what influences their levels,
and how exactly they correlate to the atherosclerotic process [108–113].

8. Conclusions

LDL-C, the classical and most routinely used parameter measured in patients, remains
a viable marker of atherosclerosis and cardiovascular risk. More specific would be the
measuring of apoB, which includes a wider spectrum of atherogenic particles. On the other
hand, apoA is associated with an atheroprotective effect. Therefore, the ratio between the
two would be an even more accurate assessment tool. Additionally, given the inflammatory
nature of atherosclerosis, hs-CRP and IL-6 levels are indicative. This review offers a
comprehensive perspective on the diagnosis of atherosclerosis through the analysis of both
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established and emerging biomarkers, with a potential to be fully implemented in future
screening protocols.
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Coronary Artery Disease Severity in Patients Undergoing Coronary Angiography. Eur. J. Ther. 2020, 23, 117–121. [CrossRef]

110. Ferencik, M.; Mayrhofer, T.; Lu, M.T.; Bittner, D.O.; Emami, H.; Puchner, S.B.; Meyersohn, N.M.; Ivanov, A.V.; Adami, E.C.; Voora,
D.; et al. Coronary Atherosclerosis, Cardiac Troponin, and Interleukin-6 in Patients with Chest Pain: The PROMISE Trial Results.
JACC Cardiovasc. Imaging 2022, 15, 1427–1438. [CrossRef]

111. Mossmann, M.; Wainstein, M.V.; Mariani, S.; Machado, G.P.; de Araújo, G.N.; Andrades, M.; Gonçalves, S.C.; Bertoluci, M.C.
Increased serum IL-6 is predictive of long-term cardiovascular events in high-risk patients submitted to coronary angiography:
An observational study. Diabetol. Metab. Syndr. 2022, 14, 125. [CrossRef]

112. Zhao, L.; Wang, X.; Yang, Y. Association between interleukin-6 and the risk of cardiac events measured by coronary computed
tomography angiography. Int. J. Cardiovasc. Imaging 2017, 33, 1237–1244. [CrossRef]

113. Tajfard, M.; Latiff, L.A.; Rahimi, H.R.; Moohebati, M.; Hasanzadeh, M.; Emrani, A.S.; Esmaeily, H.; Taghipour, A.; Mirhafez, S.R.;
Ferns, G.A.; et al. Serum concentrations of MCP-1 and IL-6 in combination predict the presence of coronary artery disease and
mortality in subjects undergoing coronary angiography. Mol. Cell Biochem. 2017, 435, 37–45. [CrossRef]

114. Ridker, P.M.; Rane, M. Interleukin-6 Signaling and Anti-Interleukin-6 Therapeutics in Cardiovascular Disease. Circ. Res. 2021,
128, 1728–1746. [CrossRef]

115. Ridker, P.M.; Everett, B.M.; Thuren, T.; MacFadyen, J.G.; Chang, W.H.; Ballantyne, C.; Fonseca, F.; Nicolau, J.; Koenig, W.;
Anker, S.D.; et al. Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. N. Engl. J. Med. 2017, 377,
1119–1131. [CrossRef]

116. Ridker, P.M.; Libby, P.; MacFadyen, J.G.; Thuren, T.; Ballantyne, C.; Fonseca, F.; Koenig, W.; Shimokawa, H.; Everett, B.M.; Glynn,
R.J. Modulation of the interleukin-6 signalling pathway and incidence rates of atherosclerotic events and all-cause mortality:
Analyses from the Canakinumab Anti-Inflammatory Thrombosis Outcomes Study (CANTOS). Eur. Heart J. 2018, 39, 3499–3507.
[CrossRef]

117. Ridker, P.M.; Devalaraja, M.; Baeres, F.M.M.; Engelmann, M.D.M.; Hovingh, G.K.; Ivkovic, M.; Lo, L.; Kling, D.; Pergola, P.;
Raj, D.; et al. IL-6 inhibition with ziltivekimab in patients at high atherosclerotic risk (RESCUE): A double-blind, andomized,
placebo-controlled, phase 2 trial. Lancet 2021, 397, 2060–2069. [CrossRef]

118. Ridker, P.M. From RESCUE to ZEUS: Will interleukin-6 inhibition with ziltivekimab prove effective for cardiovascular event
reduction. Cardiovasc. Res. 2021, 117, e138–e140. [CrossRef]

https://doi.org/10.1073/pnas.87.11.4068
https://doi.org/10.1161/01.RES.0000115557.25127.8D
https://doi.org/10.1161/ATVBAHA.107.153080
https://doi.org/10.2353/ajpath.2007.061078
https://doi.org/10.1161/01.CIR.0000148135.08582.97
https://doi.org/10.1160/TH09-05-0297
https://doi.org/10.1210/me.2005-0490
https://doi.org/10.1016/j.cyto.2021.155742
https://doi.org/10.1016/s0021-9150(99)00463-3
https://doi.org/10.1212/WNL.0000000000013274
https://doi.org/10.1080/08820139.2018.1480034
https://doi.org/10.1161/CIRCULATIONAHA.104.513085
https://doi.org/10.1016/j.atherosclerosis.2008.07.031
https://doi.org/10.5152/eurjther.2017.01007
https://doi.org/10.1016/j.jcmg.2022.03.016
https://doi.org/10.1186/s13098-022-00891-0
https://doi.org/10.1007/s10554-017-1098-y
https://doi.org/10.1007/s11010-017-3054-5
https://doi.org/10.1161/CIRCRESAHA.121.319077
https://doi.org/10.1056/NEJMoa1707914
https://doi.org/10.1093/eurheartj/ehy310
https://doi.org/10.1016/S0140-6736(21)00520-1
https://doi.org/10.1093/cvr/cvab231


Life 2023, 13, 1639 20 of 21

119. Surma, S.; Czober, T.; Lepich, T.; Sierka, O.; Bajor, G. Selected Biomarkers of Atherosclerosis—Clinical Aspects. Acta Angiol. 2020,
26, 28–39.

120. Enhörning, S.; Bankir, L.; Bouby, N.; Struck, J.; Hedblad, B.; Persson, M.; Morgenthaler, N.G.; Nilsson, P.M.; Melander, O. Copeptin,
a marker of vasopressin, in abdominal obesity, diabetes and microalbuminuria: The prospective Malmö Diet and Cancer Study
cardiovascular cohort. Int. J. Obes. 2013, 37, 598–603. [CrossRef]

121. Katan, M.; Morgenthaler, N.; Widmer, I.; Puder, J.J.; König, C.; Müller, B.; Christ-Crain, M. Copeptin, a stable peptide derived
from the vasopressin precursor, correlates with the Individual stress level. Neuroendocrinol. Lett. 2008, 29, 341–346.

122. Enhörning, S.; Hedblad, B.; Nilsson, P.M.; Engström, G.; Melander, O. Copeptin is an independent predictor of diabetic heart
disease and death. Am. Heart J. 2015, 169, 549–556. [CrossRef]

123. Wiromrat, P.; Bjornstad, P.; Vinovskis, C.; Chung, L.T.; Roncal, C.; Pyle, L.; Lanaspa, M.A.; Johnson, R.J.; Cherney, D.Z.; Reznick-
Lipina, T.K.; et al. Elevated copeptin, arterial stiffness, and elevated albumin excretion in adolescents with type 1 diabetes. Pediatr.
Diabetes 2019, 20, 1110–1117. [CrossRef]

124. Tasevska, I.; Enhörning, S.; Persson, M.; Nilsson, P.M.; Melander, O. Copeptin predicts coronary artery disease cardiovascular and
total mortality. Heart 2016, 102, 127–132. [CrossRef]

125. Zhang, Z.Z.; Wang, G.; Yin, S.H.; Yu, X.H. Midkine: A multifaceted driver of atherosclerosis. Clin. Chim. Acta 2021, 521, 251–257.
[CrossRef]

126. Kinoshita, D.; Shishido, T.; Takahashi, T.; Yokoyama, M.; Sugai, T.; Watanabe, K.; Tamura, H.; Nishiyama, S.; Takahashi, H.;
Arimoto, T.; et al. Growth Factor Midkine Aggravates Pulmonary Arterial Hypertension via Surface Nucleolin. Sci. Rep. 2020,
10, 10345. [CrossRef]

127. Kitahara, T.; Shishido, T.; Suzuki, S.; Katoh, S.; Sasaki, T.; Ishino, M.; Nitobe, J.; Miyamoto, T.; Miyashita, T.; Watanabe, T.; et al.
Serum midkine as a predictor of cardiac events in patients with chronic heart failure. J. Card. Fail. 2010, 16, 308–313. [CrossRef]

128. Takemoto, Y.; Horiba, M.; Harada, M.; Sakamoto, K.; Takeshita, K.; Murohara, T.; Kadomatsu, K.; Kamiya, K. Midkine Promotes
Atherosclerotic Plaque Formation through Its Pro-Inflammatory, Angiogenic and Anti-Apoptotic Functions in Apolipoprotein
E-Knockout Mice. Circ. J. 2017, 82, 19–27. [CrossRef]

129. McCarthy, C.P.; Shrestha, S.; Ibrahim, N.; van Kimmenade, R.R.J.; Gaggin, H.K.; Mukai, R.; Magaret, C.; Barnes, G.; Rhyne, R.;
Garasic, J.M.; et al. Performance of a clinical/proteomic panel to predict obstructive peripheral artery disease in patients with
and without diabetes mellitus. Open Heart 2019, 6, e000955. [CrossRef]

130. Ibrahim, N.E.; Januzzi, J.L.; Magaret, C.A.; Gaggin, H.K.; Rhyne, R.F.; Gandhi, P.U.; Kelly, N.; Simon, M.L.; Motiwala, S.R.;
Belcher, A.M.; et al. A Clinical and Biomarker Scoring System to Predict the Presence of Obstructive Coronary Artery Disease.
J. Am. Coll. Cardiol. 2017, 69, 1147–1156. [CrossRef]

131. Carr, A.C.; McCall, M.R.; Frei, B. Oxidation of LDL by myeloperoxidase and reactive nitrogen species: Reaction pathways and
antioxidant protection. Arterioscler. Thromb. Vasc. Biol. 2000, 20, 1716–1723. [CrossRef]

132. Maiocchi, S.L.; Ku, J.; Thai, T.; Chan, E.; Rees, M.D.; Thomas, S.R. Myeloperoxidase: A versatile mediator of endothelial
dysfunction and therapeutic target during cardiovascular disease. Pharmacol. Ther. 2021, 221, 107711. [CrossRef]

133. Iana, A.; Sirbu, E. Linking myeloperoxidase with subclinical atherosclerosis in adults with metabolic syndrome. Wien. Klin.
Wochenschr. 2020, 132, 150–154. [CrossRef]

134. Meuwese, M.C.; Stroes, E.S.; Hazen, S.L.; van Miert, J.N.; Kuivenhoven, J.A.; Schaub, R.G.; Wareham, N.J.; Luben, R.; Kastelein,
J.J.; Khaw, K.T.; et al. Serum myeloperoxidase levels are associated with the future risk of coronary artery disease in apparently
healthy individuals: The EPIC-Norfolk Prospective Population Study. J. Am. Coll. Cardiol. 2007, 50, 159–165. [CrossRef]

135. Emmerson, P.J.; Duffin, K.L.; Chintharlapalli, S.; Wu, X. GDF15 and Growth Control. Front. Physiol. 2018, 9, 1712. [CrossRef]
136. Tsai, V.W.W.; Husaini, Y.; Sainsbury, A.; Brown, D.A.; Breit, S.N. The MIC-1/GDF15-GFRAL Pathway in Energy Homeostasis:

Implications for Obesity, Cachexia, and Other Associated Diseases. Cell Metab. 2018, 28, 353–368. [CrossRef]
137. Miftode, R.S.; Constantinescu, D.; Cianga, C.M.; Petris, A.O.; Costache, I.I.; Mitu, O.; Miftode, I.L.; Mitu, I.; Timpau, A.S.;

Duca, S.T.; et al. A Rising Star of the Multimarker Panel: Growth Differentiation Factor-15 Levels Are an Independent Predictor
of Mortality in Acute Heart Failure Patients Admitted to an Emergency Clinical Hospital from Eastern Europe. Life 2022, 12, 1948.
[CrossRef]
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