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ABSTRACT: Atherosclerosis (AS) is a key contributor to ischemic heart disease, resulting in significant cardiovascular
(CV) morbidity and mortality worldwide. Despite advancements in managing conventional risk factors, including
the utilization of statins, recurrent adverse cardiovascular events remain prevalent, emphasizing the need for novel
therapeutic strategies. This review explores the critical role of inflammation in the pathogenesis of coronary artery
disease (CAD) and highlights potential atheroprotective approaches targeting inflammatory pathways. We discuss the
multifaceted interplay between immune responses and AS, detailing the contributions of myeloid cells, T lymphocytes,
and various cytokines in plaque formation and instability. Recent research suggests that inflammatory biomarkers, par-
ticularly high-sensitivity C-reactive protein (hs-CRP), serve as valuable predictors for CV events. Innovative therapies,
including interleukin (IL)-1 and IL-6 inhibitors, colchicine, and statins, exhibit promise in mitigating inflammation-
associated cardiovascular risks. Furthermore, emerging agents such as sodium-glucose transport protein 2 (SGLT2)
inhibitors and natural compounds like Brazilian green propolis may enhance treatment outcomes. This review aims to
highlight the central role of inflammation in CAD management and to outline future research directions focused on
novel anti-inflammatory therapies that may improve clinical outcomes in patients at risk for cardiovascular events.

KEYWORDS: Coronary artery disease; inflammation; atherosclerosis; cardiovascular disease; cytokines; C-reactive
protein

1 Introduction
Coronary artery disease (CAD) is a major global health concern, representing the leading cause of

cardiovascular (CV) morbidity and mortality worldwide. It significantly contributes to healthcare expen-
ditures and remains a prevalent condition despite advances in management strategies. Although there has
been a notable reduction in the incidence of myocardial infarction due to radical alterations in conventional
risk factors, such as the use of statins that inhibit 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase—which can decrease CV event risk by 20%–25% for every mmol/L drop in low-density lipoprotein
cholesterol (LDL-C) [1,2]—the recurrence of adverse cardiovascular events following myocardial infarction
continues to be a major challenge.

Emerging evidence underscores the critical role of inflammation in the pathogenesis of CAD. Epidemi-
ological studies conducted since the 1990s have demonstrated a strong association between inflammatory
processes and the risk of CV events in both primary and secondary prevention settings. Conditions
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characterized by significant inflammation, such as rheumatoid arthritis (RA), are particularly burdened by
atherosclerosis, exemplifying the intricate link between inflammatory pathways and cardiovascular risk [3,4].

The innate and acquired immune responses are increasingly recognized as pivotal in the development
and progression of atherosclerosis, influencing both plaque formation and stability. Given this understand-
ing, there is an urgent need for novel therapeutic strategies targeting inflammation as a means to improve
patient outcomes in CAD. This review aims to explore the impact of inflammatory processes on CAD and
atheroprotective therapeutic approaches, including strategies for targeting inflammatory pathways [5,6].

2 The Central Role of Inflammation in CAD

2.1 Atherosclerosis as an Immune-Inflammatory Disease
Atherosclerotic (AS) lesions develop from lipid-immune inflammatory disorder, which is a chronic

condition that has an impact on multiple body systems. Immune inflammatory disease affects the inner layer
of blood vessels called the tunica intima. This disorder is linked to such widely known CV risk factors as
diabetes mellitus (DM), tobacco use, high blood pressure, and high cholesterol [7,8]. The development of AS
disease is conventionally explained by the deposition of lipids in the vessel walls. Aggregation of foam cells
and consequent buildup of the lipid layer is, in fact, the first phase of the disease. However, this condition
is often found in young subjects and not necessarily elderly patients. Further changes of this condition are
difficult to predict, since it may equally likely stay unchanged or develop into an atherosclerotic plaque [9,10].

Studies suggest that there is evidence indicating the diverse roles of immune cells in various
atherosclerosis patients, particularly through the concept of immune profiling. Innate immune cells, such
as macrophages and neutrophils, contribute to plaque initiation and progression through inflammatory
cytokine release and lipid uptake, while adaptive immune cells, including T and B lymphocytes, modulate
chronic inflammation and plaque stability. Dendritic cells also participate by presenting antigens and shaping
T cell responses within the vascular environment. Importantly, these immune cells display functional
heterogeneity, with their activity and phenotype varying among patients depending on clinical status,
metabolic conditions, and other individual factors [11]. It highlights how emerging single-cell data reveal
specific tissue specialization of innate and adaptive immune cells within plaques compared to blood,
suggesting that immune cell functions may differ among patients with distinct clinical statuses [12,13]. This
variability points to the influence of factors such as age, sex, and accompanying metabolic diseases on
immune cell roles in atherosclerosis, even though these relationships are not explicitly detailed [8].

Moreover, the discussion underlines the necessity of personalized treatment strategies grounded in
patients’ specific immune profiles. It emphasizes the importance of identifying new treatments tailored
to restore immune cell functions for individual patients. The integration of immune monitoring in early-
phase clinical trials and the selection of appropriate patient groups based on immune responses further
reinforce the idea that personalized medicine approaches could enhance treatment efficacy for those with
atherosclerosis [14]. In summary, while specific details about how immune cell functions vary with age, sex,
or metabolic conditions are not provided, the complexity of immune responses in this condition and the
vital need for personalized treatments based on individual immune profiles are underscored [15,16].

2.2 Immunological Mechanisms across Disease Stages
2.2.1 Early-Stage Immune Activation

In the context of atherosclerosis, specific immune molecules and pathways do indeed play varying
roles at different stages of disease progression. In the early stages, modified endogenous molecules such as
oxidized low-density lipoprotein (oxLDL) become crucial, providing antigens for antigen-presenting cells
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and promoting the activation of adaptive immunity, particularly through T helper cells that release pro-
inflammatory cytokines like interferon (IFN)-γ [17]. Cytokines such as tumor necrosis factor (TNF)-α and
interleukin (IL)-6 also play significant roles in early inflammation, facilitating the recruitment of immune
cells to the plaque site. As atherosclerosis advances, macrophages become dominant in the lesions, and their
function shifts depending on the local microenvironment and the type of signals they receive, influencing
plaque stability or vulnerability [18,19]. In Fig. 1, we summarized the stages and key features of these stages
of atherosclerosis development.

Figure 1: Key features of atherosclerosis development through the stages. oxLDL: Oxidized Low-Density Lipoprotein;
APC: antigen-presenting cells; DCs: Dendritic Cells; TNF-α: Tumor Necrosis Factor-α; IL-6: Interferon-6; TLR4:
Toll-like receptor 4; NF-κB: Nuclear Factor kappa-B; Th1: helper T cell 1; NKT: Natural killer T cell; IFN-γ: Interferon-
gamma; NLRP3: NOD-like receptor family pyrin domain containing 3; NET: Neutrophil Extracellular Trap

2.2.2 Progression and Plaque Instability
During plaque rupture and cardiovascular events, the dynamics change as other immune cells,

including T lymphocytes and neutrophils, contribute to the inflammatory milieu and can promote lesion
instability [20,21]. For instance, cytotoxic T cells and natural killer T (NKT) cells release pro-atherogenic
cytokines and participate in apoptosis within the plaque, reinforcing the risk of rupture. Neutrophils, while
contributing to early endothelial dysfunction, are implicated in late-stage events, such as thrombosis and
inflammation at the site of ruptured plaques, through mechanisms including the formation of neutrophil
extracellular traps (NETs) [22,23].

The TLR4/NF-κB pathway plays a stage-specific role in atherosclerosis. During early disease, TLR4 acti-
vation promotes pro-inflammatory signaling, monocyte recruitment, and foam cell formation, accelerating
plaque development. However, in later stages, controlled NF-κB activity may also contribute to tissue repair
and resolution of inflammation. These dual roles suggest that TLR4/NF-κB inhibition may need to be phased
or context-specific, with early suppression likely beneficial, whereas late-stage broad inhibition could impair
healing, indicating the need for targeted or time-dependent approaches [24].

2.2.3 Acute Cardiovascular Events
Cytokines such as IL-1β also gain prominence in later stages, as the immune response can pivot toward

a more destructive path, culminating in acute cardiovascular events. Thus, the interplay of cytokines and
immune cells reflects a complex balance where specific immunological factors are pivotal at various stages,
emphasizing the need for targeted therapeutic strategies that take into account the stage of atherosclerosis
when addressing immune involvement [25,26].
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3 Myeloid Cells
Myeloid cells are cells that are critical for the progression of AS disease. Among them are macrophages,

dendritic cells (DC), monocytes, and granulocytes. After being recruited via an injured endothelial
layer, monocytes are differentiated into DC and pro-inflammatory macrophages in the sub-endothelial
layer [27,28]. DCs serve as a connective element between the first immunity response and the following
acquired immunity response, stimulated by exposure to antigens located inside the atheromatous plaque.

3.1 Monocytes and DCs
In the initiation stage of atherosclerosis, DCs contribute to lipid retention in the endothelium and

facilitate the formation of foam cells, which accelerates necrotic core expansion. As the disease progresses,
activated DCs migrate to lymph nodes to present antigens to T cells, bridging innate and adaptive immunity
and promoting T cell activation, notably stimulating cytotoxic T cells and polarizing CD4+ T cells into Th1
cells [29]. In advanced stages, different subtypes of DCs (cDC1s and cDC2s) interact closely with T cells in
the aortic wall, driving chronic inflammation and enhancing foam cell formation, while pDCs exhibit dual
pro- and anti-atherogenic effects depending on their interactions. Ultimately, during regression, DCs reverse
their roles by migrating out of plaques, indicating their pivotal function in both disease progression and
resolution [30].

3.2 Macrophages
Macrophages can also facilitate the development of atherosclerosis by generating proteolytic enzymes,

aggregating fats within cells, and releasing cytokines. Aggregation of macrophages, which have not under-
gone phagocytosis, facilitates the necrotic core formation that was detected in atheromatous plaques [31,32].
Such processes drive the plaques to be more vulnerable to ruptures. In atherosclerosis, macrophages play
distinct roles at various disease stages. Early in the disease, resident macrophages contribute to plaque
formation by transforming into foam cells and promoting necrotic core formation through the accumulation
of modified lipoproteins [19,33]. As the disease progresses, inflammatory macrophages exacerbate plaque
instability by releasing pro-inflammatory cytokines and degrading extracellular matrix components, leading
to plaque rupture. Additionally, different macrophage subsets exhibit unique functions; while some drive
inflammation, others promote plaque stability through fibrosis, highlighting the complex interplay of
macrophage phenotypes in atherosclerosis [20,34,35].

3.3 Neutrophils
Neutrophils also contribute to the development of atherosclerotic lesions, instability, and thrombosis.

Neutrophils are releasing NETs and secreting reactive oxygen species (ROS), which facilitate the adverse
effects. Neutrophils are also able to recruit pro-inflammatory monocytes to the vessel walls, which would
contribute to the AS development [36,37].

Neutrophil extracellular trap (NET) burden—commonly estimated using circulating cell-free DNA
(cf-DNA), myeloperoxidase–DNA complexes or citrullinated histone H3—correlates with infarct size,
microvascular injury and worse outcomes after myocardial infarction, suggesting it could be a predictive
biomarker for NET-directed therapy [38]. Therapeutic strategies fall into two categories: (1) NET-degraders—
recombinant DNase-I (dornase alfa) enzymatically cleaves extracellular DNA and has been repurposed and
tested in thrombo-inflammatory conditions (promising proof-of-concept data in COVID-19 and ongoing
trials in ischemic stroke), while preclinical MI models show reduced infarct size after DNase treatment;
clinical data in acute coronary syndrome are still limited [39]. (2) NET-formation inhibitors—agents that
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block NETosis upstream, including PAD4 inhibitors (e.g., GSK484, JBI-589) that prevent histone citrul-
lination, and repurposed drugs such as colchicine (which suppresses NET release in ACS patients) and
SYK inhibitors (fostamatinib/R406) that reduce NET formation in vitro and in disease models. Most PAD4
inhibitors remain at the preclinical or early-development stage, whereas colchicine has large outcome trials
(LoDoCo/COLCOT) consistent with an anti-NET mechanism and is already in clinical use for secondary
prevention [40]. Other candidates (neutrophil elastase inhibitors, MPO inhibitors, calpain inhibitors and
autophagy modulators) have shown NET-reducing activity in preclinical studies but limited cardiovascular
trial data to date [41].

Clinical efficacy of NET-dismantling (DNase) or NET-inhibiting therapies is plausibly greater in
patients with high baseline NET burden; therefore, biomarker-enriched trials (selecting patients with
elevated cf-DNA/citH3/MPO-DNA) are recommended to test whether NET burden predicts therapeutic
benefit [38].

Neutrophils serve a pivotal role in the inflammatory response during atherosclerosis, initially promoting
inflammation through the release of ROS and chemokines that recruit monocytes, leading to foam cell
formation. Early in the disease, they primarily exhibit pro-inflammatory functions, exacerbating arterial
damage and necrotic core expansion while also facilitating plaque instability through mechanisms that
promote rupture and erosion [28,36]. As the disease progresses, a shift occurs where neutrophils begin to
show anti-inflammatory characteristics, aiding in tissue healing and remodeling by activating macrophages
to clear dead cells. Throughout the stages of atherosclerosis, neutrophils balance their roles between
driving inflammation and supporting repair, reflecting their complex involvement in cardiovascular disease
pathology [42,43].

3.4 Inflammasome Activation
Furthermore, in the past years, one more pathway was identified and researched. That pathway is the

cryopyrin inflammasome, which is formed in macrophages following the altered fats. This results in the
generation of mature interleukin 1 beta, which is an important stage of inflammation signaling [44,45].

4 T Cells

4.1 Th1 Cells
T cells are responsible for the regulation of a major step of the immune response in atheromatous plaque,

which they carry out via a type 1 helper T cell response. That response is featured by the genesis of IFN-γ and
TNF-α, which trigger activation of macrophages and the secretion of nitric oxide (NO) and other vasoactive
agents, as well as proinflammatory mediators.

4.2 Other T Cell Subtypes
Several more types of T lymphocytes take part in the development of AS, such as type 2 helper T cells,

type 17 helper T cells, and regulatory T cells. Although their impact is not as elucidated [46–49].
In atherosclerosis, Th1 cells are predominantly pro-inflammatory, releasing cytokines like IFN-γ and

TNF-α that drive lesion formation and plaque instability. Th2 cells exhibit a mixed role; while IL-4 they pro-
duce may promote atherogenesis, other cytokines like IL-5 and IL-13 can offer protective effects by countering
Th1 responses and stabilizing plaques [50,51]. Th17 cells contribute to atherosclerosis progression through
pro-inflammatory actions, but also aid in collagen production that can enhance plaque stability. Regulatory T
cells (Tregs) are crucial for maintaining immune balance, suppressing inflammation, and promoting plaque
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stability; however, their depletion or dysfunction during disease progression can exacerbate atherosclerosis
and diminish their protective effects [52,53].

5 Cytokines as Mediators of Plaque Development
Cytokines are very important in the atheroma development process as well. Numerous immunity cells

(ICs), which are named above, are able to release proinflammatory cytokines, e.g., IFN-γ, IL-1β, and TNF-α,
after their activation. Such cytokines can promote the genesis of considerable concentrations of IL-6 [54].
Then, IL-6 makes its environment conductive to the hepatic acute phase reactants (APRs) genesis. Among
such acute-phase reactants are fibrinogen, serum amyloid A (SAA), and C-reactive protein (CRP). Moreover,
subjects with adiposity and metabolic syndrome frequently show an elevated adipokine generation that is
able to facilitate the organism’s inflammation response as well. This aggressive inflammation environment
may have an adverse impact on atheromatous plaques, resulting in plaque instability, rupture, as well as
thrombosis and following cardiovascular events [55–57].

6 Inflammatory Pathways and Therapeutic Approaches
A summary of the main anti-inflammatory therapeutic classes and representative agents used in

atherosclerosis is provided in Table 1.

Table 1: Overview of anti-inflammatory treatments for atherosclerosis

Treatment
class

Example
agents

Mechanism of
action Main findings Side effects Contraindications

IL-1
Inhibitors

Canakinumab,
Anakinra

Neutralizes IL-1
signaling

Reduces major
adverse

cardiovascular
events (CANTOS

study)

Increased risk of
infections, elevated
liver enzymes, and

gastrointestinal
perforations

Active infections,
severe

hypersensitivity to
components

IL-6
Inhibitors Tocilizumab Blocks IL-6

receptors

Decreases
inflammation,

CRP levels,
potential benefit

in STEMI

Increased risk of
infections, elevated
liver enzymes, and

gastrointestinal
perforations

Active infections,
liver disease,

hypersensitivity to
tocilizumab

Colchicine – Inhibits IL-1β
synthesis

Lowers CV events
in stable CAD

(LoDoCo trials)

Gastrointestinal
disturbances

(diarrhea, nausea),
myelosuppression

Severe renal
impairment,

hypersensitivity to
colchicine

Statins Atorvastatin

Reduces
cholesterol, has

anti-
inflammatory

effects

Lowers hs-CRP,
reduces ischemic
events (AVERT

trial)

Muscle pain, liver
enzyme elevation,

gastrointestinal
symptoms

Active liver
disease, pregnancy,
hypersensitivity to

statins

(Continued)
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Table 1 (continued)

Treatment
class

Example
agents

Mechanism of
action Main findings Side effects Contraindications

SGLT2
Inhibitors Empagliflozin

Reduces
glucose

reabsorption,
has anti-

inflammatory
properties

Lowers
inflammatory

markers, improves
cardiovascular

outcomes

Genital mycotic
infections,

dehydration,
hypotension

Severe renal
impairment, active

bladder cancer

Methotrexate –
Suppresses
cytokine

production

Effective in
conditions like RA;

mixed results in
CAD prevention

Hepatotoxicity,
myelosuppression,
nausea, mucositis

Pregnancy, liver
disease, blood

dyscrasias

Natural
Compounds

Brazilian green
propolis

Antioxidant,
anti-

inflammatory

Reduces
proinflammatory

cytokines;
emerging evidence
in CAD treatment

Generally
well-tolerated;

potential allergic
reactions

Known allergies to
bee products,

active allergies

Note: Abbreviation: CANTOS—Canakinumab Anti-Inflammatory Thrombosis Outcomes Study; IL-6—interleukin
6; CRP—C-reactive protein; STEMI—ST-segment elevation myocardial infarction; IL-1—interleukin 1; CAD—
coronary artery disease; CV—cardiovascular; LoDoCo—Low Dose Colchicine; hs-CRP—high-sensitivity C-reactive
protein; AVERT—Atorvastatin Vs. Revascularization Treatments; SGLT2—sodium-glucose transport protein 2.

6.1 Targeting IL-1 Pathway
6.1.1 Canakinumab: IL-1β Inhibition

Canakinumab is a human monoclonal Ab that is used in auto-immune disorders for neutralization
of IL-1β signaling. CANTOS study investigated the hypothesis that this drug can considerably decrease
the occurrence of detrimental CV events in subjects with a history of heart attack [58,59]. The CANTOS
(Canakinumab Anti-Inflammatory Thrombosis Outcomes Study) was a landmark clinical trial designed to
investigate the role of inflammation in cardiovascular disease, specifically targeting IL-1β with the mon-
oclonal antibody canakinumab. This randomized, double-blind, placebo-controlled study enrolled 10,061
patients who had a history of myocardial infarction and elevated levels of high-sensitivity C-reactive protein
(hs-CRP), indicative of ongoing inflammation [60,61]. Participants were randomly assigned to receive either
canakinumab or placebo, with treatment administered in three different doses (50, 150, or 300 mg) every
three months over an average follow-up period of approximately 4 years. The primary outcome was the
occurrence of major adverse cardiovascular events (MACE), which included non-fatal myocardial infarction,
non-fatal stroke, and cardiovascular death [62,63]. The findings were significant; canakinumab treatment was
associated with a 15% reduction in MACE compared to placebo, particularly demonstrating a 24% reduction
in cardiovascular death among those in the higher dose groups. These results not only underscored the role
of inflammation in atherosclerosis but also suggested that targeting inflammatory pathways could provide
a novel approach to reducing cardiovascular risk, marking a critical shift in the management of coronary
artery disease and challenging traditional risk factor-based treatment paradigms [6,64].
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While the CANTOS study underscores the significant benefits of the IL-1β inhibitor canakinumab
in reducing cardiovascular events, it is essential to consider the limitations that may impact its clinical
applicability. The study demonstrated a 15% reduction in major adverse cardiovascular events (MACE)
among patients with a history of myocardial infarction and elevated high-sensitivity C-reactive protein levels
when treated with canakinumab [59]. This reduction included a notable 24% decrease in cardiovascular
deaths, highlighting its potential as a groundbreaking therapy for targeting inflammation in coronary artery
disease. However, the practical use of canakinumab is constrained by several notable drawbacks. Firstly,
the high cost associated with canakinumab may limit accessibility for many patients, particularly given that
long-term treatment could be necessary for optimal benefit [65]. Secondly, the treatment was associated
with an increased risk of serious infections, as IL-1β plays a critical role in the body’s immune response.
Patients receiving canakinumab may experience heightened susceptibility to infections, which necessitates
careful patient selection and monitoring. Thus, while canakinumab offers promising therapeutic potential,
its cost and safety profile must be balanced against the benefits to ensure responsible and effective clinical
application [66,67].

The major adverse CV events involve such harmful conditions as heart attack (MI), ischemic stroke,
CV death, as was reported by Ridker and colleagues [68]. Moreover, Everett and colleagues revealed that
the subjects who were treated with canakinumab showed a reduction in hospital admission as well as in
CV mortality related to cardiac failure [69]. Although therapy with this drug has a high cost. It is also
connected to an elevated risk of various infections by different pathogens, which can turn out to be peripheral
or systemic.

6.1.2 Anakinra: IL-1α and IL-1β Inhibition
Furthermore, as was found by Morton and colleagues, anakinra is a suppressant of IL-1α and IL-1β [70].

Anakinra efficiently inhibits the IL-1α and IL-1β signaling, thus reducing the genesis of C-reactive protein
and decreasing the occurrence of major adverse CV events [71].

Canakinumab and Anakinra are IL-1 inhibitors that play a significant role in modulating inflammation
associated with CAD. Canakinumab is a human monoclonal antibody that selectively inhibits IL-1β, a key
pro-inflammatory cytokine involved in the inflammatory response. By neutralizing IL-1β, canakinumab
effectively dampens the inflammatory cascade that contributes to atherosclerosis [72,73]. Anakinra works
similarly by blocking both IL-1α and IL-1β, preventing their signaling through the IL-1 receptor. Clinical
studies have demonstrated that these therapies can significantly reduce levels of CRP and other inflammatory
markers, resulting in a decreased incidence of MACE in patients with elevated hs-CRP levels following
myocardial infarction [74,75].

6.2 Targeting IL-6 Pathway
Recent research by Markousis-Mavrogenis and colleagues showed that most part of subjects with cardiac

failure demonstrate increased IL-6 concentrations in plasma [76].
Tocilizumab: IL-6 Receptor Blockade

Tocilizumab is a humanized monoclonal Ab that binds to membrane membrane-soluble form of IL-6
R. Jones and colleagues reported that inhibition of IL-6 receptor can reduce the concentrations of C-
reactive protein as well as multiple proinflammatory mediators [77]. Protogerou and colleagues reported that
tocilizumab was approved for RA treatment [78]. As was discovered by Bacchiega [79] and Ruiz-Limon and
colleagues [80], this drug ameliorates the functioning of the endothelium, decreases OS, and decreases pro-
inflammation and pro-thrombotic characteristics of monocytes. A double-blind, placebo-controlled study
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evaluated the effect of a tocilizumab dose on subjects with non-ST-elevation myocardial infarction (non-
STEMI) who were expected to undergo a coronary angiogram. A short suppression of IL-6 with this drug
resulted in decreased inflammation and a significant reduction in the expression of troponin associated with
percutaneous coronary intervention (PCI) [81,82]. The safety profile was also proven to be acceptable, as
was reported by Kleveland and colleagues [83]. Another trial assessed the tocilizumab impact on myocardial
salvage in subjects with STEMI [84]. The cohort of subjects who received tocilizumab showed a higher
myocardial salvage index (MSI) and not as high microvascular obstruction (MVO) as the control cohort.
Although a considerable distinction in the infarction size between the tocilizumab cohort and the control
cohort was not detected (7.2% and 9.1%). Although the p-value is almost significant (0.08). The two cohorts
showed close results regarding the occurrence of MACE. Broch and colleagues concluded that this drug is
able to elevate MSI in STEMI subjects [85–87].

Tocilizumab, an IL-6 inhibitor, is another important agent in the context of CAD. This humanized
monoclonal antibody binds to the membrane-bound and soluble forms of the IL-6 receptor, inhibiting IL-6
signaling. IL-6 is a pro-inflammatory cytokine that plays a significant role in the immune response and is
associated with the progression of atherosclerosis [88–90]. By blocking IL-6, tocilizumab lowers levels of
inflammation markers like hs-CRP, improves endothelial function, and potentially stabilizes atherosclerotic
plaques. Studies have shown reductions in troponin levels and enhanced myocardial salvage in patients after
acute coronary events when treated with tocilizumab [91,92].

Interestingly, Tocilizumab, an IL-6 receptor antagonist, reduces systemic inflammation as reflected by
decreased hs-CRP levels but can paradoxically elevate lipoprotein(a) [Lp(a)] levels. This effect is likely due
to IL-6 inhibition relieving inflammatory suppression of hepatic Lp(a) production. In patients with elevated
baseline Lp(a) or high residual cardiovascular risk, concomitant Lp(a)-lowering therapies may be considered
to optimize outcomes, although further studies are needed to clarify long-term benefits [93].

6.3 Broad-Spectrum Anti-Inflammatory Agents
6.3.1 Methotrexate

Methotrexate, a drug traditionally used in the treatment of malignancies and autoimmune diseases, has
garnered attention for its potential role in preventing and treating CAD. Its effectiveness in this context largely
stems from its anti-inflammatory properties, which target mechanisms that contribute to the progression
of atherosclerosis and cardiovascular events [94]. Methotrexate suppresses the pro-inflammatory cytokines.
Among such cytokines are TNF-α, IL-1β, and IL-6. These pro-inflammatory cytokines play a huge role in
the progression of AS and other inflammatory diseases mediated by immunity, as was reported by Van
Breukelen-van der Stoep and colleagues [95].

Methotrexate, originally used for cancer and autoimmune diseases, serves as another therapeutic
option by suppressing the production of pro-inflammatory cytokines such as TNF-α, IL-6, and IL-1β.
These cytokines play a pivotal role in the progression of atherosclerosis [96–98]. Methotrexate has also
been shown to have effects on the adenosine A2A receptor (ADORA2A), promoting reverse cholesterol
transport and preventing atherogenesis. Although studies on methotrexate’s efficacy in CAD have shown
mixed results, it has potential atheroprotective effects, particularly in patients with inflammatory conditions
such as rheumatoid arthritis [99].

Methotrexate works by inhibiting the production of pro-inflammatory cytokines, such as TNF-α and
IL-6. By suppressing these inflammatory mediators, methotrexate helps reduce the inflammatory response
that can exacerbate vascular pathology. This effect is particularly relevant in patients with conditions
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characterized by systemic inflammation, such as rheumatoid arthritis, who have a notably higher risk of
cardiovascular disease [100,101].

Clinical studies investigating the efficacy of methotrexate in CAD have yielded mixed results. Some
trials suggest that low-dose methotrexate can lower levels of inflammatory markers like hs-CRP, which is
a biomarker associated with an increased risk of cardiovascular events. For instance, the Cardiovascular
Inflammation Reduction Trial (CIRT) studied the impact of methotrexate on patients with a history
of myocardial infarction and elevated hs-CRP levels [102–104]. While the trial found that methotrexate
treatment did not significantly reduce major adverse cardiovascular events compared to placebo, it did
succeed in lowering hs-CRP levels, suggesting some anti-inflammatory efficacy [105].

Moreover, the potential atheroprotective effects of methotrexate may also arise from its capability to
enhance reverse cholesterol transport, a process crucial for removing excess cholesterol from arterial walls.
This mechanism, combined with its ability to stabilize existing plaques and reduce their vulnerability to
rupture, posits methotrexate as a beneficial therapy in patients at high risk of acute coronary events [106].
Treatment strategies that involve methotrexate, methotrexate with etanercept, or methotrexate with sul-
fasalazine and hydroxychloroquine demonstrated amelioration in the high-density lipoprotein profile of RA
subjects, as was reported by Charles-Schoeman and colleagues [107]. Furthermore, methotrexate showed
an ability to exert atheroprotective effects via activation of ADORA2A. Upon activation, the ADORA2A
can curb the foam cell formation, as was reported by Reiss and colleagues [108]. Besides, monotherapy with
this drug, as well as this drug in combination with TNF-α suppressants, can decrease the lipoprotein A
Lp(a) and endothelial leucocyte adhesion molecule-1 (ELAM-1) concentrations in serum. In comparison to
other disease-modifying antirheumatic drugs in randomized clinical trials (RCTs), this drug can control the
stiffness of arteries and the increase in blood pressure related to it [109,110]. These findings indicate that
methotrexate’s efficiency is likely higher than that of other disease-modifying antirheumatic drugs in the
disruption of inflammation pathways, as was reported by Woodman and colleagues [111]. Another double-
blind RCT established the efficacy of this drug at low dosage in decreasing the occurrence of CV events
in subjects with stable AS. That trial has been terminated after an average observation period of 2.3 years.
Although its results demonstrated that this drug was not able to decrease the concentrations of such markers
as IL-1, IL-6, and C-reactive protein [112,113]. Occurrence of detrimental CV events was not reduced either in
comparison to the placebo group. Furthermore, methotrexate showed such adverse side effects as increased
concentrations of hepatic enzymes, decreased number of leukocytes, decreased hematocrit level, and a higher
rate of non-basal cell carcinoma (BCC) cancer occurrence in comparison to the placebo group, as was
reported by Ridker and colleagues [114].

Despite the complexities in its application, methotrexate embodies a promising avenue in the broader
landscape of anti-inflammatory therapies aimed at reducing cardiovascular risk. As the field continues
to evolve, its integration into treatment regimens for patients with coronary artery disease may become
clearer, particularly for those with underlying inflammatory conditions. Overall, while methotrexate may not
represent a definitive solution for CAD management, its potential to modulate inflammation offers valuable
insights into the intricate interplay between immune responses and cardiovascular health [115].

6.3.2 Statins
Statins exert pleiotropic effects against inflammation. Statins, such as atorvastatin, are widely prescribed

as cholesterol-lowering agents but also exhibit significant anti-inflammatory properties that contribute to
cardiovascular risk reduction. They work by inhibiting HMG-CoA reductase, the rate-limiting enzyme
in cholesterol biosynthesis, which not only reduces lipid levels but also decreases the production of
pro-inflammatory cytokines. Statins improve endothelial function and have been shown to stabilize
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atherosclerotic plaques. In clinical trials, statin therapy has resulted in reductions in hs-CRP levels
and improved cardiovascular outcomes among patients, showcasing their role beyond traditional lipid
management [116–118].

They also show fat-decreasing properties. Numerous studies indicated that statins are able to suppress
the activation of T lymphocytes that depend on antigens. Statins are also capable of reducing the inflamma-
tory cell count and of stimulating the synthesis of nitric oxide by the endothelium, as was reported by Kwak
and colleagues [119–121]. Ridker and colleagues conducted a series of studies that showed the ability of statins
to decrease the high-sensitivity C-reactive protein concentrations in plasma in subjects without MACE
history [122]. Hereby, statins seem to be able to help down-regulate inflammatory processes, both vascular
and systemic. However, further research is necessary since now any evident therapeutic benefits achieved by
lowering high-sensitivity C-reactive protein levels are difficult to distinguish from the fat-reducing activity of
statins [123,124]. It was reported that in the AVERT trial, atorvastatin therapy resulted in reduced occurrence
of hospital admission and ischemic events in subjects with angina pectoris and CAD [125]. Statin usage
for CV event prevention could be helpful in subjects with hypertension, DM, tobacco use, coronary artery
disease family history, or in subjects with elevated CV risk assessed with the Framingham risk score (FRS).
Subjects treated with statins are generally advised to have their C concentrations and hepatic functioning
monitored regularly [126].

Statins exert multiple cardiovascular benefits beyond lipid-lowering, including improvement of
endothelial function and inhibition of platelet activation. These effects are partly independent of their
anti-inflammatory actions, as they can enhance nitric oxide bioavailability and reduce platelet aggregation
directly. Additionally, variations exist among statins in anti-inflammatory potency; for instance, rosuvastatin
and atorvastatin both reduce hs-CRP, but rosuvastatin may exhibit slightly greater anti-inflammatory efficacy
at equivalent lipid-lowering doses [127].

Statins, widely prescribed for lowering cholesterol, are increasingly recognized for their anti-
inflammatory properties that contribute to cardiovascular risk reduction. They exert their effects by
inhibiting HMG-CoA reductase, leading to reduced cholesterol synthesis, which in turn decreases the pro-
duction of pro-inflammatory cytokines and improves endothelial function. Statins have been shown to lower
levels of hs-CRP, a marker of inflammation, independently of their cholesterol-lowering effects [116,128].
Clinical evidence supporting the anti-inflammatory benefits of statins comes from numerous large-scale
trials, such as the JUPITER (Justification for the Use of Statins in Primary Prevention: An Intervention Trial
Evaluating Rosuvastatin) trial, which demonstrated that rosuvastatin significantly reduced cardiovascular
events in individuals with elevated hs-CRP but normal LDL levels. Additionally, statins are associated
with stabilization of atherosclerotic plaques, making them less likely to rupture and lead to acute cardio-
vascular events. The clinical implications of statin therapy extend beyond lipid management; their ability
to modulate the immune response suggests a role in the comprehensive management of patients at high
cardiovascular risk, particularly those with inflammatory conditions like rheumatoid arthritis or metabolic
syndrome [129,130].

6.3.3 Colchicine
Colchicine is a drug that exhibits activity directed against inflammation. It is applied in cases of gout

for prophylaxis and therapy [131]. Imazio and colleagues conducted trials on the application of colchicine
for AS cardiac disorders management [132]. Given the anti-inflammation effect of this drug, it suppresses
the synthesis of IL-1β and inhibits ELAM-1 expression, which is required for adhesion of neutrophils
in endothelial cells (ECs). Furthermore, this drug abolishes cryopyrin inflammasome complex (NLRP3
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inflammasome) activation, inhibiting the expression of IL-1β and IL-6 synthesized after the signals of
danger [72,133].

Colchicine, a drug traditionally used for gout, has emerged as a promising therapy for CAD due to
its anti-inflammatory properties. Colchicine inhibits microtubule polymerization, which is essential for the
inflammatory response, particularly in inhibiting the activation and migration of neutrophils. It also directly
suppresses the synthesis of IL-1β by inhibiting the activation of the inflammasome complex, particularly
the cryopyrin inflammasome. These actions lead to a significant reduction in MACE, especially in stable
CAD patients, by lowering inflammatory markers and resulting in decreased risk of unstable angina and
myocardial infarctions [134–136].

Huang et al. discovered that administration of this drug to rats with elevated cholesterol levels
considerably decreased concentrations of C-reactive protein and Lp-related phospholipase A2 (PLA2) in
blood [137]. Moreover, this therapy has been proven to enhance the synthesis of NO, which implies that
there has been a significant amelioration of the functioning of the endothelium. Results of a proteomics
research showed that subjects with coronary artery disease who received colchicine therapy showed notably
decreased expression of cryopyrin pathway cascade (IL-18, IL-6) as well as the acquired immunity response
via suppression of CCL17, CD-40 [138,139]. Silvis and colleagues reported that median concentrations of
high-sensitivity C-reactive protein and EV cryopyrin were considerably decreased as well after treatment
with colchicine [140].

The RCT LoDoCo (Low-Dose Colchicine), which was focused on the secondary prevention of CV
events, involved 532 subjects with stable CAD, as was reported by Nidorf and colleagues [141]. Following
a median of 3 years, the observation demonstrated that therapy with colchicine was able to considerably
decrease the occurrence of CV mortality, noncardioembolic stroke, acute coronary syndrome (ACS), and
sudden cardiac arrest (SCA). The decrease in ACS was seventy-two percent, where more than fifty percent of
the decrease was accounted for by the decreased incidence of unstable angina pectoris [142,143]. Nidorf and
colleagues indicated that the LoDoCo-2 study has validated these discoveries, demonstrating a remarkable
reduction in MACE in subjects with stable CAD following the colchicine therapy [141]. The median follow-up
time in this study was reported to be 28.6 months.

The COLCOT (COLchicine Cardiovascular Outcomes Trial) trial was large-scale and involved inves-
tigation of the positive effects of colchicine therapy for secondary prevention of adverse CV events [144].
This trial involved 4745 subjects who had previously had ischemic stroke or myocardial infarction (MI) not
long before the trial. These subjects were divided into two groups, where the first group was administered
colchicine at a low dosage and the second group received a placebo. According to Tardif and colleagues, the
results from the first group showed that the colchicine therapy decreased the adverse CV events by 23%, e.g.,
MI, ischemic stroke, SCA with resuscitation, hospital admission for angina resulting in re-vascularisation,
and CV mortality [145]. Bouabdallaou and colleagues discovered that early administration of this drug within
the first three days of MI showed notable positive effects, with a forty-eight percent relative risk decrease in
the primary outcome [144]. These discoveries indicate that administration of this drug in hospitals to subjects
with MI has great potential and exhibits a powerful positive impact.

Colchicine has emerged as a promising anti-inflammatory therapy for the secondary prevention of
cardiovascular events, as highlighted in the LoDoCo and COLCOT trials. In the LoDoCo trial, colchicine
significantly reduced the occurrence of major adverse cardiovascular events (MACE) by 72%, primarily
by lowering the risk of unstable angina pectoris, while the COLCOT trial demonstrated a 23% reduction
in cardiovascular events among patients who had experienced a recent myocardial infarction [146]. These
findings underscore colchicine’s potential to exert beneficial effects by modulating inflammatory pathways
involved in atherosclerosis and thrombosis. However, the clinical utility of colchicine must be tempered by
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an awareness of its potential side effects, which can include gastrointestinal disturbances, such as diarrhea,
nausea, and abdominal pain. More seriously, colchicine has the potential to cause myelosuppression, which
could lead to leukopenia and increase the risk of infections [147,148]. Furthermore, colchicine’s narrow
therapeutic index means that careful dosing and monitoring are required to avoid toxicity, especially in
patients with renal impairment or those taking medications that can interact with colchicine and affect its
metabolism. Therefore, while colchicine offers a novel approach to managing cardiovascular risk through
inflammation reduction, clinicians must consider both its efficacy and safety profile in order to optimize
patient outcomes and minimize adverse effects [149,150].

6.4 Combination and Adjunct Therapies
The combination of immune suppression therapy with traditional lipid-lowering drugs like statins holds

potential for enhancing cardiovascular outcomes, particularly in patients at high risk for cardiovascular
events. The literature indicates that therapies such as Tocilizumab and Canakinumab, which target inflamma-
tory pathways, can effectively reduce cardiovascular inflammation. This anti-inflammatory effect is crucial
since inflammation plays a significant role in the progression of atherosclerosis and other cardiovascular
diseases [103,151,152].

6.4.1 Synergy of Immune Suppression and Lipid-Lowering Therapy
Evidence suggests that integrating immune suppression with statin therapy can amplify the overall

effects on cardiovascular health. Studies have demonstrated that statins not only lower lipid levels but also
possess pleiotropic effects, including anti-inflammatory properties. Combining these with targeted immune
suppressors may provide a dual mechanism: statins can reduce lipid accumulation and stabilize plaques,
while immune suppressors can mitigate the inflammatory processes that contribute to plaque instability and
cardiovascular events [153,154].

However, while there are promising preliminary findings regarding the benefits of such combination
therapies, comprehensive clinical data specifically targeting high-risk groups are still emerging. Some studies,
such as those examining Canakinumab, have shown reductions in cardiovascular events in patients with
elevated hs-CRP levels, suggesting that targeting inflammation can be beneficial in addition to standard lipid
management. Yet, more extensive clinical trials are needed to provide robust evidence and clarify long-term
outcomes, safety, and optimal treatment protocols for combining these therapies [155–157].

In summary, while there is a rationale for combining immune suppression therapies with lipid-lowering
drugs to further reduce cardiovascular risks, particularly in high-risk patients, further research is necessary
to establish conclusive clinical guidelines and evidence supporting this approach. This combination could
ultimately lead to more effective strategies for managing cardiovascular disease [158,159].

6.4.2 Challenges and Considerations
The potential of immune suppressors like Tocilizumab and Canakinumab in reducing cardiovascular

risk has garnered significant interest, particularly due to their anti-inflammatory properties. Long-term data
supporting the effectiveness of these drugs in cardiovascular risk reduction is still emerging. For example,
the CANTOS trial demonstrated that Canakinumab reduced the risk of cardiovascular events in patients
with a history of myocardial infarction and elevated hs-CRP levels [160,161]. However, while these findings
are promising, the duration of follow-up in such studies may not yet be sufficient to fully assess the long-
term benefits and risks associated with these therapies. Further studies are needed to evaluate the long-term
cardiovascular outcomes and overall safety of these agents across diverse populations [162–164].
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Assessing the risks associated with long-term use of immune suppressors is crucial, particularly in
elderly patients who may present with multiple comorbidities. Immune suppressive therapy can increase the
risk of infections, malignancies, and other adverse effects due to its mechanism of action, which dampens the
immune response. For elderly patients, who often have age-related immune senescence and may already be at
heightened risk for infections, this aspect is particularly concerning. Moreover, the use of these medications
can complicate the management of existing health conditions and may interact with other medications,
potentially affecting patient safety and adherence to therapy [165,166].

Patient compliance is another significant factor in the long-term use of these drugs. Adherence to
treatment regimens can be influenced by the complexity of medication schedules, potential side effects, and
the perceived benefits of therapy. Ensuring that patients understand the rationale behind the treatment, the
importance of adherence for cardiovascular risk reduction, and the management of any arising side effects
is critical. Regular follow-up and monitoring can help address concerns and modify treatment as necessary,
improving compliance and overall satisfaction with the treatment plan [167,168].

In summary, while there is emerging evidence on the effectiveness of immune suppressors like
Tocilizumab and Canakinumab in reducing cardiovascular risk, long-term data is still required to substan-
tiate their use, particularly concerning safety in elderly patients. Careful risk assessment, patient education,
and ongoing monitoring are vital to optimize therapy and enhance adherence to treatment in this vulnerable
population [169,170].

7 Emerging Therapies and Natural Compounds

7.1 Xanthine Oxidase (XO) Inhibitors
7.1.1 Mechanism of Action

Allopurinol (ALP) and oxipurinol serve as a substrate for the enzyme xanthene oxidase. Xanthene
oxidase contributes to the conversion of hypoxanthine into xanthine, which is followed by the xanthine
transformation into uric acid (UA). Suppressants of xanthene oxidase notably decrease oxidative stress (OS)
and downregulate the synthesis of UA [171,172]. Research has suggested that allopurinol’s effects on oxidative
stress and endothelial function may contribute to its protective role in CAD, although further studies are
warranted to better understand its efficacy in this context. Hereby, they contribute to the decrease of the risk
of endothelium function impairment as well as of the inflammatory process, which facilitate the development
of atheromatous plaques and CV disease.

7.1.2 Clinical Evidence
ALP was proved to exert 3 major effects which account for its powerful CV activity. The first is the

ability to decrease circulating UA concentrations since it has proinflammatory properties. The second is
its capacity of suppressing the synthesis of ROS, which stimulates endothelium function impairment and
affects the stability of atheromatous lesions. The third is the ability to curb AS, as well as to protect from
ischemia/reperfusion injury (IRI) [173–175].

The Clinical Outcomes Utilizing Revascularization and Aggressive Drug Evaluation trial group of
authors performed a trial on subjects with stable coronary artery disease. The authors discovered that even
though the subjects received optimal treatment and re-vascularization, they showed life quality reduction
and exhibited symptoms [176,177]. Weintraub and colleagues concluded that it should be advised that ALP
and similar agents are better used as an additional treatment of angina because of their capacity of alleviating
endothelium function impairment by reducing the synthesis of UA and free radicals [178].
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Another research was performed by Baldus and colleagues on subjects with coronary artery disease with
no history of ALP therapy [179]. The subjects were administered with acetylcholine (ACh). The researchers
assessed the coronary vaso-constrictor response of the subjects to this compound as well as alterations
of coronary artery circulation following administering of ALP metabolite oxipurinol. Oxipurinol did not
influence ACh-dependent alterations in subjects with preserved functioning of the coronary endothelium.
Although in subjects with endothelium functioning impairment, administering oxipurinol led to a con-
siderable amelioration in artery MLD and coronary artery circulation. The trial results showed that free
radicals obtained from XO diminished the availability of NO. Suppression of oxipurinol might ameliorate
the functioning of the endothelium in coronary vessels in subjects with coronary artery disease [180,181].

Another research of angina pectoris involved sixty subjects. The subjects had stable angina and
received treatment with pentaerythritol tetranitrate (PETN) and ALP. The results showed that this combined
treatment is much more efficient than the PETN treatment alone. After the treatment, the subjects showed
a considerable decrease in serum and urine concentrations of UA [182,183]. Kaliakin and Mit’kin observed
that this therapy resulted in a reduction of lipid peroxidation (LPO) and anti-oxidative system functioning
as well as in a significant amelioration of central haemodynamics [184].

Another RCT evaluated the application of ALP in the elevation of the exercise ability of sixty-five
subjects with CAD, stable angina pectoris, and positive exercise tolerance. The results of the trial showed that
ALP therapy was able to considerably decrease concentrations of UA as well as to elevate the St depression
time, time of the physical activity, as well as time to angina pectoris. The results resemble those of several
presently used anti-anginal agents [185,186]. The researchers indicated that ALP has a good safety profile, is
sufficiently tolerated, and has acceptable cost as an antiischemic compound for subjects with angina. Noman
and colleagues theorized that endogenous XO action might account for the coronary ischemia caused by
exercise [185].

ALP upregulates synthesis of adenosine triphosphate and elevates exercise ability, retaining the supply of
oxygen to the myocardium even at the peaks of exercise. ALP was also proved to ameliorate the functioning
of the endothelium and to decrease coronary artery vasoconstriction parameters, as was reported by Stone
and colleagues [187]. Recent research was performed on eighty subjects with CAD. The results showed that
ALP therapy considerably ameliorated vasorelaxation depending on the endothelium, as well as inhibited
OS in subjects with CAD [188].

7.2 Agents Targeting Lipid Rafts
7.2.1 Mechanism of Action

Lipid rafts play a prominent role in the pathogenesis of inflammation associated with cardio-metabolic
diseases. These cholesterol- and sphingolipid-rich membrane microdomains act as organizing centers for
many signaling molecules and are crucial in the initiation and propagation of inflammatory responses [189].
Rafts host a wide range of receptors that regulate innate and adaptive immunity. Toll-like receptor 4 (TLR4),
tumor necrosis factor receptor 1 (TNFR1), integrin CD11b, and antigen receptors such as BCR and TCR
are recruited into lipid rafts during activation [189]. CD36, a scavenger receptor implicated in the uptake
of oxLDL, also localizes to rafts, where it drives foam cell formation and contributes to metabolic inflam-
mation [190]. Given this role, raft abundance strongly influences inflammatory signaling. Augmentation of
rafts enhances receptor clustering, potentiates downstream signaling, and promotes cytokine secretion [191],
whereas raft disruption attenuates these responses, demonstrating an anti-inflammatory effect [192].
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7.2.2 Therapeutic Strategies
Therapeutic targeting of lipid rafts has therefore emerged as a promising strategy to modulate inflam-

mation in atherosclerosis as well as in other inflammatory diseases [193]. Because rafts depend on cholesterol
and sphingolipids for their stability, agents that alter lipid composition or interfere with raft-associated
receptors can attenuate pro-inflammatory signaling. Statins not only reduce systemic LDL cholesterol but
also disrupt raft cholesterol, thereby reducing TLR4 and TNFR1 signaling in vascular cells [124,194]. MβCD
and hydroxypropyl-β-cyclodextrin (HPβCD) extract cholesterol from rafts, reduce foam cell formation,
and lower atherosclerotic burden in animal models, though systemic toxicity limits their translational
potential [195,196]. Agents targeting sphingolipids, such as inhibitors of sphingomyelin synthesis (e.g.,
myriocin) or sphingomyelinase inhibitors, destabilize ceramide-rich raft domains and prevent clustering
of death and inflammatory receptors [197]. Another therapeutic strategy is to block raft-resident receptors
directly: monoclonal antibodies or small molecules targeting CD36 and TLR4 reduce ligand binding, prevent
receptor clustering, and inhibit foam cell formation and cytokine release [198]. Novel small molecules and
natural compounds also show promise; synthetic oxysterols such as Oxy210 redistribute raft cholesterol and
attenuate macrophage inflammation [199], while polyphenols like resveratrol and curcumin weaken raft
integrity and reduce inflammatory signaling, though their bioavailability remains a limitation [200,201].
Another promising agent, apolipoprotein A-I binding protein (AIBP), was shown to reduce lipid rafts
content, inhibit inflammatory responses to LPS, and confer protection against atherosclerosis in a mouse
model [202]. Finally, nanoparticle-based therapeutics are emerging as highly specific approaches to modulate
raft composition and signaling. Lipid- and protein-decorated nanoparticles designed to selectively target raft
domains reduce systemic toxicity and hold translational potential in cardiovascular disease [203].

Overall, lipid rafts act as central hubs for inflammatory receptor signaling in atherosclerosis, and their
abundance and composition directly influence disease progression. Multiple therapeutic classes, including
cholesterol modulators, raft disruptors, sphingolipid-targeting agents, receptor-specific inhibitors, oxys-
terols, natural compounds, and nanoparticles, demonstrate preclinical efficacy, but the challenge remains to
translate these raft-targeted therapies into safe and effective treatments for cardiovascular disease.

7.3 Sodium-Glucose Cotransporter 2 (SGLT2) Inhibitors
7.3.1 Mechanism of Action

Suppression of SGLT2 is unanimously acknowledged as an important part of managing DM, cardiac
failure, and renal disorders, as was reported by Carnicelli and Mentz [204], Padda [205], Vaduganathan and
colleagues [206]. Suppression of sodium-glucose transport protein 2 shows pleiotropic impact, which may
be explained by different factors, such as powerful activity directed against inflammation, as was reported
by Elrakaybi [207], La Grotta and colleagues [208]. Theofilis and colleagues conducted a number of RCT
and revealed a remarkable efficacy of the treatment of cardiac failure with decreased left ventricular ejection
fraction (LVEF) [209]. In case of elevated LVEF, the effect of the treatment is yet to be fully discovered. Novel
medications, e.g., angiotensin receptor/neprilysin inhibitor (ARNI) and finerenone, might be able to alleviate
the burden associated with cardiac failure [210,211].

SGLT2 inhibitors, such as empagliflozin, have gained attention not only for their glucose-lowering
effects in diabetes management but also for their anti-inflammatory and cardioprotective benefits. These
agents promote urinary glucose excretion, which can reduce body weight and improve glycemic con-
trol. In addition to their metabolic effects, SGLT2 inhibitors have been shown to exert favorable effects
on inflammation and oxidative stress, both of which are critical in the pathogenesis of cardiovascular
disease [212,213].
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7.3.2 Clinical Evidence
Clinical trials demonstrate that SGLT2 inhibitors significantly lower the risk of hospitalization for heart

failure and reduce MACE among patients with existing cardiovascular disease or those at high risk [214].
Recent research involved thirty studies which were focused on the impact of sodium-glucose transport

protein 2 suppressants on inflammation biomarkers. The results of this research showed that sodium-glucose
transport protein 2 suppressants therapy considerably decreased concentrations of IL-6, C-reactive protein,
TNF-α, and monocyte chemoattractant protein 1 [215,216]. When empagliflozin was applied, the reduction of
C-reactive protein and TNF-α was not as pronounced. Whereas in this trial, mild-to-significant heterogenous
property has been observed and publication bias is probable, these results stayed unaltered following sensi-
tivity analysis [217,218]. The trial results indicated that suppression of sodium-glucose transport protein 2 is
able to decrease inflammation biomarkers in animals, confirming the theory of anti-inflammation properties
of sodium-glucose transport protein 2 suppressants, as was reported by Theofilis and colleagues [18]. Kondo
et al. investigated the characteristics of canagliflozin, which has a greater affinity to sodium-glucose transport
protein 1 than to sodium-glucose transport protein 2 [219]. This drug showed remarkable anti-oxidant
activity. Canagliflozin was able to decrease the activity of nicotinamide adenine dinucleotide phosphate
hydrogen (NADPH) oxidase, making tetrahydrobiopterin more available and ameliorating NO synthase
un-coupling via sodium-glucose transport protein 1/AMP activated protein kinase/RAC-1 pathway. This
process leads to alleviation of inflammation and inhibition of apoptosis [220,221]. Although more research
is necessary to establish the main cause of these positive effects of these agents on CVD occurrence (sodium-
glucose transport protein 1 or sodium-glucose transport protein 2). That is a subject of particular interest, as
recent trial indicated that nonselective suppression of sodium-glucose transport protein 2 could turn out to
be more efficient in decreasing the risk of hospital admission for heart failure and CV mortality [222–224].

SGLT2 inhibitors have garnered attention not only for their glucose-lowering effects in diabetes
management but also for their anti-inflammatory and cardioprotective benefits. These agents promote
urinary glucose excretion, which has been shown to reduce body weight and improve glycemic control [225].
In addition to these metabolic effects, SGLT2 inhibitors also exert favorable effects on inflammation and
oxidative stress, mechanisms that are critical in the pathogenesis of cardiovascular disease. Studies such as
EMPEROR-Reduced (Empagliflozin Outcome Trial in Patients With Chronic Heart Failure and a Reduced
Ejection Fraction) and DAPA-HF (Dapagliflozin and Prevention of Adverse Outcomes in Heart Failure)
have demonstrated that SGLT2 inhibitors significantly lower the risk of hospitalization for heart failure
and reduce major cardiovascular events among patients with existing cardiovascular disease or at high risk
[226–229]. The cardiovascular benefits of SGLT2 inhibitors extend beyond their diuretic and antihyper-
tensive effects. Evidence suggests they exert distinct anti-inflammatory and antifibrotic actions, including
reduction of pro-inflammatory cytokines (e.g., IL-6, TNF-α) and attenuation of myocardial fibrosis. More-
over, SGLT2 inhibitors modulate myocardial energy metabolism by promoting ketone utilization, improving
mitochondrial efficiency, and enhancing ATP production, which collectively contribute to improved cardiac
function and reduced heart failure risk [230]. The anti-inflammatory effects of SGLT2 inhibitors may
be linked to reduced levels of circulating inflammatory markers and improved myocardial oxygenation.
Clinically, the implications of using SGLT2 inhibitors extend beyond glycemic control; they represent
a paradigm shift in the management of patients with heart failure and chronic kidney disease, high-
lighting the importance of a multi-faceted approach that addresses inflammation and cardiovascular risk
concurrently [213].
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7.4 Natural Compounds
Brazilian Green Propolis

The extract of Brazilian green propolis is a natural substance obtained from different biologically active
plants, synthesized by the bees Apis mellifera. This compound protects against oxidative stress and inflam-
mation, as well as exhibits immunity modulating effects. Recent researches showed that propolis is able to
decrease inflammation markers and symptoms of various disorders associated with inflammation [231,232].
Research indicates that Brazilian green propolis can lower inflammatory markers and improve endothelial
function, presenting a potential adjunct therapy for CAD management.

For example, in subjects with CKD who are going through haemodialysis, 4-week propolis therapy
resulted in a notable decrease in concentrations of such proinflammatory cytokines as TNF-α, IFNγ, and
IL-1. Moreover, an RCT in subjects with COVID-19 who underwent hospital admission showed that the
subjects that were administered with from four hundred to eight hundred mg of propolis daily for 1 week
stayed hospitalized for a shorter time period in comparison to the placebo group. These findings imply that
the propolis doses in the RCTs were safe, which enables its application in the next trials [233,234].

The ability of propolis to protect against inflammation and to enhance the immune system was detected
in these randomized controlled trials, which involved ILs. The results of these trials show promising perspec-
tives for the application of propolis in subjects with CAD, since the inflammatory process is critical in the
progression of atheromatous plaques. A review was published recently which emphasized the impact of green
propolis on CVD, pronouncing its effects in maintaining of endothelium and myocardium functioning, and
its anti-angiogenic characteristics. Moreover, another group of researchers investigated multiple propolis
samples and detected its ability to affect thrombocyte aggregation testing, which implies that this substance
could have antiplatelet characteristics [235,236].

Natural products like propolis exhibit significant potential in regulating immune responses through
specific molecular mechanisms, as evidenced by various studies illustrating their antioxidant, anti-
inflammatory, and immunomodulatory properties. Propolis, particularly the Brazilian green and red
varieties, demonstrates anti-atherosclerotic effects by modulating the serum lipoprotein profile, suppressing
macrophage apoptosis, and inhibiting matrix metalloproteinase activity, all of which relate to its role in
immune response regulation [17,231]. Moreover, the therapeutic effects of propolis appear to stem from the
combined actions of numerous compounds that engage multiple signaling pathways, suggesting that further
investigation could elucidate the precise molecular mechanisms involved [237].

As for the combination of these natural products with existing drugs, the literature indicates promising
avenues. The multifaceted bioactivities of propolis may enhance the efficacy of traditional anti-inflammatory
medications or potentially reduce their side effects. For instance, propolis’s ability to modulate vascular
inflammation and oxidative stress could complement therapies aimed at cardiovascular conditions, thereby
improving overall treatment outcomes. This integrative approach could leverage the benefits of both natural
and synthetic pharmacological agents [231,238,239].

Additionally, clinical research supporting the effectiveness and safety of propolis in treating cardiovas-
cular diseases is still needed. Current studies predominantly focus on preclinical models, which establish a
foundation for studying propolis’s cardiovascular benefits. However, to translate these findings into clinical
practice, extensive trials confirming the therapeutic profiles of propolis, including dosage, safety, and long-
term effects, are essential. Overall, while propolis shows great promise, particularly in cardiovascular health,
ongoing research is crucial to clarify its clinical applications and mechanisms of action fully [237].

Key clinical trials evaluating anti-inflammatory strategies in coronary artery disease are summarized
in Table 2.
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Table 2: Comparative summary table of key clinical studies on inflammation and CAD

Study name Treatment/Agent Study design Patient population Key findings Limitations/
Comments

CANTOS Canakinumab RCT
10,061 post-MI
patients with

elevated hs-CRP

15% reduction in major adverse
cardiovascular events (MACE);

24% reduction in
cardiovascular death with

higher doses

High cost;
increased risk of

serious infections

LoDoCo Colchicine RCT 532 patients with
stable CAD

72% reduction in MACE,
significant decrease in unstable

angina

Long-term safety
and efficacy data

required

COLCOT Colchicine RCT 4745 post-MI
patients

23% reduction in MACE,
including myocardial infarction

and ischemic stroke

Limited
generalizability to

diverse populations

AVERT Atorvastatin RCT CAD patients with
ischemic symptoms

Reduced ischemic events;
beneficial effect on hs-CRP

levels

Focused on statin
use, not specifically

on inflammation

EMPEROR-
Reduced Empagliflozin RCT Patients with heart

failure and CAD

Lowered risk of hospitalization
for heart failure;

anti-inflammatory effects
observed

Majority of patients
had diabetes,

limiting
generalizability

Methotrexate
Trials Methotrexate Multiple studies

(RCTs)
Variable populations

(RA, CAD)

Mixed results; potential to
lower inflammatory markers
but uncertainties in CV event

reduction

Higher rates of
adverse effects;
requires close
monitoring

Tocilizumab IL-6 Inhibitor DBPC Study,
RCTs

Non-STEMI
patients

Reduced inflammation, lower
CRP levels; potential benefit in

myocardial salvage

Safety profile
includes risk of

infections; specific
patient group

studied

Brazilian Green
Propolis

Natural
Compound

Various trials
(RCTs)

Patients with
inflammatory

conditions

Decreased inflammatory
markers in multiple settings;

potential atheroprotective
effects

Further studies
needed to confirm
clinical impact in

CAD

Note: Abbreviation: RCT: randomized clinical trial; CAD: coronary artery disease; EMPEROR: Empagliflozin
Outcome Trial in Patients with Chronic Heart Failure; RA: rheumatoid arthritis; CV: cardiovascular.

8 Biomarkers and Risk Stratification

8.1 Hs-CRP
8.1.1 Mechanism and Role

There is growing interest in researching the utilization of markers to evaluate inflammation, and that
interest has been increasing for many years now. Elevated concentrations of high-sensitivity CRP and IL-
6 were proved to be closely connected to the adverse cardiovascular events. Although C-reactive protein
is generated by the liver. C-reactive protein possibly reflects the result of the pathway of activation of IL-
1/IL-6 [114,240]. Hereby, it probably does not facilitate the appearance of such harmful conditions as acute
coronary syndrome directly. However, high-sensitivity C-reactive protein seems to be a major marker and is
being closely investigated as a predictor of the risk of detrimental CV events.
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8.1.2 Clinical Evidence
Recent research has demonstrated that in groups of subjects with elevated risk of AS, high-sensitivity

C-reactive protein could be used to predict cardiovascular disease, CV mortality, and overall mortal-
ity [241,242]. High-sensitivity C-reactive protein proved to be better as a predictor of such events than
residual C risk (as evaluated by LDL-C). This emphasizes the possible perspectives of utilizing C-reactive
protein for prediction in evaluation of the risk of adverse CV events in coronary artery disease. Although it
is noteworthy that whereas assessable blood markers, e.g., C-reactive protein, give useful information, their
usefulness is still restricted since they are not providing information on the atheromatous plaques’ location
and degree [243,244].

Inflammatory biomarkers, such as hs-CRP and IL-6, have gained traction as predictive factors for
cardiovascular events, providing critical insights into an individual’s risk profile. Elevated levels of these
markers are associated with a higher likelihood of adverse cardiovascular outcomes, making them valuable
tools in both primary and secondary prevention strategies. For instance, routine measurement of hs-CRP can
be employed in clinical practice to stratify risk among patients, particularly for those with elevated cholesterol
levels but no apparent traditional risk factors [245,246]. Monitoring hs-CRP levels can help guide treatment
decisions, as a significant reduction in hs-CRP following interventions—such as statin therapy or anti-
inflammatory treatments like canakinumab—may indicate a favorable response and reduced cardiovascular
risk. Clinicians can utilize point-of-care testing and laboratory assessments to routinely measure these
biomarkers, integrating them into risk assessment algorithms [247,248]. Moreover, clinical guidelines
suggest using hs-CRP measurements to aid in the decision-making process for statin therapy, especially
in individuals with intermediate cardiovascular risk. Maintaining awareness of inflammatory markers and
their dynamics can enhance patient care by enabling more personalized and proactive management of
cardiovascular disease, ultimately striving for better outcomes through targeted interventions [249].

8.1.3 Limitations and Considerations
hs-CRP is recognized as a significant biomarker for predicting cardiovascular events, but its predic-

tive accuracy can be influenced by several factors, including obesity, diabetes, infections, and metabolic
syndrome. These conditions can lead to elevated levels of hs-CRP due to their association with chronic
inflammation, which complicates the interpretation of hs-CRP as an isolated risk marker [250,251]. For
example, the presence of obesity and metabolic syndrome can result in persistently elevated hs-CRP levels,
thereby masking an individual’s true cardiovascular risk. Similarly, acute infections can cause marked spikes
in hs-CRP, making it challenging to assess long-term cardiovascular risk reliably.

To improve the prediction of cardiovascular events using hs-CRP, several strategies can be employed.
First, it is essential to interpret hs-CRP levels in the context of the patient’s overall health status, particularly
during periods of chronic inflammation or acute illness [252,253]. Measuring hs-CRP when the patient is in
a stable condition can yield more reliable readings. Additionally, integrating hs-CRP with other biomarkers
or clinical risk factors could enhance its predictive power. For instance, using hs-CRP alongside traditional
lipid profiles, like LDL-C, and other inflammatory markers could provide a more comprehensive assessment
of cardiovascular risk [254,255].

Furthermore, considering the individual characteristics such as ethnicity, age, sex, and comorbidities
when establishing hs-CRP thresholds is vital. Given the variation in hs-CRP levels among different popula-
tions and health conditions, a one-size-fits-all approach may not be appropriate. Personalized risk assessment
strategies that account for these factors can lead to more accurate predictions. Lastly, utilizing hs-CRP
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measurements over time rather than relying on a single measurement can capture the dynamic nature of
inflammation and provide better risk stratification [256,257].

In conclusion, while obesity, diabetes, infections, and metabolic syndrome can indeed interfere with
the accuracy of hs-CRP as a cardiovascular risk predictor, a holistic and personalized approach to its
interpretation, along with the use of complementary biomarkers, can substantially enhance its utility in
predicting cardiovascular events. This strategy can help clinicians make more informed decisions and
ultimately improve patient outcomes in cardiovascular health [258].

8.2 Other Inflammatory Biomarkers
While hs-CRP serves as a crucial biomarker for predicting cardiovascular events, several other inflam-

matory biomarkers, such as IL-6, TNF-α, fibrinogen, and serum amyloid A (SAA), have also shown
significant predictive value in assessing cardiovascular risk [259].

8.2.1 IL-6, TNF-α, Fibrinogen
Research indicates that these biomarkers, individually and in combination, can enhance the prediction

of cardiovascular events, particularly among patients categorized as “intermediate risk.” For example, studies
have demonstrated a robust association between elevated levels of IL-6 and TNF-α with increased atheroscle-
rotic risk, suggesting that these pro-inflammatory cytokines can provide insights into the inflammatory
processes underlying cardiovascular disease [260,261].

Combining multiple inflammatory biomarkers may yield a more accurate risk assessment, as different
markers reflect various aspects of the inflammatory response involved in atherogenesis. This multifactorial
approach can improve risk stratification and potentially help identify individuals who may benefit most from
preventive interventions.

8.2.2 Combined Biomarker Approach
For instance, a combined evaluation of hs-CRP, IL-6, fibrinogen, and other inflammatory markers could

offer a more precise picture of cardiovascular risk and support more tailored treatment approaches [262,263].

8.3 Clinical Implications
Additionally, the integration of these biomarkers into current cardiovascular disease prevention strate-

gies could optimize management approaches. By identifying patients at higher risk through comprehensive
inflammatory profiling, clinicians could implement earlier and more aggressive treatment regimens, includ-
ing lifestyle modifications, pharmacotherapy, and anti-inflammatory interventions. The interplay of these
biomarkers with established cardiovascular risk factors—such as hypertension, obesity, and diabetes—also
underscores the importance of addressing inflammation as a pivotal component in managing cardiovascular
health [264–266].

In summary, while hs-CRP is a widely recognized biomarker, incorporating a panel of inflammatory
markers can enhance predictive accuracy for cardiovascular events, particularly in patients at intermediate
risk, and help refine and optimize current cardiovascular disease prevention strategies. By recognizing
the multifaceted nature of cardiovascular risk, clinicians can better tailor interventions to improve patient
outcomes.



22 BIOCELL. 2026;50(4):4

9 Future Directions and Research Focus
As we look to the future of cardiovascular disease management, particularly in the context of atheroscle-

rosis, several promising avenues of research warrant attention. These focus areas include cytokine targeting,
immune response regulation, the exploration of natural compounds, inflammasome modulation, and the
development of combination therapies. Each of these directions holds the potential to provide novel
therapeutic strategies that not only aim to reduce inflammation but also improve clinical outcomes for
patients at risk of cardiovascular events [267,268]. Major future research directions and representative
ongoing clinical trials are summarized in Table 3.

Table 3: Future directions in anti-inflammatory research for atherosclerosis

Research focus Potential targets Ongoing studies/Clinical
trials Expected outcomes

Cytokine targeting Interleukin 1 beta,
Interleukin 6

NCT05021835: Ziltivekimab
vs. placebo in CKD patients

Decreased cardiovascular
events in high-risk patients

Regulation of
immune response T-regulatory cells LILACS trial: IL-2 in CVD

patients
Enhanced T-reg function,
improved plaque stability

Natural
compounds

Brazilian green
propolis N/A

Reduced inflammatory
markers, potential

atheroprotective effects

Inflammasome
modulation

Cryopyrin
inflammasome N/A New treatments targeting

inflammasome components

Combination
therapies

Statins, IL-1, IL-6
inhibitors N/A

Improved efficacy in
reducing CV events through

multi-target approach

Biomarker
validation

High-sensitivity
CRP, IL-6

Ongoing studies on predictive
values of inflammatory

markers

Better risk stratification and
monitoring of treatment

outcomes

Note: Abbreviation: LILACS: Lymphadenectomy in locally advanced cervical cancer study; N/A: Not Applicable.

9.1 Cytokine Targeting
Research into the selective inhibition of pro-inflammatory cytokines continues to be a pivotal area

of focus. Inhibitors of IL-1β and IL-6 have demonstrated success in clinical trials, where they have shown
the ability to significantly reduce major adverse cardiovascular events. For instance, ongoing trials such as
NCT05021835 are investigating the efficacy of ziltivekimab against placebo in chronic kidney disease (CKD)
patients, aiming to elucidate its impact on cardiovascular outcomes. Targeting these cytokines not only aims
to directly mitigate inflammation but may also stabilize atherosclerotic plaques and prevent rupture, thereby
reducing the risk of acute cardiovascular incidents [269,270].

9.2 Immune Response Regulation
The regulation of immune responses, particularly through the enhancement of T-regulatory (Treg) cells,

represents another promising frontier in AS research. Trials like the Lymphadenectomy in locally advanced
cervical cancer study (LILACS) study, which evaluates the effects of IL-2 on cardiovascular disease patients,
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aim to enhance Treg function and improve plaque stability. The role of Tregs in controlling inflammation and
autoimmunity could make them crucial players in the prevention of atherosclerosis progression. If successful,
such therapies could lead to novel interventions that restore balance within the immune system, benefiting
patients with CAD [271–273].

9.3 Natural Compounds
The investigation of natural compounds for their potential atheroprotective effects has gained momen-

tum, particularly with agents such as Brazilian green propolis. Research indicates that these natural
substances can lower inflammatory markers and exhibit cardioprotective properties. Future studies are
anticipated to clarify their mechanisms of action and validate their efficacy in clinical settings, providing
alternative or adjunctive options for managing AS and its inflammatory components [274].

9.4 Inflammasome Modulation
Modulating the cryopyrin inflammasome (NLRP3 inflammasome) is an emerging area of interest

that could unveil new therapeutic strategies targeting the innate immune system’s contribution to AS.
Research is ongoing to explore how targeting components of this inflammasome can influence inflammatory
cytokine release and subsequent atherosclerotic development. Successful interventions in this domain
may lead to innovative drugs aimed specifically at interrupting harmful inflammatory cascades in AS
progression [275,276].

9.5 Combination Therapies
The adoption of combination therapies, integrating established drugs such as statins with novel anti-

inflammatory agents like IL-1 and IL-6 inhibitors, represents a strategic approach to enhance therapeutic
efficacy. Ongoing trials are assessing how these multi-target strategies can synergistically reduce cardiovas-
cular events, leveraging different mechanisms of action to combat inflammation and atherosclerosis more
effectively. The potential for combination therapies to address multiple facets of AS could result in improved
patient outcomes and a reduction in recurrent cardiovascular incidents [277–279].

9.6 Biomarker Validation
Finally, the validation of inflammatory biomarkers, including hs-CRP and IL-6, for risk stratification

and monitoring treatment efficacy is critical for advancing cardiovascular care. Ongoing studies are exploring
their predictive values, which can help tailor interventions based on individual inflammatory profiles,
ultimately enhancing personalized medicine approaches in CAD management [280,281].

10 Conclusion
In conclusion, the substantial burden of atherosclerosis and its complications underscores the urgent

need for improved strategies in cardiovascular disease prevention and management. This review highlights
the intricate relationship between inflammatory processes and the progression of coronary artery disease,
illustrating how immune system dysregulation can exacerbate atherogenesis and plaque instability. Emerging
evidence supports the pivotal role of inflammatory biomarkers, such as high-sensitivity C-reactive protein,
in predicting adverse cardiovascular events and monitoring treatment efficacy.

Current therapeutic approaches, including targeted inhibition of pro-inflammatory cytokines and
the use of statins, demonstrate promise in reducing cardiovascular risk associated with inflammation.
Additionally, novel agents like sodium-glucose transport protein 2 inhibitors and natural products like
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Brazilian green propolis may offer new avenues for anti-inflammatory intervention. Future research should
focus on the mechanistic understanding of inflammation in cardiovascular pathology, the development
of tailored anti-inflammatory therapies, and the optimization of existing treatments to mitigate recurrent
cardiovascular events.

By advancing our insights into the inflammatory underpinnings of atherosclerosis, we can enhance
the standard of care for patients with coronary artery disease, ultimately improving their quality of life and
reducing the burden of cardiovascular morbidity and mortality.
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with MTX reduce circulating levels of heparan sulfate/heparin and endothelial dysfunction biomarkers (sVCAM-
1, MCP-1, MMP-9 and ADMA) in women with rheumatoid arthritis. J Clin Med. 2022;11(14):4213. doi:10.3390/
jcm11144213.

110. Cavero-Redondo I, Saz-Lara A, Lugones-Sánchez C, Pozuelo-Carrascosa DP, Gómez-Sánchez L, López-Gil JF,
et al. Comparative effect of antihypertensive drugs in improving arterial stiffness in adults with hypertension
(RIGIPREV study). A network meta-analysis. Front Pharmacol. 2023;14:1225795. doi:10.3389/fphar.2023.1225795.

https://doi.org/10.1016/j.athplu.2023.09.001
https://doi.org/10.1016/j.athplu.2023.09.001
https://doi.org/10.1177/17539447231215213
https://doi.org/10.1177/17539447231215213
https://doi.org/10.1016/j.atherosclerosis.2013.09.006
https://doi.org/10.3390/jcm8081109
https://doi.org/10.1093/intimm/dxaa078
https://doi.org/10.1093/intimm/dxaa078
https://doi.org/10.1016/j.biopha.2024.117177
https://doi.org/10.1016/j.jbspin.2018.07.004
https://doi.org/10.1155/2017/9632846
https://doi.org/10.1155/2017/9632846
https://doi.org/10.1016/j.biopha.2022.113074
https://doi.org/10.3390/ph16091242
https://doi.org/10.1007/s40119-024-00376-3
https://doi.org/10.1007/s40119-024-00376-3
https://doi.org/10.3389/fcvm.2022.1012661
https://doi.org/10.1111/j.1538-7836.2009.03404.x
https://doi.org/10.1111/j.1538-7836.2009.03404.x
https://doi.org/10.3390/ijms23031332
https://doi.org/10.1002/art.40911
https://doi.org/10.1007/s40256-019-00345-5
https://doi.org/10.3390/jcm11144213
https://doi.org/10.3390/jcm11144213
https://doi.org/10.3389/fphar.2023.1225795


30 BIOCELL. 2026;50(4):4

111. Woodman RJ, Baghdadi LR, Shanahan ME, Mangoni AA. The temporal relationship between arterial stiffening
and blood pressure is modified by methotrexate treatment in patients with rheumatoid arthritis. Front Physiol.
2017;8:593. doi:10.3389/fphys.2017.00593.

112. Lin JL, Tseng WK, Lee PT, Lee CH, Tseng SY, Chen PW, et al. A randomized controlled trial evaluating outcome
impact of cilostazol in patients with coronary artery disease or at a high risk of cardiovascular disease. J Pers Med.
2022;12(6):938. doi:10.3390/jpm12060938.

113. Thethi TK, Pratley R, Meier JJ. Efficacy, safety and cardiovascular outcomes of once-daily oral semaglutide in
patients with type 2 diabetes: the PIONEER programme. Diabetes Obes Metab. 2020;22(8):1263–77. doi:10.1111/
dom.14054.

114. Ridker PM, MacFadyen JG, Glynn RJ, Bradwin G, Hasan AA, Rifai N. Comparison of interleukin-6, C-reactive
protein, and low-density lipoprotein cholesterol as biomarkers of residual risk in contemporary practice: secondary
analyses from the Cardiovascular Inflammation Reduction Trial. Eur Heart J. 2020;41(31):2952–61. doi:10.1093/
eurheartj/ehaa160.

115. Mitsis A, Kyriakou M, Sokratous S, Karmioti G, Drakomathioulakis M, Myrianthefs M, et al. Exploring the
landscape of anti-inflammatory trials: a comprehensive review of strategies for targeting inflammation in acute
myocardial infraction. Biomedicines. 2024;12(3):701. doi:10.3390/biomedicines12030701.

116. Khatiwada N, Hong Z. Potential benefits and risks associated with the use of statins. Pharmaceutics. 2024;16(2):214.
doi:10.3390/pharmaceutics16020214.

117. Morofuji Y, Nakagawa S, Ujifuku K, Fujimoto T, Otsuka K, Niwa M, et al. Beyond lipid-lowering: effects of
statins on cardiovascular and cerebrovascular diseases and cancer. Pharmaceuticals. 2022;15(2):151. doi:10.3390/
ph15020151.

118. Ray S. Role of statins in the management of dyslipidaemia. Indian Heart J. 2024;76:S33–7. doi:10.1016/j.ihj.2023.11.
267.

119. Mollazadeh H, Tavana E, Fanni G, Bo S, Banach M, Pirro M, et al. Effects of statins on mitochondrial pathways.
J Cachexia Sarcopenia Muscle. 2021;12(2):237–51. doi:10.1002/jcsm.12654.

120. Kounatidis D, Tentolouris N, Vallianou NG, Mourouzis I, Karampela I, Stratigou T, et al. The pleiotropic
effects of lipid-modifying interventions: exploring traditional and emerging hypolipidemic therapies. Metabolites.
2024;14(7):388. doi:10.3390/metabo14070388.

121. Jiang W, Hu JW, He XR, Jin WL, He XY. Statins: a repurposed drug to fight cancer. J Exp Clin Cancer Res.
2021;40(1):241. doi:10.1186/s13046-021-02041-2.

122. Ridker PM. From C-reactive protein to interleukin-6 to interleukin-1: moving upstream to identify novel targets
for atheroprotection. Circ Res. 2016;118(1):145–56. doi:10.1161/CIRCRESAHA.115.306656.

123. Diamantis E, Kyriakos G, Quiles-Sanchez LV, Farmaki P, Troupis T. The anti-inflammatory effects of statins on
coronary artery disease: an updated review of the literature. Curr Cardiol Rev. 2017;13(3):209–16. doi:10.2174/
1573403X13666170426104611.

124. Parsamanesh N, Moossavi M, Bahrami A, Fereidouni M, Barreto G, Sahebkar A. NLRP3 inflammasome as a
treatment target in atherosclerosis: a focus on statin therapy. Int Immunopharmacol. 2019;73:146–55. doi:10.1016/
j.intimp.2019.05.006.

125. McCormick LS, Black DM, Waters D, Brown WV, Pitt B. Rationale, design, and baseline characteristics of a
trial comparing aggressive lipid lowering with Atorvastatin Versus Revascularization Treatments (AVERT). Am J
Cardiol. 1997;80(9):1130–3. doi:10.1016/s0002-9149(97)00627-9.

126. Usman NUB, Winson T, Roy PB, Tejani VN, Dhillon SS, Damarlapally N, et al. The impact of statin therapy on
cardiovascular outcomes in patients with diabetes: a systematic review. Cureus. 2023;15(10):e47294. doi:10.7759/
cureus.47294.

127. Mihos CG, Pineda AM, Santana O. Cardiovascular effects of statins, beyond lipid-lowering properties. Pharmacol
Res. 2014;88:12–9. doi:10.1016/j.phrs.2014.02.009.

128. Zhou Q, Liao JK. Statins and cardiovascular diseases: from cholesterol lowering to pleiotropy. Curr Pharm Des.
2009;15(5):467–78. doi:10.2174/138161209787315684.

https://doi.org/10.3389/fphys.2017.00593
https://doi.org/10.3390/jpm12060938
https://doi.org/10.1111/dom.14054
https://doi.org/10.1111/dom.14054
https://doi.org/10.1093/eurheartj/ehaa160
https://doi.org/10.1093/eurheartj/ehaa160
https://doi.org/10.3390/biomedicines12030701
https://doi.org/10.3390/pharmaceutics16020214
https://doi.org/10.3390/ph15020151
https://doi.org/10.3390/ph15020151
https://doi.org/10.1016/j.ihj.2023.11.267
https://doi.org/10.1016/j.ihj.2023.11.267
https://doi.org/10.1002/jcsm.12654
https://doi.org/10.3390/metabo14070388
https://doi.org/10.1186/s13046-021-02041-2
https://doi.org/10.1161/CIRCRESAHA.115.306656
https://doi.org/10.2174/1573403X13666170426104611
https://doi.org/10.2174/1573403X13666170426104611
https://doi.org/10.1016/j.intimp.2019.05.006
https://doi.org/10.1016/j.intimp.2019.05.006
https://doi.org/10.1016/s0002-9149(97)00627-9
https://doi.org/10.7759/cureus.47294
https://doi.org/10.7759/cureus.47294
https://doi.org/10.1016/j.phrs.2014.02.009
https://doi.org/10.2174/138161209787315684


BIOCELL. 2026;50(4):4 31

129. Rao AD, Milbrandt EB. To JUPITER and beyond: statins, inflammation, and primary prevention. Crit Care.
2010;14(3):310. doi:10.1186/cc9006.

130. Yang C, Wu YJ, Qian J, Li JJ. Landscape of statin as a cornerstone in atherosclerotic cardiovascular disease. Rev
Cardiovasc Med. 2023;24(12):373. doi:10.31083/j.rcm2412373.

131. Sadiq NM, Robinson KJ, Terrell JM. Colchicine. In: StatPearls [Internet]. Treasure Island, FL, USA: StatPearls
Publishing; 2024 [cited 2025 Nov 12]. Available from: https://www.ncbi.nlm.nih.gov/books/NBK431102/.

132. Imazio M, Nidorf M. Colchicine and the heart. Eur Heart J. 2021;42(28):2745–60. doi:10.1093/eurheartj/ehab221.
133. Amaral NB, Rodrigues TS, Giannini MC, Lopes MI, Bonjorno LP, Menezes PO, et al. Colchicine reduces the

activation of NLRP3 inflammasome in COVID-19 patients. Inflamm Res. 2023;72(5):895–9. doi:10.1007/s00011-
023-01718-y.

134. Zhang FS, He QZ, Qin CH, Little PJ, Weng JP, Xu SW. Therapeutic potential of colchicine in cardiovascular
medicine: a pharmacological review. Acta Pharmacol Sin. 2022;43(9):2173–90. doi:10.1038/s41401-021-00835-w.

135. D’Amario D, Cappetta D, Cappannoli L, Princi G, Migliaro S, Diana G, et al. Colchicine in ischemic heart disease:
the good, the bad and the ugly. Clin Res Cardiol. 2021;110(10):1531–42. doi:10.1007/s00392-021-01828-9.

136. Bulnes JF, González L, Velásquez L, Orellana MP, Venturelli PM, Martínez G. Role of inflammation and evidence
for the use of colchicine in patients with acute coronary syndrome. Front Cardiovasc Med. 2024;11:1356023. doi:10.
3389/fcvm.2024.1356023.

137. Huang R, Duan J, Huang W, Cheng Y, Zhu B, Li F. Inhibition of CYP1A1 alleviates colchicine-induced hepatotox-
icity. Toxins. 2024;16(1):35. doi:10.3390/toxins16010035.

138. Butt AK, Cave B, Maturana M, Towers WF, Khouzam RN. The role of colchicine in coronary artery disease. Curr
Probl Cardiol. 2021;46(3):100690. doi:10.1016/j.cpcardiol.2020.100690.

139. Giubilato S, Ciliberti G, Scicchitano P, Di Monaco A, Fortuni F, Zilio F, et al. Colchicine and atherosclerotic
coronary artery disease: an updated review. J Clin Med. 2025;14(18):6396. doi:10.3390/jcm14186396.

140. Silvis MJM, Fiolet ATL, Opstal TSJ, Dekker M, Suquilanda D, Zivkovic M, et al. Colchicine reduces extracellular
vesicle NLRP3 inflammasome protein levels in chronic coronary disease: a LoDoCo2 biomarker substudy.
Atherosclerosis. 2021;334:93–100. doi:10.1016/j.atherosclerosis.2021.08.005.

141. Nidorf SM, Fiolet ATL, Eikelboom JW, Schut A, Opstal TSJ, Bax WA, et al. The effect of low-dose colchicine in
patients with stable coronary artery disease: the LoDoCo2 trial rationale, design, and baseline characteristics. Am
Heart J. 2019;218:46–56. doi:10.1016/j.ahj.2019.09.011.

142. Chen T, Liu G, Yu B. Colchicine for coronary artery disease: a review. Front Cardiovasc Med. 2022;9:892588. doi:10.
3389/fcvm.2022.892588.

143. Li J, Meng X, Shi FD, Jing J, Gu HQ, Jin A, et al. Colchicine in patients with acute ischaemic stroke or
transient ischaemic attack (CHANCE-3): multicentre, double blind, randomised, placebo controlled trial. BMJ.
2024;385:e079061. doi:10.1136/bmj-2023-079061.

144. Bouabdallaoui N, Tardif JC, Waters DD, Pinto FJ, Maggioni AP, Diaz R, et al. Time-to-treatment initiation of
colchicine and cardiovascular outcomes after myocardial infarction in the Colchicine Cardiovascular Outcomes
Trial (COLCOT). Eur Heart J. 2020;41(42):4092–9. doi:10.1093/eurheartj/ehaa659.

145. Tardif JC, Kouz S, Waters DD, Bertrand OF, Diaz R, Maggioni AP, et al. Efficacy and safety of low-dose colchicine
after myocardial infarction. N Engl J Med. 2019;381(26):2497–505. doi:10.1056/NEJMoa1912388.

146. Malik J, Javed N, Ishaq U, Khan U, Laique T. Is there a role for colchicine in acute coronary syndromes? A literature
review. Cureus. 2020;12(5):e8166. doi:10.7759/cureus.8166.

147. Cimmino G, Loffredo FS, De Rosa G, Cirillo P. Colchicine in athero-thrombosis: molecular mechanisms and
clinical evidence. Int J Mol Sci. 2023;24(3):2483. doi:10.3390/ijms24032483.

148. Ridker PM. Targeting residual inflammatory risk: the next frontier for atherosclerosis treatment and prevention.
Vascul Pharmacol. 2023;153:107238. doi:10.1016/j.vph.2023.107238.

149. Hansten PD, Tan MS, Horn JR, Gomez-Lumbreras A, Villa-Zapata L, Boyce RD, et al. Colchicine drug inter-
action errors and misunderstandings: recommendations for improved evidence-based management. Drug Saf.
2023;46(3):223–42. doi:10.1007/s40264-022-01265-1.

https://doi.org/10.1186/cc9006
https://doi.org/10.31083/j.rcm2412373
https://www.ncbi.nlm.nih.gov/books/NBK431102/
https://doi.org/10.1093/eurheartj/ehab221
https://doi.org/10.1007/s00011-023-01718-y
https://doi.org/10.1007/s00011-023-01718-y
https://doi.org/10.1038/s41401-021-00835-w
https://doi.org/10.1007/s00392-021-01828-9
https://doi.org/10.3389/fcvm.2024.1356023
https://doi.org/10.3389/fcvm.2024.1356023
https://doi.org/10.3390/toxins16010035
https://doi.org/10.1016/j.cpcardiol.2020.100690
https://doi.org/10.3390/jcm14186396
https://doi.org/10.1016/j.atherosclerosis.2021.08.005
https://doi.org/10.1016/j.ahj.2019.09.011
https://doi.org/10.3389/fcvm.2022.892588
https://doi.org/10.3389/fcvm.2022.892588
https://doi.org/10.1136/bmj-2023-079061
https://doi.org/10.1093/eurheartj/ehaa659
https://doi.org/10.1056/NEJMoa1912388
https://doi.org/10.7759/cureus.8166
https://doi.org/10.3390/ijms24032483
https://doi.org/10.1016/j.vph.2023.107238
https://doi.org/10.1007/s40264-022-01265-1


32 BIOCELL. 2026;50(4):4

150. Leung YY, Yao Hui LL, Kraus VB. Colchicine—update on mechanisms of action and therapeutic uses. Semin
Arthritis Rheum. 2015;45(3):341–50. doi:10.1016/j.semarthrit.2015.06.013.

151. Deroissart J, Porsch F, Koller T, Binder CJ. Anti-inflammatory and immunomodulatory therapies in atherosclero-
sis. In: Prevention and treatment of atherosclerosis. Cham, Switzerland: Springer International Publishing; 2021.
p. 359–404. doi:10.1007/164_2021_505.

152. Gerasimova EV, Popkova TV, Kirillova IG, Gerasimova DA, Nasonov EL, Lila AM. Interleukin-6: cardiovascular
aspects of long-term cytokine suppression in patients with rheumatoid arthritis. Int J Mol Sci. 2024;25(22):12425.
doi:10.3390/ijms252212425.

153. Choudhary A, Rawat U, Kumar P, Mittal P. Pleotropic effects of statins: the dilemma of wider utilization of statin.
Egypt Heart J. 2023;75(1):1. doi:10.1186/s43044-023-00327-8.

154. Duan Y, Gong K, Xu S, Zhang F, Meng X, Han J. Regulation of cholesterol homeostasis in health and diseases:
from mechanisms to targeted therapeutics. Signal Transduct Target Ther. 2022;7(1):265. doi:10.1038/s41392-022-
01125-5.

155. Baylis RA, Gomez D, Mallat Z, Pasterkamp G, Owens GK. The CANTOS trial: one important step for clinical
cardiology but a giant leap for vascular biology. Arterioscler Thromb Vasc Biol. 2017;37(11):e174–7. doi:10.1161/
ATVBAHA.117.310097.

156. Roman YM, Hernandez AV, White CM. The role of suppressing inflammation in the treatment of atherosclerotic
cardiovascular disease. Ann Pharmacother. 2020;54(10):1021–9. doi:10.1177/1060028020922994.

157. Ridker PM, MacFadyen JG, Everett BM, Libby P, Thuren T, Glynn RJ, et al. Relationship of C-reactive protein
reduction to cardiovascular event reduction following treatment with canakinumab: a secondary analysis from the
CANTOS randomised controlled trial. The Lancet. 2018;391(10118):319–28. doi:10.1016/S0140-6736(17)32814-3.

158. Agnello F, Ingala S, Laterra G, Scalia L, Barbanti M. Novel and emerging LDL-C lowering strategies: a new era of
dyslipidemia management. J Clin Med. 2024;13(5):1251. doi:10.3390/jcm13051251.

159. Raschi E, Casula M, Cicero AFG, Corsini A, Borghi C, Catapano A. Beyond statins: new pharmacological targets to
decrease LDL-cholesterol and cardiovascular events. Pharmacol Ther. 2023;250:108507. doi:10.1016/j.pharmthera.
2023.108507.

160. Ridker PM, Luscher TF. Anti-inflammatory therapies for cardiovascular disease. Eur Heart J. 2014;35(27):1782–91.
doi:10.1093/eurheartj/ehu203.

161. Alradwan I, Al Fayez N, Alomary MN, Alshehri AA, Aodah AH, Almughem FA, et al. Emerging trends and
innovations in the treatment and diagnosis of atherosclerosis and cardiovascular disease: a comprehensive review
towards healthier aging. Pharmaceutics. 2024;16(8):1037. doi:10.3390/pharmaceutics16081037.

162. Rich MW, Chyun DA, Skolnick AH, Alexander KP, Forman DE, Kitzman DW, et al. Knowledge gaps in
cardiovascular care of the older adult population: a scientific statement from the American heart association,
American college of cardiology, and American geriatrics society. J Am Coll Cardiol. 2016;67(20):2419–40. doi:10.
1016/j.jacc.2016.03.004.

163. Cefalu WT, Kaul S, Gerstein HC, Holman RR, Zinman B, Skyler JS, et al. Cardiovascular outcomes trials in type
2 diabetes: where do we go from here? Reflections from a Diabetes care editors’ expert forum. Diabetes Care.
2018;41(1):14–31. doi:10.2337/dci17-0057.

164. Davidson MH, Hsieh A, Dicklin MR, Maki KC. The imperative to enhance cost-effectiveness for cardiovascular
therapeutic development. JACC Basic Transl Sci. 2024;9(8):1029–40. doi:10.1016/j.jacbts.2023.12.005.

165. Salminen A. Clinical perspectives on the age-related increase of immunosuppressive activity. J Mol Med.
2022;100(5):697–712. doi:10.1007/s00109-022-02193-4.

166. Saint Croix G, Lacy SC, Gazzhal A, Ibrahim M, Gjergjindreaj M, Perez J, et al. Dual antiplatelet therapy in patients
aged 75 years and older with coronary artery disease: a meta-analysis and systematic review. J Interv Cardiol.
2022;2022:3111840. doi:10.1155/2022/3111840.

167. Baryakova TH, Pogostin BH, Langer R, McHugh KJ. Overcoming barriers to patient adherence: the case for
developing innovative drug delivery systems. Nat Rev Drug Discov. 2023;22(5):387–409. doi:10.1038/s41573-023-
00670-0.

https://doi.org/10.1016/j.semarthrit.2015.06.013
https://doi.org/10.1007/164_2021_505
https://doi.org/10.3390/ijms252212425
https://doi.org/10.1186/s43044-023-00327-8
https://doi.org/10.1038/s41392-022-01125-5
https://doi.org/10.1038/s41392-022-01125-5
https://doi.org/10.1161/ATVBAHA.117.310097
https://doi.org/10.1161/ATVBAHA.117.310097
https://doi.org/10.1177/1060028020922994
https://doi.org/10.1016/S0140-6736(17)32814-3
https://doi.org/10.3390/jcm13051251
https://doi.org/10.1016/j.pharmthera.2023.108507
https://doi.org/10.1016/j.pharmthera.2023.108507
https://doi.org/10.1093/eurheartj/ehu203
https://doi.org/10.3390/pharmaceutics16081037
https://doi.org/10.1016/j.jacc.2016.03.004
https://doi.org/10.1016/j.jacc.2016.03.004
https://doi.org/10.2337/dci17-0057
https://doi.org/10.1016/j.jacbts.2023.12.005
https://doi.org/10.1007/s00109-022-02193-4
https://doi.org/10.1155/2022/3111840
https://doi.org/10.1038/s41573-023-00670-0
https://doi.org/10.1038/s41573-023-00670-0


BIOCELL. 2026;50(4):4 33

168. Fernandez-Lazaro CI, García-González JM, Adams DP, Fernandez-Lazaro D, Mielgo-Ayuso J, Caballero-Garcia
A, et al. Adherence to treatment and related factors among patients with chronic conditions in primary care: a
cross-sectional study. BMC Fam Pract. 2019;20(1):132. doi:10.1186/s12875-019-1019-3.

169. Welsh P, Grassia G, Botha S, Sattar N, Maffia P. Targeting inflammation to reduce cardiovascular disease risk: a
realistic clinical prospect? Br J Pharmacol. 2017;174(22):3898–913. doi:10.1111/bph.13818.

170. Specker C, Aringer M, Burmester GR, Killy B, Hofmann MW, Kellner H, et al. The safety and effectiveness of
tocilizumab in elderly patients with rheumatoid arthritis and in patients with comorbidities associated with age.
Clin Exp Rheumatol. 2022;40(9):1657–65. doi:10.55563/clinexprheumatol/f7ff6q.

171. Sekine M, Okamoto K, Pai EF, Nagata K, Ichida K, Hille R, et al. Allopurinol and oxypurinol differ in their strength
and mechanisms of inhibition of xanthine oxidoreductase. J Biol Chem. 2023;299(9):105189. doi:10.1016/j.jbc.2023.
105189.

172. Korsmo HW, Ekperikpe US, Daehn IS. Emerging roles of xanthine oxidoreductase in chronic kidney disease.
Antioxidants. 2024;13(6):712. doi:10.3390/antiox13060712.
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264. Hostačná L, Mašlanková J, Pella D, Hubková B, Mareková M, Pella D. A multi-biomarker approach to increase the
accuracy of diagnosis and management of coronary artery disease. J Cardiovasc Dev Dis. 2024;11(9):258. doi:10.
3390/jcdd11090258.

265. Jyotsna F, Ahmed A, Kumar K, Kaur P, Chaudhary MH, Kumar S, et al. Exploring the complex connection between
diabetes and cardiovascular disease: analyzing approaches to mitigate cardiovascular risk in patients with diabetes.
Cureus. 2023;15(8):e43882. doi:10.7759/cureus.43882.

266. Sachdeva P, Kaur K, Fatima S, Mahak F, Noman M, Siddenthi SM, et al. Advancements in myocardial infarction
management: exploring novel approaches and strategies. Cureus. 2023;15(9):e45578. doi:10.7759/cureus.45578.

267. Netala VR, Teertam SK, Li H, Zhang Z. A comprehensive review of cardiovascular disease management:
cardiac biomarkers, imaging modalities, pharmacotherapy, surgical interventions, and herbal remedies. Cells.
2024;13(17):1471. doi:10.3390/cells13171471.

268. Soehnlein O, Libby P. Targeting inflammation in atherosclerosis—from experimental insights to the clinic. Nat
Rev Drug Discov. 2021;20(8):589–610. doi:10.1038/s41573-021-00198-1.

269. Stitham J, Rodriguez-Velez A, Zhang X, Jeong SJ, Razani B. Inflammasomes: a preclinical assessment of targeting
in atherosclerosis. Expert Opin Ther Targets. 2020;24(9):825–44. doi:10.1080/14728222.2020.1795831.

270. Al-Qahtani AA, Alhamlan FS, Ali Al-Qahtani A. Pro-inflammatory and anti-inflammatory interleukins in
infectious diseases: a comprehensive review. Trop Med Infect Dis. 2024;9(1):13. doi:10.3390/tropicalmed9010013.

271. Pretre V, Papadopoulos D, Regard J, Pelletier M, Woo J. Interleukin-1 (IL-1) and the inflammasome in cancer.
Cytokine. 2022;153:155850. doi:10.1016/j.cyto.2022.155850.

272. Raeber ME, Caspar DP, Zurbuchen Y, Guo N, Schmid J, Michler J, et al. Interleukin-2 immunotherapy
reveals human regulatory T cell subsets with distinct functional and tissue-homing characteristics. Immunity.
2024;57(9):2232–50.e10. doi:10.1016/j.immuni.2024.07.016.

273. Harris F, Berdugo YA, Tree T. IL-2-based approaches to Treg enhancement. Clin Exp Immunol. 2023;211(2):149–63.
doi:10.1093/cei/uxac105.

274. Ajith A, Merimi M, Arki MK, Hossein-Khannazer N, Najar M, Vosough M, et al. Immune regulation and
therapeutic application of T regulatory cells in liver diseases. Front Immunol. 2024;15:1371089. doi:10.3389/fimmu.
2024.1371089.

275. Pahlavani N, Malekahmadi M, Firouzi S, Rostami D, Sedaghat A, Moghaddam AB, et al. Molecular and cellular
mechanisms of the effects of propolis in inflammation, oxidative stress and glycemic control in chronic diseases.
Nutr Metab. 2020;17(1):65. doi:10.1186/s12986-020-00485-5.

276. Dai Y, Zhou J, Shi C. Inflammasome: structure, biological functions, and therapeutic targets. MedComm.
2023;4(5):e391. doi:10.1002/mco2.391.

277. Chen P, Li X. NLRP3 inflammasome in atherosclerosis: mechanisms and targeted therapies. Front Pharmacol.
2024;15:1430236. doi:10.3389/fphar.2024.1430236.

https://doi.org/10.1016/j.ahjo.2022.100196
https://doi.org/10.1038/s41368-023-00231-6
https://doi.org/10.1155/2022/3706508
https://doi.org/10.1038/s41598-018-21482-y
https://doi.org/10.3390/ijms242115546
https://doi.org/10.3390/medicina57070701
https://doi.org/10.3390/jcdd11090258
https://doi.org/10.3390/jcdd11090258
https://doi.org/10.7759/cureus.43882
https://doi.org/10.7759/cureus.45578
https://doi.org/10.3390/cells13171471
https://doi.org/10.1038/s41573-021-00198-1
https://doi.org/10.1080/14728222.2020.1795831
https://doi.org/10.3390/tropicalmed9010013
https://doi.org/10.1016/j.cyto.2022.155850
https://doi.org/10.1016/j.immuni.2024.07.016
https://doi.org/10.1093/cei/uxac105
https://doi.org/10.3389/fimmu.2024.1371089
https://doi.org/10.3389/fimmu.2024.1371089
https://doi.org/10.1186/s12986-020-00485-5
https://doi.org/10.1002/mco2.391
https://doi.org/10.3389/fphar.2024.1430236


BIOCELL. 2026;50(4):4 39

278. Solitano V, Yuan Y, Singh S, Ma C, Nardone OM, Fiorino G, et al. Efficacy and safety of Advanced Combination
Treatment in immune-mediated inflammatory disease: a systematic review and meta-analysis of randomized
controlled trials. J Autoimmun. 2024;149:103331. doi:10.1016/j.jaut.2024.103331.

279. Li X, Peng X, Zoulikha M, Boafo GF, Magar KT, Ju Y, et al. Multifunctional nanoparticle-mediated combining
therapy for human diseases. Signal Transduct Target Ther. 2024;9(1):1. doi:10.1038/s41392-023-01668-1.

280. Bedi GN, Acharya S, Kumar S, Mapari SA. Salivary high-sensitivity C-reactive protein and its clinical relevance in
modern medicine: a comprehensive review. Cureus. 2024;16(4):e58165. doi:10.7759/cureus.58165.

281. Upadhyay RK. Emerging risk biomarkers in cardiovascular diseases and disorders. J Lipids. 2015;2015:971453.
doi:10.1155/2015/971453.

https://doi.org/10.1016/j.jaut.2024.103331
https://doi.org/10.1038/s41392-023-01668-1
https://doi.org/10.7759/cureus.58165
https://doi.org/10.1155/2015/971453

	Targeting Inflammation in Coronary Artery
	1 Introduction
	2 The Central Role of Inflammation in CAD
	3 Myeloid Cells
	4 T Cells
	5 Cytokines as Mediators of Plaque Development
	6 Inflammatory Pathways and Therapeutic Approaches
	7 Emerging Therapies and Natural Compounds
	8 Biomarkers and Risk Stratification
	9 Future Directions and Research Focus
	10 Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


