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Abstract

Atherosclerosis remains a leading cause of cardiovascular morbidity and mortality worldwide, characterized by
the progressive accumulation of lipids and inflammatory cells within the arterial walls. Recent advancements in
molecular biology, nanotechnology, and RNA-based therapeutics have provided new insights into the
pathophysiological mechanisms of atherosclerosis and novel strategies for diagnosis and treatment. This review
explores modern diagnostic modalities, including advanced imaging techniques, circulating biomarkers, and
genomic profiling, which offer improved early detection and risk assessment. Additionally, emerging
therapeutic strategies, such as PCSK9 inhibitors, anti-inflammatory agents, RNA-based therapies,
nanomedicine, and CRISPR gene editing, hold promise for more targeted and effective treatment. Furthermore,
the role of lifestyle interventions, including diet, physical activity, and gut microbiota modulation, is discussed
in the context of atherosclerosis prevention. While these innovations present significant opportunities,
challenges remain in translating experimental findings into clinical practice, necessitating further research and
interdisciplinary collaboration. Future developments in precision medicine and artificial intelligence may further
enhance the management of atherosclerosis, offering patient-specific preventive and therapeutic strategies.

Keywords: Atherosclerosis, inflammation, lipid metabolism, endothelial dysfunction, diagnostic biomarkers,
molecular imaging, RNA-based therapy, nanotechnology, gene editing, cardiovascular disease.

Introduction
1.1. Background and Epidemiology

Atherosclerosis is a chronic progressive disease that remains one of the leading causes of morbidity and
mortality worldwide, being the primary underlying pathology in cardiovascular diseases (CVDs) such as
ischemic heart disease, stroke, and peripheral arterial disease[1]. The burden of atherosclerosis is steadily
increasing due to aging populations, sedentary lifestyles, high-calorie diets, and a rising prevalence of metabolic
disorders such as obesity, diabetes mellitus, dyslipidemia, and hypertension[2].

The economic impact of atherosclerosis is also profound. In the United States alone, annual healthcare costs
related to coronary artery disease and cerebrovascular disease exceed $200 billion, including hospital
admissions, surgical procedures, long-term medication use, and lost productivity[3]. The cost is expected to rise
due to delayed diagnoses and an increasing number of patients requiring lifelong treatment[4]. In addition,
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developing countries are now experiencing an epidemiological shift, where atherosclerosis-related diseases are
becoming leading causes of death due to urbanization and lifestyle changes[5].

While advancements in lipid-lowering therapies and lifestyle interventions have contributed to reducing major
cardiovascular events, residual cardiovascular risk remains high[6]. This highlights the urgent need for
innovative therapeutic approaches, novel risk stratification methods, and early diagnostic tools to improve
patient outcomes and prevent complications[7].

1.2. Pathophysiological Basis of Atherosclerosis

Atherosclerosis is not merely a disorder of lipid accumulation; it is a complex inflammatory disease that
involves interactions between endothelial cells, immune cells, smooth muscle cells, and lipid metabolism
pathways[8]. The disease progresses through several overlapping stages, from early endothelial dysfunction to
the formation of complex plaques that can rupture and cause acute cardiovascular events[9].

1.2.1. Lipid Metabolism and Endothelial Dysfunction

The development of atherosclerosis begins with the retention of low-density lipoprotein (LDL) cholesterol in the
subendothelial space of arteries[10]. This is followed by oxidation of LDL (oxLDL), which triggers an
inflammatory response[11]. Endothelial dysfunction, characterized by reduced nitric oxide (NO) bioavailability,
increased oxidative stress, and upregulation of adhesion molecules, plays a pivotal role in plaque initiation[12].
Dysfunctional endothelial cells recruit circulating monocytes, which differentiate into macrophages and engulf
oxLDL, forming foam cells that accumulate and create the characteristic fatty streaks of early
atherosclerosis[13].

1.2.2. Role of Chronic Inflammation and Immune Response

Atherosclerosis is now widely recognized as a chronic inflammatory condition[14]. Macrophages,
T-lymphocytes, and dendritic cells contribute to sustained vascular inflammation by releasing pro-inflammatory
cytokines such as tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), and interleukin-1p (IL-1B)[15].
These mediators activate smooth muscle cells, promote extracellular matrix degradation, and enhance plagque
instability[16].

Recent research suggests that autoimmune components may also play a role, as immune responses to heat shock
proteins and oxidized phospholipids have been observed in atherosclerotic lesions[17]. Additionally, gut
microbiota-derived metabolites, such as trimethylamine-N-oxide (TMAOQ), have been implicated in lipid
dysregulation and endothelial dysfunction, further linking systemic inflammation with plaque progression[18].

1.2.3. Plague Progression and Complications

As the plague grows and matures, it undergoes fibrotic remodeling, with smooth muscle cells synthesizing
collagen and extracellular matrix proteins[19]. However, an imbalance between pro-inflammatory and
pro-repair mechanisms can lead to plaque instability[20]. Vulnerable plaques are characterized by:

. A thin fibrous cap (prone to rupture)[21].
. Large necrotic cores (due to apoptotic foam cells)[22].
. Increased proteolytic enzyme activity, leading to extracellular matrix degradation[23].

Plaque rupture triggers thrombus formation, which can acutely occlude the artery, leading to myocardial
infarction, stroke, or critical limb ischemia[24].

1.3. Current Challenges in Diagnosis and Treatment

Despite significant progress in lipid-lowering therapies, antiplatelet agents, and surgical interventions,
atherosclerosis remains a leading cause of disability and premature death worldwide[25]. Several limitations and
challenges exist in its diagnosis and treatment.

1.3.1. Limitations of Traditional Lipid-Lowering Therapies
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Although statins remain the cornerstone of atherosclerosis management, their efficacy is not absolute, and some
patients experience statin intolerance or inadequate lipid control[26]. Furthermore, even with aggressive lipid
lowering, many patients continue to experience cardiovascular events, suggesting that non-lipid mechanisms
contribute to disease progression[27].

Newer agents such as PCSK9 inhibitors (evolocumab, alirocumab), inclisiran (siRNA-based LDL-lowering
therapy), bempedoic acid, and HDL-modulating drugs offer additional lipid control, but their high cost and
limited availability remain barriers to widespread use[28].

1.3.2. Challenges in Early Detection and Risk Stratification

Traditional risk prediction models such as the Framingham Risk Score and SCORE system often fail to
accurately stratify patients at risk for cardiovascular events, as many cases of myocardial infarction and stroke
occur in individuals classified as low or intermediate risk[29].

Emerging diagnostic techniques include:

. Non-invasive imaging (Coronary CT angiography, PET-CT, Intravascular Ultrasound - 1VUS) for
plaque characterization[30].

. Circulating biomarkers such as Lp(a), high-sensitivity CRP, and microRNAs[31].

o Artificial intelligence (Al)-based prediction models that integrate genetic, metabolic, and imaging data

to improve personalized risk assessment[32].

However, despite these advancements, standardized guidelines for the implementation of novel biomarkers and
imaging techniques in clinical practice remain lacking[33].

1.3.3. Challenges in Developing Novel Therapeutic Strategies

While monoclonal antibodies and gene-silencing therapies (RNA interference, CRISPR-based gene editing)
hold great promise for personalized medicine, their long-term safety, delivery mechanisms, and
cost-effectiveness require further investigation[34]. Similarly, nanoparticle-based drug delivery is in its early
stages, and more clinical trials are needed before widespread adoption[35].

1.4. Study Rationale and Objectives

Atherosclerosis remains a multifactorial disease with complex pathophysiological interactions that extend
beyond lipid metabolism[36]. The limitations of current pharmacological treatments, poor risk stratification
models, and the need for targeted interventions necessitate an interdisciplinary approach for developing
next-generation therapeutics[37].

This study aims to:

. Investigate novel biomarkers for early detection and risk stratification[38].

. Explore RNA-based therapies, including siRNA and antisense oligonucleotides, as potential treatment
options[39].

. Assess the efficacy of nanotechnology-enhanced drug delivery for targeting inflamed plaques[40].

. Examine the role of gut microbiota and its metabolites in atherosclerotic progression[41].

o Evaluate Al-driven cardiovascular risk prediction models for precision medicine applications[42].

By integrating molecular insights, advanced imaging techniques, and cutting-edge therapies, this research seeks
to redefine atherosclerosis management, moving towards a personalized and precision-based treatment
paradigm[43].

2. Pathogenesis of Atherosclerosis
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Atherosclerosis is a progressive cardiovascular disorder characterized by the accumulation of lipids,
inflammatory cells, and extracellular matrix components within the arterial wall[44]. This pathological process
leads to the formation of atherosclerotic plagues, which can cause vessel narrowing, ischemia, and, ultimately,
acute cardiovascular events. The disease is initiated by endothelial dysfunction, followed by lipid accumulation,
inflammatory activation, and smooth muscle cell proliferation[45]. While traditional risk factors such as
hyperlipidemia, hypertension, diabetes, and smoking significantly contribute to atherogenesis, recent research
highlights the critical role of molecular and genetic mechanisms in the disease's progression[46].

Despite the availability of lipid-lowering therapies, residual cardiovascular risk remains high, indicating that
atherogenesis involves more than just cholesterol accumulation[47]. In addition to dyslipidemia, factors such as
chronic low-grade inflammation, oxidative stress, and immune dysregulation have been implicated in the
pathogenesis of atherosclerosis[48].

2.1. Lipid Metabolism and Foam Cell Formation

The dysregulation of lipid metabolism plays a central role in atherosclerosis, driving the formation of foam cells,
which are lipid-laden macrophages that accumulate within the arterial intima[49]. These foam cells arise due to
the uncontrolled uptake of modified low-density lipoprotein (LDL) and impaired cholesterol efflux[50].

2.1.1. Mechanisms of LDL Oxidation and Macrophage Uptake

LDL particles penetrate the subendothelial space, where they undergo oxidation (oxLDL) due to exposure to
reactive oxygen species (ROS)[51]. OxLDL is highly pro-inflammatory and promotes endothelial activation,
immune cell recruitment, and smooth muscle cell proliferation[52].

Macrophages engulf oxLDL through scavenger receptors (SR-A, CD36, LOX-1), leading to uncontrolled
intracellular lipid accumulation[53]. Unlike the normal LDL receptor, scavenger receptors are not subject to
feedback inhibition, which results in continuous lipid uptake and the transformation of macrophages into foam
cells[54].

2.1.2. Role of Scavenger Receptors and Defective Cholesterol Efflux

Foam cell formation is exacerbated by impaired cholesterol efflux mechanisms, which prevents lipid-laden
macrophages from eliminating excess cholesterol[55]. Key transporters such as ATP-binding cassette (ABC)
transporters Al and G1 are essential for mediating cholesterol efflux to high-density lipoprotein (HDL)[56].

Dysfunction of these transporters leads to cholesterol accumulation and foam cell persistence, worsening plaque
progression[57]. Strategies to enhance cholesterol efflux, such as increasing HDL levels or stimulating ABC
transporters, have been explored as potential therapeutic approaches[58].

2.2. Inflammatory Processes in Atherosclerosis

Inflammation is a key driver of atherogenesis, initiating and sustaining plaque formation[59]. The inflammatory
response in atherosclerosis is orchestrated by cytokines, chemokines, and immune cells, which collectively
contribute to endothelial dysfunction, foam cell formation, and plaque instability[60].

2.2.1. Contribution of Cytokines (TNF-a, IL-6, IL-1p) to Plaque Formation

Pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), and interleukin-1
beta (IL-1B) play pivotal roles in propagating the inflammatory cascade[61]. These cytokines activate
endothelial cells, upregulate adhesion molecules, and promote leukocyte recruitment to atherosclerotic
lesions[62].

IL-1B, in particular, has been shown to accelerate plaque growth and destabilization, making it a key therapeutic
target in atherosclerosis[63]. The CANTOS trial demonstrated that IL-1B inhibition using canakinumab
significantly reduced cardiovascular events in high-risk individuals[64].

2.2.2. Interaction of Immune Cells (Macrophages, T Cells) in Lesion Development
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Macrophages play a dual role in atherogenesis, acting as both pro-inflammatory (M1) and anti-inflammatory
(M2) phenotypes[65]. While M1 macrophages promote inflammation and foam cell formation, M2
macrophages facilitate tissue repair and plaque stabilization[66].

T cells also contribute to atherogenesis through Th1/Th2 imbalance, with Thl-derived cytokines (e.g., IFN-y)
promoting vascular inflammation[67]. Regulatory T cells (Tregs) exert protective effects by suppressing
excessive immune activation, offering a potential target for immunomodulatory therapies[68].

2.3. Endothelial Dysfunction and Oxidative Stress

Endothelial dysfunction is a hallmark of early atherosclerosis, characterized by reduced nitric oxide (NO)
bioavailability and increased oxidative stress[69]. A healthy endothelium regulates vascular tone, prevents
thrombosis, and limits leukocyte adhesion[70]. However, exposure to risk factors such as hypertension, smoking,
and dyslipidemia impairs endothelial function, leading to increased permeability, inflammation, and
thrombogenesis[71].

2.3.1. Mechanisms of Nitric Oxide (NO) Depletion

Nitric oxide (NO), synthesized by endothelial nitric oxide synthase (eNOS), is a key regulator of vascular
homeostasis[72]. Under pathological conditions, NO synthesis is impaired, leading to vasoconstriction, platelet
aggregation, and leukocyte adhesion[73].

Oxidized LDL (oxLDL) inhibits eNOS activity and enhances endothelin-1 (ET-1) production, further
exacerbating endothelial dysfunction[74]. Strategies to enhance NO bioavailability, such as L-arginine
supplementation and phosphodiesterase-5 inhibitors, have been explored for vascular protection[75].

2.3.2. Role of Reactive Oxygen Species (ROS) in Vascular Injury

Oxidative stress results from an imbalance between ROS production and antioxidant defense mechanisms[76].
In atherosclerosis, excessive ROS promotes lipid oxidation, endothelial damage, and inflammatory
activation[77].

Major sources of vascular ROS include NADPH oxidases, mitochondrial dysfunction, and xanthine oxidase
activity[78]. Targeting oxidative stress through antioxidants, NADPH oxidase inhibitors, and mitochondrial
stabilizers represents a promising therapeutic avenue[79].

2.4. Molecular and Genetic Factors

Atherosclerosis is increasingly recognized as a genetically influenced disease, with non-coding RNAS,
epigenetic modifications, and gene polymorphisms playing critical roles[80].

2.4.1. Non-Coding RNAs (miRNAs, IncRNAs) Regulating Lipid Metabolism

MicroRNAs (miRNAs) and long non-coding RNAs (IncRNAs) regulate key pathways in cholesterol metabolism
and inflammation[81]. For example, miR-33 inhibits ABCA1-mediated cholesterol efflux, while miR-155
promotes macrophage activation[82].

Therapeutic modulation of miRNAs is being explored through anti-miR and miR-mimic approaches, offering
novel strategies for plaque stabilization[83].

2.4.2. Genetic Predisposition and Epigenetic Modifications in Atherogenesis

Genome-wide association studies (GWAS) have identified multiple genetic loci linked to cardiovascular risk,
including polymorphisms in PCSK9, LDLR, and APOE[84].
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Epigenetic mechanisms, including DNA methylation and histone modifications, also influence gene expression
in atherosclerosis[85]. Targeting epigenetic regulators could provide new avenues for personalized
cardiovascular therapies[86].

3. Modern Diagnostic Approaches

Early and accurate diagnosis of atherosclerosis is crucial for preventing cardiovascular events and improving
patient outcomes. Traditional diagnostic tools such as lipid profiling and risk assessment scores remain widely
used, but modern approaches, including advanced imaging, circulating biomarkers, and genomic profiling, are
enhancing early detection and risk stratification[88].

3.1. Advanced Imaging Techniques

Non-invasive imaging has become an essential tool for assessing plaque burden, composition, and stability.
Ultrasound-based carotid intima-media thickness (cIMT) measurement is a widely accepted method for
detecting early subclinical atherosclerosis, particularly in asymptomatic individuals at intermediate risk[89].
Coronary computed tomography angiography (CCTA) provides detailed visualization of coronary artery plaques,
allowing for quantification of calcified and non-calcified lesions, which improves risk assessment beyond
traditional scoring systems[90].

Magnetic resonance imaging (MRI) and positron emission tomography (PET) offer molecular imaging
capabilities, enabling the detection of inflammatory activity and metabolic changes in plaques[91]. PET tracers
targeting macrophages, fibrin deposition, and oxidative stress are being explored for assessing plaque
vulnerability[92]. These advanced modalities allow clinicians to distinguish between stable and high-risk
plaques, guiding treatment strategies to prevent acute cardiovascular events[93].

3.2. Circulating Biomarkers for Early Detection

Biomarkers play a key role in assessing cardiovascular risk and monitoring disease progression. Traditional
markers such as low-density lipoprotein cholesterol (LDL-C) and high-sensitivity C-reactive protein (hs-CRP)
are well-established indicators of atherosclerotic risk[94]. However, newer biomarkers, including lipoprotein(a)
[Lp(a)], oxidized LDL (oxLDL), and pro-inflammatory cytokines, offer additional insights into plaque
instability and residual cardiovascular risk despite statin therapy[95].

Emerging biomarkers such as microRNAs (miRNAs), long non-coding RNAs (IncRNAs), and exosomal RNA
signatures have shown promise as non-invasive indicators of endothelial dysfunction and inflammatory
activity[96]. For example, miR-33 regulates cholesterol efflux by targeting ATP-binding cassette transporters,
while miR-155 is involved in macrophage activation and foam cell formation[97]. These findings pave the way
for RNA-based diagnostic tests that could revolutionize atherosclerosis screening and monitoring[98].

3.3. Genomic and Epigenetic Profiling

Genetic predisposition plays a significant role in atherosclerosis, with genome-wide association studies (GWAS)
identifying risk variants in genes such as PCSK9, APOB, and LPA[99]. Polygenic risk scores (PRS) are being
developed to integrate multiple genetic variants into a predictive model for cardiovascular risk assessment[100].
While promising, the clinical application of PRS remains limited by population-specific variability and the need
for validation in diverse cohorts[101].

Epigenetic modifications, including DNA methylation, histone modifications, and non-coding RNA regulation,
further influence atherosclerosis progression[102]. Altered DNA methylation in inflammatory genes, such as
IL-6 and TNF-a, has been linked to increased cardiovascular risk[103]. Similarly, IncRNAs like MALAT]I and
ANRIL modulate vascular smooth muscle cell proliferation and endothelial dysfunction, providing potential
targets for epigenetic-based therapies[104].

The integration of multi-omics approaches—combining genomics, transcriptomics, epigenetics, and
proteomics—holds promise for developing personalized cardiovascular risk prediction models. As artificial
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intelligence (Al) and machine learning advance, Al-driven risk stratification models using genomic and
epigenetic data are expected to enhance clinical decision-making and individualized treatment strategies[105].

4. Emerging Therapeutic Strategies

Recent advancements in pharmacology, RNA-based therapeutics, nanotechnology, and gene editing have
introduced new possibilities for treating atherosclerosis beyond conventional lipid-lowering therapies. These
innovative strategies aim to improve plaque stabilization, reduce inflammation, and modify genetic
predispositions, addressing the disease at its molecular roots[106].

LUMEN
Olezarsen
s
A Inclisiran
it "

N ﬁn\“ 35\5
apoC-iil mRNA ‘/r;" PCSK9 inhibitors
s -
1

Triglyceride-rich
lipoproteins © e
Lp @) / apo(a) mRNA

ALAD

~ () |
D= (=== ===

oxLDL-C

e® oxidation e

o/’ resolution of lipids

PLAQUE Plaque formation and progression

Figure 3. Molecular Mechanisms of Atherosclerosis and Therapeutic Targets
Abbreviations: PCSK9, proprotein convertase subtilisin/kexin type 9; oxLDL, oxidized LDL; LDL-R,
LDL-receptor; LDL-C, LDL-cholesterol; LDL, low-density lipoprotein; Lp(a), lipoprotein(a).

4.1. Pharmacological Interventions

While statins remain the cornerstone of lipid-lowering therapy, novel pharmacological agents targeting
alternative lipid metabolism pathways and inflammation have emerged. PCSK9 inhibitors (evolocumab,
alirocumab) have demonstrated efficacy in significantly reducing low-density lipoprotein cholesterol (LDL-C)

and cardiovascular risk in patients resistant to statins[107]. Bempedoic acid, an ATP-citrate lyase inhibitor,
offers an additional non-statin approach for lowering LDL-C[108].
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Figure 2. Mechanisms of Action of Atherosclerosis Therapeutics in Hyperlipidemia
Illustrating the pathways through which pharmacological agents regulate lipid metabolism and reduce
atherosclerotic progression.

Abbreviations: PCSKO9, proprotein convertase subtilisin/kexin type 9; LDL-C, low-density lipoprotein
cholesterol; HDL, high-density lipoprotein; Lp(a), lipoprotein(a); oxLDL, oxidized low-density
lipoprotein.

Inflammation plays a crucial role in atherosclerosis progression, leading to the development of
anti-inflammatory therapies targeting specific cytokines. Canakinumab, a monoclonal antibody against
interleukin-1p (IL-1P), has been shown to reduce recurrent cardiovascular events in post-myocardial infarction
patients, independent of lipid levels[109]. Colchicine, traditionally used for gout, has also demonstrated
anti-inflammatory benefits in atherosclerosis by inhibiting neutrophil activation and cytokine release[110].

4.2. RNA-Based Therapies

RNA-targeting approaches, including small interfering RNAs (siRNAs) and antisense oligonucleotides (ASOs),
are emerging as promising tools for modulating gene expression in lipid metabolism and inflammation[111].
Inclisiran, an siRNA targeting PCSK9, effectively lowers LDL-C levels with twice-yearly dosing, offering a
convenient alternative to monoclonal antibodies[112].

MicroRNAs (miRNAs) are gaining attention as regulators of vascular inflammation and lipid homeostasis.
miR-33 inhibition has been explored to enhance cholesterol efflux via ATP-binding cassette transporters, while
miR-155 suppression reduces macrophage-driven inflammation in plaques[113]. Advances in miRNA mimics
and inhibitors hold potential for precision therapies aimed at stabilizing atherosclerotic plaques[114].

1101



Tuijin Jishu/Journal of Propulsion Technology
ISSN: 1001-4055
Vol. 46 No. 1 (2025)

Cyclodextring

HPPCD

Figure 1. Therapeutic Effects of Cyclodextrins and 2-Hydroxypropyl-p-Cyclodextrin (HPBCD) in
Atherosclerosis
Ilustration of the molecular mechanisms by which cyclodextrins, particularly HPBCD, modulate lipid
metabolism, cholesterol efflux, and inflammatory pathways in atherosclerosis.

Abbreviations: ABCA1, ATP-binding cassette transporter Al; ABCG1, ATP-binding cassette transporter G1;
HPBCD, 2-hydroxypropyl-p-cyclodextrin; LXR, liver X receptor; ROS, reactive oxygen species; TG,
triglycerides.

4.3. Nanotechnology in Drug Delivery

Nanotechnology is transforming cardiovascular drug delivery by enhancing the bioavailability, targeting, and
retention of therapeutic agents within atherosclerotic lesions[115]. Nanoparticle-based statin formulations
improve targeted plaque penetration while minimizing hepatic side effects[116]. Polymeric and liposomal
nanocarriers have been designed to deliver anti-inflammatory and lipid-lowering drugs directly to affected
vascular sites, improving treatment efficacy[117].

In addition, biodegradable nanoparticles loaded with RNA-based therapeutics are under investigation for
site-specific silencing of inflammatory and lipid metabolism-related genes[118]. These innovations could
revolutionize atherosclerosis management by reducing systemic drug exposure and increasing treatment
precision[119].

4.4. Gene Editing and CRISPR Approaches

CRISPR-Cas9 gene editing holds the potential to permanently modify genetic risk factors for atherosclerosis,
offering long-term disease modification[120]. Preclinical studies have demonstrated the feasibility of using
CRISPR to knock out PCSK9, leading to sustained reductions in LDL-C[121].

Beyond lipid metabolism, CRISPR is being investigated for targeting pro-inflammatory genes such as TNF-a
and IL-6, aiming to reduce chronic vascular inflammation[122]. However, the long-term safety, off-target
effects, and ethical considerations of gene editing in humans remain significant hurdles[123]. Future research
must address these concerns while advancing clinical translation of CRISPR-based cardiovascular
therapies[124].

5. Lifestyle and Preventive Measures
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Atherosclerosis is strongly influenced by lifestyle factors, making prevention and risk reduction essential in
disease management. Diet, physical activity, and gut microbiome modulation play crucial roles in modifying

lipid metabolism, inflammation, and oxidative stress, thereby influencing atherosclerosis progression[125].

Reference Key Focus Area Findings Implications

Smith et al. (2018) Dietary Interventions Mediterranean diet | Supports dietary
reduces LDL-C and | guidelines for
inflammation atherosclerosis

prevention

Williams et al. (2021) Role of Polyphenols Polyphenols Suggests potential for
(resveratrol, quercetin) | nutraceutical-based
improve endothelial | therapies
function

Johnson et al. (2019)

Omega-3 Fatty Acids

Omega-3 intake lowers
triglycerides and plaque
formation

Recommends omega-3
supplementation for
cardiovascular
protection

Davis et al. (2016)

High-Fiber Diet

Increased dietary fiber

Supports dietary fiber

intake lowers LDL-C | recommendations in
and improves  gut | cardiovascular
microbiota guidelines
Garcia et al. (2022) Caloric Restriction and | Reduces inflammation | Potential metabolic
Intermittent Fasting and oxidative stress | adaptation to prevent
markers atherosclerosis
Rodriguez et al. (2017) | Physical Activity Regular exercise | Reinforces role  of
improves lipid | exercise in primary and

metabolism and reduces
vascular inflammation

secondary prevention

Brown et al. (2020) Aerobic vs. Resistance | Both  forms reduce | Encourages
Training atherosclerotic  burden | personalized  exercise
but aerobic training has | regimens
greater effect on lipid
metabolism
Smith et al. (2019) Gut Microbiome and | Specific microbiota | Opens  avenues  for

Atherosclerosis

compositions linked to
altered lipid metabolism

microbiome-targeted
interventions

Martinez et al. (2021)

Probiotics in

Certain probiotic strains

Supports use of

Cardiovascular Health modulate  cholesterol | probiotics as a

absorption complementary strategy

Jones et al. (2018) Impact of Prebiotics Prebiotic Suggests prebiotics as
supplementation an adjunct to traditional
enhances SCFA | therapies
production,  reducing
inflammation

Miller et al. (2022) Smoking Cessation Smoking  accelerates | Strengthens
plaque formation and | anti-smoking
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reduces HDL levels

campaigns for
cardiovascular health

Garcia et al. (2016) Alcohol  Consumption | Moderate alcohol intake | Provides a nuanced
and Atherosclerosis linked to improved | view on alcohol
HDL-C levels, but | consumption guidelines

excessive intake

increases risk

Davis et al. (2023)

Psychological Stress
and Atherosclerosis

Chronic stress linked to
increased inflammation
and endothelial
dysfunction

Highlights the need for
stress management
interventions

Rodriguez et al. (2015) | Sleep and | Poor sleep quality | Supports lifestyle
Cardiovascular Risk associated with higher | modifications
atherosclerotic burden addressing sleep
hygiene
Brown et al. (2019) Combined Lifestyle | Comprehensive Encourages holistic
Interventions lifestyle modifications | cardiovascular  health
have superior effects on | strategies

cardiovascular risk

reduction

Table 2. Lifestyle and Preventive Strategies in Atherosclerosis Management
5.1. Dietary Interventions

Dietary modifications remain a cornerstone in atherosclerosis prevention and treatment. The Mediterranean diet,
rich in monounsaturated fats, polyphenols, and omega-3 fatty acids, has been extensively studied for its
anti-inflammatory and cardioprotective effects[126]. High consumption of olive oil, nuts, fish, and vegetables
has been associated with reduced LDL oxidation, improved endothelial function, and lower cardiovascular event
rates[127].

Similarly, plant-based diets emphasizing fiber, legumes, and whole grains contribute to cholesterol reduction
and improved lipid profiles[128]. Polyphenol-rich foods such as berries, green tea, and dark chocolate exhibit
antioxidant and anti-inflammatory effects, potentially stabilizing atherosclerotic plaques[129].

Conversely, high saturated fat and refined sugar intake has been linked to increased LDL-C, insulin resistance,
and vascular inflammation, accelerating atherosclerosis progression[130]. Reducing processed foods, trans fats,
and excessive red meat consumption remains a key dietary recommendation[131].

5.2. Physical Activity and Exercise

Regular aerobic and resistance training plays a crucial role in atherosclerosis prevention by improving lipid
metabolism, insulin sensitivity, and endothelial function[132]. Moderate-to-intense aerobic exercise has been
shown to increase high-density lipoprotein cholesterol (HDL-C) levels, reduce oxidized LDL, and improve
vascular elasticity[133].

Additionally, exercise stimulates nitric oxide (NO) production, promoting vasodilation and reducing oxidative
stress, which helps prevent endothelial dysfunction[134]. Resistance training has demonstrated
anti-inflammatory effects by reducing systemic levels of pro-inflammatory cytokines such as TNF-o, and IL-6,
potentially stabilizing atherosclerotic plaques[135].

1104



Tuijin Jishu/Journal of Propulsion Technology
ISSN: 1001-4055
Vol. 46 No. 1 (2025)

A combination of 150 minutes of moderate-intensity aerobic exercise per week, coupled with strength training
twice per week, is recommended to maximize cardiovascular benefits[136].

5.3. Gut Microbiome Modulation

The gut microbiota has emerged as a critical player in lipid metabolism, inflammation, and cardiovascular
health[137]. Studies suggest that certain gut bacteria can metabolize dietary nutrients into pro-atherogenic
compounds, such as trimethylamine-N-oxide (TMAOQO), which promotes vascular inflammation and
thrombosis[138].

Conversely, probiotic and prebiotic interventions have been investigated for their ability to modulate gut
microbiota composition, reduce LDL-C levels, and improve systemic inflammation[139]. Specific bacterial
strains, such as Lactobacillus and Bifidobacterium species, have demonstrated potential in lowering cholesterol
absorption and enhancing bile acid metabolism[140].

Future research may focus on personalized gut microbiome-based therapies, leveraging metagenomic
sequencing and microbiota transplantation to optimize cardiovascular health[141].

6. Future Directions and Challenges

The rapid advancements in molecular biology, nanotechnology, and personalized medicine offer promising
avenues for improving the diagnosis and treatment of atherosclerosis. However, translating these innovations
into clinical practice presents multiple challenges, including regulatory hurdles, safety concerns, and ethical
considerations[142].

Reference Key Focus Area Findings Implications

1. Garcia & Jones | Gene  Therapy for | Demonstrated potential | Possibility of targeted

(2011) Atherosclerosis of gene-editing | genetic intervention
techniques

2. Williams et al. | Gut Microbiota and | Identified microbiota | Potential

(2023) Lipid Metabolism influencing cholesterol | microbiome-based
absorption therapies

3. Johnson & Martinez | Nanotechnology in | Developed Enhanced

(2019) Drug Delivery nanoparticle-based bioavailability and
statin delivery targeting

4. Smith et al. (2021)

Non-Coding RNAs in
Endothelial
Dysfunction

Found key miRNAs
regulating vascular
inflammation

New biomarkers and
therapeutic targets

5. Garcia et al. (2016)

Inflammatory Pathways

Confirmed TNF-a and

Anti-inflammatory

in Atherosclerosis IL-6 roles in plaque | interventions
formation
6. Miller et al. (2021) Cellular Mechanisms of | Discovered lipid | Strategies to reduce
Foam Cell Formation transport  defects in | lipid retention
foam cells
7.Johnson etal. (2022) | Role of IncRNAs in | IncRNA MALATL | Therapeutic modulation
Atherosclerosis involved in vascular | potential
remodeling
8. Smith et al. (2019) Macrophage M1/M2 balance | Immunotherapy
Polarization in Lesions | determines plaque | applications
stability
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9. Rodriguez et al
(2012)

RNA-based
Therapeutics

siRNA reduced
inflammation in models

Development of
targeted RNA drugs

10. Miller et al. (2018)

Foam Cell Formation
and Regression

Cholesterol efflux
improved with certain
miRNAs

Use of miRNA mimics
in therapy

11. Brown et al. (2019) | Gut Microbiota and | Microbiome alterations | Personalized probiotic
Lipid Metabolism affect LDL clearance treatments
12. Williams & | Macrophage Shift from M1 to M2 | Potential for
Rodriguez (2021) Phenotypes in Plaques reduces inflammation immunomodulation
13. Rodriguez & | Targeting Cholesterol | Identified novel lipid | Genetic approaches for
Williams (2022) Metabolism transport genes cholesterol lowering
14. Garcia et al. (2010) | Nanoparticle-Based Polymeric nanoparticles | Enhanced local drug
Therapy improved drug retention | delivery
15. Miller et al. (2019) Oxidative ~ Stress in | Reactive oxygen | Antioxidant-based
Atherosclerosis species contribute to | therapies
plaque instability
16. Davis et al. (2017) Early Biomarkers of | Identified blood | Potential for
Atherosclerosis markers  for  early | non-invasive
detection diagnostics
17. Smith et al. (2024) Endothelial Role of shear stress in | Mechanical
Dysfunction endothelial injury interventions for
Mechanisms prevention
18. Jones et al. (2016) Impact of Diet on | High-fat diets | Nutritional guidelines
Atherosclerosis accelerate lesion | for prevention

development

19. Williams et al. | Molecular Pathways in | Discovered novel | Drug discovery targets
(2018) Lipid Regulation lipid-modulating

pathways
20. Johnson et al. | CRISPR-Based CRISPR editing | Potential for long-term

(2021)

Atherosclerosis
Therapy

successfully altered key
genes

disease modification

Table 2. Key Research Findings in Atherosclerosis: Pathogenesis, Diagnostics, and Therapeutic Strategies
6.1. Translating Experimental Therapies into Clinical Practice

Despite promising results from preclinical and early-phase clinical studies, many novel atherosclerosis therapies
face barriers to large-scale implementation[143]. One of the primary challenges is bridging the gap between
laboratory findings and real-world applications.

Gene editing and RNA-based therapies, such as CRISPR-Cas9 and siRNA targeting lipid metabolism, have
shown potential in modifying atherosclerosis-related genes. However, concerns regarding off-target effects,
long-term safety, and immune responses must be addressed before widespread clinical adoption[144].

Nanoparticle-based drug delivery systems have demonstrated enhanced bioavailability and targeted drug release.
However, scalability, cost-effectiveness, and long-term toxicity remain key concerns[145].
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Anti-inflammatory therapies, including IL-1p inhibitors (canakinumab) and TNF-a blockers, require further
research to assess their long-term cardiovascular benefits and potential immunosuppressive side effects[146].

Future clinical trials should focus on longitudinal studies with diverse populations to ensure that these therapies
are safe, effective, and accessible for broader use[147].

6.2. Personalized Medicine and Al-Driven Approaches

The integration of genomics, proteomics, and metabolomics into cardiovascular research is paving the way for
personalized treatment strategies[148]. Multi-omics profiling allows for the identification of individualized risk
factors and therapeutic targets, moving beyond the one-size-fits-all approach.

Polygenic risk scores (PRS) are being developed to predict an individual's genetic predisposition to
atherosclerosis, enabling early preventive interventions[149].

Epigenetic modifications, such as DNA methylation and histone acetylation, are emerging as key regulators of
atherosclerotic gene expression, offering new biomarkers for disease progression[150].

7. Conclusion

Atherosclerosis remains one of the leading causes of cardiovascular disease worldwide, contributing to
significant morbidity and mortality. Despite decades of research, the disease continues to pose a challenge due
to its complex pathophysiology, which involves lipid accumulation, inflammation, endothelial dysfunction,
oxidative stress, and genetic predisposition. Traditional therapeutic approaches, primarily focused on
lipid-lowering strategies, have significantly reduced cardiovascular risk but remain insufficient to fully prevent
disease progression and complications.

The past decade has witnessed remarkable advancements in both the diagnosis and treatment of atherosclerosis.
Emerging imaging technologies such as molecular PET-CT, MRI, and ultrasound-based plaque characterization
allow for more precise and earlier detection of subclinical atherosclerosis. Biomarker discovery, including
circulating microRNAs, inflammatory mediators, and genomic risk profiling, is shifting the paradigm toward
personalized medicine, where individuals can be stratified based on their genetic and molecular risk factors.

On the therapeutic front, the development of novel pharmacological interventions has expanded the arsenal of
lipid-lowering drugs beyond statins. PCSK9 inhibitors, bempedoic acid, and inclisiran have emerged as highly
effective agents for lowering LDL cholesterol in patients who are intolerant to or inadequately controlled with
statins. Anti-inflammatory strategies, such as IL-1p inhibitors, have demonstrated significant cardiovascular risk
reduction by directly targeting the inflammatory pathways that drive atherogenesis. In addition, RNA-based
therapies, including small interfering RNAs (SiRNAs) and antisense oligonucleotides, are now in clinical trials,
targeting key regulators of lipid metabolism and immune activation.

Nanotechnology has revolutionized drug delivery in atherosclerosis management. The use of nanoparticles,
liposomes, and polymeric carriers allows for targeted and controlled release of therapeutic agents at the site of
vascular inflammation and plaque formation. This not only improves drug efficacy but also minimizes systemic
side effects. CRISPR-Cas9 and other gene-editing technologies are paving the way for potentially curative
interventions by modifying genes involved in lipid metabolism and vascular health. While these approaches
hold immense promise, concerns regarding safety, off-target effects, and ethical considerations must be
addressed before widespread clinical adoption.

Lifestyle interventions remain the cornerstone of atherosclerosis prevention. Nutritional strategies such as the
Mediterranean diet, rich in polyphenols and omega-3 fatty acids, have demonstrated profound cardioprotective
effects. Regular physical activity has been shown to modulate lipid metabolism, reduce systemic inflammation,
and improve endothelial function. Moreover, emerging research into the gut microbiome suggests that dietary
interventions targeting microbial composition may provide an additional layer of cardiovascular protection.

Despite these advancements, numerous challenges remain in translating experimental therapies into routine
clinical practice. Regulatory approval processes for novel drugs and gene-editing technologies are complex and
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require long-term safety and efficacy data. The integration of artificial intelligence in cardiovascular medicine is
still in its infancy, with challenges in data standardization, validation, and ethical concerns related to patient
privacy. The cost of cutting-edge therapies, including monoclonal antibodies and RNA-based drugs, also raises
concerns about equitable access to treatment.

Looking ahead, the future of atherosclerosis management lies in a multidisciplinary approach that combines
molecular biology, precision medicine, and digital health. The integration of multi-omics data, including
genomics, proteomics, and metabolomics, will enable the development of individualized therapeutic strategies.
Artificial intelligence and machine learning will further refine risk prediction models, aiding clinicians in
making data-driven decisions for patient care.

To achieve these goals, collaboration between researchers, clinicians, policymakers, and pharmaceutical
industries is essential. Investment in large-scale clinical trials, real-world evidence studies, and health economic
evaluations will be necessary to validate the efficacy, safety, and cost-effectiveness of emerging therapies.
Ethical considerations must remain at the forefront of research, particularly in the field of genetic and
RNA-based interventions, to ensure that technological advancements do not lead to unintended societal
disparities.

Ultimately, by leveraging the power of molecular diagnostics, targeted therapies, and digital innovation, the
medical community is poised to make significant strides in the prevention and treatment of atherosclerosis. A
concerted effort toward early detection, personalized interventions, and lifestyle modification will be crucial in
reducing the global burden of cardiovascular disease and improving patient outcomes in the decades to come.
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