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0/ and polarization of innate and adaptive

initiate a cascade of metabolic and

biomechanical alterations, including a

retention of the intima. Also, recruitment

immune cells are then increased, which
increases inflammation, foam-cell
generation, as well as, remodeling of the
extracellular matrix, eventually causing
plaque and instability. The recent
discoveries  (2019-2025) in  vascular
physiology and immunology, relevant to
atherogenesis, are outlined in this review,
which takes into consideration the
understanding of endothelial shear stress,
cholesterol handling, cytokine network,
also, clonal hematopoiesis of unknown
potential. As well as, clinical implications
are also discussed with respect to the

development of biomarkers and treatment
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strategies that focus on lipids, inflammation,
and thrombosis, and new biological agents.
Although, an appreciation of the interplay
between physiological pathways and
immunological circuits gives an integrative
framework  that can  prevent the
development of atherosclerotic
cardiovascular events by stopping the
formation of a plaque, promoting
stabilization, and reducing the frequency of
such events.
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hematopoiesis.

1.1. Introduction

Atherosclerotic cardiovascular disease (ASCVD) is the leading cause of morbidity and mortality
in the world. Also, is the cause of close to one-third of all the deaths. It is a big burden to both the
developing and the industrialized societies, both financially and health wise (1). Also,
atherosclerosis, which has historically been considered a passive lipid deposition disease and only
a result of cholesterol deposition in the arterial wall, as well as is currently known to be a dynamic
and complex systemic condition with a sustained interaction between the physiology of the
vascular wall, metabolic dys- and immune-activation. (2). The metabolism of lipoproteins, the
endothelial cell biology, the local hemodynamic pressures, and the innate and adaptive immune
reactions are all of them involved in the disease process and begins decades before clinical
manifestation. Furthermore being a barrier to mechanical and chemical stimuli, the endothelium is
a complex sensor and transducer of such stimuli. Besides that it regulates the hemostasis,
trafficking of leukocytes, the vascular tone and permeability. In addition the decrease in the nitric
oxide (NO) bioavailability, the augmentation of reactive oxygen species (ROS) production,
augmented expression of adhesion molecules (VCAM-1, ICAM-1, E-selectin) and augmented
permeability are all indicators of dysfunctional endothelium induced by regions of disrupted shear
stress (in particular arterial bifurcations and curvatures). (3). Through these changes,
apolipoprotein B-carrying lipoproteins and low-density lipoproteins (LDL) are able to enter the
subendothelial space. Also in that point, they are oxidatively altered and accumulate to produce
epitopes that engage scavenger receptors on resident vascular cells and infiltrating leukocytes and
the pattern-recognition receptor (TLR) Atherogenesis experiences a radical change with this
immunological activation. Moreover the chemokines (MCP-1/CCL2) recruit monocytes which
become macrophages that ingest oxidized lipids to form foam cells which are signs of early
lesions of the atherosclerosis. (4). Furthermore, chronic inflammation facilitates the formation of
necrotic cores, extracellular matrix remodeling and phenotypic flipping of vascular smooth muscle
cells (VSMCs), besides that the result in thrombosis and instability of the plaque. The local
vascular events are not the only ones that are influenced by systemic variables and determine the
onset and progression of atherosclerosis. In addition risk factors that are well-known to modify
endothelial functioning and immunological tone are: smoking, obesity, diabetes, hypertension and
Dyslipidemia. The environmental factors that also influence the vascular-immune interface are
added by nutrition, exercise, psychological stress, and even the gut microbiota. (5). Although
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atherosclerosis is taken as an example in this paper as a typical example of a disorder that occurs
when immunology and vascular physiology interact. Thus we are looking to provide a deep
understanding of the processes involved in plaque formation, development and destabilization by
examining how mechanical stresses, oxidative stress, lipid metabolism and immunological
activation interact to create a positive feedback mechanism of the pathological network.

1.2. Vascular Physiology and the Arterial Wall Atheroprone

In the context of vascular physiology, which promotes atherogenesis, atherosclerosis is
preferentially developed at arterial arch points that experience disturbed or oscillatory shear stress
(OSS) at the arch curvatures and bifurcations (6). Also, protective phenotype of endothelial cells is
also characterized by high nitric oxide (NO) bioavailability, antioxidant production, and low
adhesion marker expression in response to laminar flow and is mainly regulated by the
transcription factors KLF2 and KLF4 (7). Wherease, OSS enhances reactive oxygen species
(ROS), reduces NO synthesis owing to uncoupling of eNOS, and activates pro-inflammatory
signaling, including NF- mB, leading to the upregulation of VCAM-1, ICAM-1 and E-selectin (8).
In addition these changes improve leukocyte adhesion, endothelial permeability, subendothelial
retention of low-density lipoproteins (LDL) which are oxidatively modified and produce local
inflammation. (9). Also, hyperglycemia and oxidative stress increase the permeability and weaken
the glycocalyx, increasing the invasion of lipoproteins and exacerbating endothelial homeostasis
(10). These physiological abnormalities when coupled together convert the endothelium into a
vascular remodeler and an inflammatory player rather than being a passive barrier. Furthermore,
atherosclerotic plaques are governed by the vascular physiology, i. e., shear stress patterns, NO
signaling, and redox balance, which renders them targets of early intervention. (6-10).

2.3. Endothelial Dysfunction: Mechanisms and Physiological Impact

Essentially important in atherogenesis is the loss of the endothelial vasodilatory, anti-
inflammatory, and antithrombotic properties; this loss is called the endothelial dysfunction (7). In
addition the diminished availability of nitric oxide (NO) is one of the main elements of this
mechanism that are induced by the enhancement of reactive oxygen species (ROS) generation
through the NADPH oxidase and mitochondrial pathways and endothelial nitric oxide synthase
(eNOS) uncoupling. (8). Also,ROS oxidizes Tetrahydrobiopterin (BH4) and worsens the
uncoupling of eNOS and stimulates the formation of peroxynitrite, which damages cell
constituents. In addition, the inhibition of leukocyte migration is enhanced through the stimulation
of adhesion molecules (VCAM-1, ICAM-1) and chemokines by the activation of transcription
factors (NF-KB) (9). Vasoconstrictors like endothelin-1 take the lead over vasodilators and
endothelial cells are also altered to a pro-thrombotic phenotype by increasing tissue factor and
plasminogen activator inhibitor-1 (PAI-1) levels. (10). Furthermore one factor of the development
of plaque and fibrotic remodeling is endothelial-to-mesenchymal transition (EndMT). In a clinical
setting, the endothelial dysfunction is associated with predicting cardiovascular events and it
precedes detectable lesions in atherosclerotic disease even in patients with controlled cholesterol
levels (11). Whereas, the key goals of the prevention and treatment of atherosclerosis include
restoring NO signaling, reduced oxidative stress, and endothelial integrity. (7-11).

2.4. Plaque Development, Foam Cells, and Lipid Metabolism

Lipoprotein retention and change in its subendothelial location, particularly, low-density
lipoprotein (LDL), is one of the most important features of atherosclerosis. In addition the CD36
and SR-A scavenger receptors of Macrophages recognize oxidized LDL (oxLDL) that is formed
when LDL is deposited in the intima and subsequently subjected to oxidative and enzymatic
changes (11). Besides OxLDL invokes local inflammation. As a result the foam cells that are
formed when these macrophages ingest oxLDL are the early atherosclerotic lesions. (12). The
foam cells enhance the leukocyte recruitment and migration of the vascular smooth muscle cell
(VSMC) by producing growth factors and pro-inflammatory cytokines. Moreover the presence of
plaque is facilitated by the phenotypic transition of VSMCs between a contractile and a synthetic
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state and its ability to form foam-like (13). The accumulation of apoptotic cells is owing to the
inability of the phagocytosis process to be effective, forming a necrotic core and weakening the
plaque. Also, overexpression of matrix metalloproteinases (MMPSs) degrades collagen in the
fibrous cap increasing the risk of rupture and thrombosis (14). Although, lipid retention, foam cell
generation, and ineffectual clearance will result in a loop of chronic inflammation and structural
remodelling, and drive the progression of plaque and clinical repercussions. (11-14).

2.5. Immune Mechanisms and Chronic Inflammation

The immune system plays a significant role in all stages of atherosclerosis making the lipid-
mediated condition a chronic inflammatory disease. Also, chemokines and adhesion molecules
lead monocytes to the intima where it becomes macrophages and produces cytokines such as
TNF- alpha, IL-6, and interleukin- 1beta (IL-1 beta) that enhance inflammation. (14). When the
NLRP3 inflammasome is activated, lipid accumulation and innate immune activation are
associated and leads to the production of IL-18 and IL-1B more (15). Besides adaptive immunity
is also another crucial parameter. Th1 cells secrete interferon- 7(IFN- 7) that suppresses collagen
synthesis and stimulates macrophages, after that Tregs (regulatory T cells) secrete TGF- 7 and IL-
10 which have anti-inflammatory properties. (16). The B cells can be pro-atherogenic and
preventive depending on their subsets. Furthermore, neutrophil extracellular traps (NETS) worsen
thrombosis as well as plaque instability (17). The newer systems, which do not lower the lipid
levels but instead maintain the inflammation, are the trained immunity and clonal hematopoiesis
(18). In addition the relevance of the immune-targeted therapy in reducing atherosclerotic risk is
also emphasized by the interaction of these immune responses that results in a vicious cycle of
vascular injury, inflammation, and remodeling. (14-18).

2.6. Crosstalk Between Physiological and Immune Pathways

Atherosclerosis is often caused by the continuous interaction between immunological reactions
and vascular physiology. DAMPs are delivered to endothelial cells through broken shear stress
and oxidative stress, and they cause innate immune signaling and pattern-recognition receptor
activation (2). On the other hand, pro-inflammatory cytokines including interleukin-1 (IL-1), IL-6,
also tumor necrosis factor- alpha (TNF- alpha) boost tissue factors expression, impede endothelial
nitric oxide (NO) signaling, and stimulate the phenotypic flipping of vascular smooth muscle cells
(VSMC) (18). This is a two-way connection, which creates a feed-forward loop: physiological
impairment leads to immunological stimulation, and inflammation exacerbates the state of
vascular functioning. Also, oxidized LDL (oxLDL) also connects lipid metabolism to
immunological signaling in that it activates the macrophages and dendritic cells as well as
accumulates due to increased permeability. NF-KB activation and augmentation of inflammatory
pathways are often caused by the production of reactive oxygen species (ROS) by endothelial
cells. (19). Besides the therapeutic potential of targeting this interaction is also demonstrated by
the fact that anti-inflammatory treatments lead to improvements in endothelial function, lipid-
lowering treatments lead to a decrease in lipoprotein retention, and anti-inflammatory treatments
indirectly cause a decrease in inflammation (20). In addition to minimize the atherosclerotic
development and the clinical outcomes, it is urgent to understand such interaction and develop
therapies that touch upon both vascular and immunological factors. (2-18-20).

2.7. Biomarkers and Imaging of Vascular-lmmune Dysfunction

Imaging techniques and biomarkers provide significant novel data on the immunological and
vascular pathways underlying atherosclerosis. Furthermore to lipid concentrations, systemic
inflammatory activity in the form of tumor necrosis factor-alpha (TNF- 0), interleukin- 6 (IL- 6),
and high-sensitivity C-reactive protein (hsCRP) is also reflected in the circulating levels of
inflammatory indicators (19). Endothelial dysfunction can be determined noninvasively by both
peripheral arterial tonometry and flow-mediated dilatation (FMD), which is an NO-dependent
vasodilation and is also associated with atherosclerotic load. (20). In addition the inflammation of
the vascularity and the susceptibility of the plaque can be observed directly due to the advanced
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imaging tools. Although the marker 18F-sodium fluoride (18F-NaF) determines regions of micro
calcification, which is a marker of active disease, PET by 18F- fluorodeoxyglucose (18F-FDG)
determines actively inflammatory cells within plaques. (21). The Computed tomography
angiography (CTA) of the coronary is also used to describe the shape of the plaque and high-risk
factors like poor attenuation and thin-cap fibroatheromas (22). Addition emerging single cell RNA
sequencing and spatial transcriptomics also define immune cell heterogeneity in plaques, which
are also new biomarkers and therapeutic targets. (23). Such techniques increase the early detection
of atherosclerotic disease, besides risk-assessment, and personalized therapy by the combination
of physiological and immunological data. (19-23).

2.9. Treatment Views: Thrombosis, Inflammation, and Lipids

The primary factors of atherosclerosis, thrombosis, inflammation, and accumulation of cholesterol
are dealt with in the management of atherosclerosis. Also, intensive LDL-C reduction remains the
mainstay with statins and ezetimibe as the first-line therapy and PCSK9 inhibitors or siRNA as
additional agents to lower apoB as the first line of therapy in high-risk patients (21). In addition
the effectiveness of icosapent ethyl as a cardiovascular agent has been demonstrated in relation to
lipoprotein triglycerides that are rich (22).

Furthermore, inflammation is considered to be a preventable risk factor. In addition to cholesterol
management, anti-inflammatory therapy that exerts effects on the interleukin-1 (IL-1) 2 -
interleukin-6 pathway, including low-dose colchicine and monoclonal antibodies, reduce residual
risk (23,24). Besides the mechanism of action of these treatments is through stabilizing the
plaques and lowering the inflammation of the vascular cytokines. The Low-dose rivaroxaban plus
aspirin has an addition with platelet activation and coagulation pathways to reduce the number of
events in patients with higher risks of thrombosis (25).

Indirectly, by improving metabolic profiles and endothelial performance, new cardiometabolic
therapies in SGLT2 inhibitors and GLP-1 receptor agonists also lower vascular inflammation (26).
An integrated approach with a combination of cholesterol reduction, inflammation control, and
thrombosis prevention is the most appropriate increase in the rate of atherosclerosis and
cardiovascular events (21-26).

2.9. Transition to Lifestyle and Systemic Interactions

Even though the basic processes of atherosclerosis involve the physiology of the vessel, also lipid
metabolism, and immune activation, systemic factors and environmental exposures play a huge
role in the pathogenesis and progression of the disease. Besides examples of lifestyle factors that
modify the oxidative balance, the tone of inflammatory activity, and endothelial activity include
diet, exercise, smoking, psychological stress, and the obesity (27). As an example, compared to
the Mediterranean, high-saturation dietary fats elevate the level of apoB-carrying lipoproteins and
inflammation throughout the body, because diets rich in the Mediterranean style raise the
availability of nitric oxide (NO) and reduce inflammatory cytokines. Also regular exercise
improves the health and anti-inflammatory signaling of the endothelium, which develops laminar
shear stress. On the other hand, oxidative stress and hyperactivity of the sympathetic nervous
system are often caused by smoking and prolonged psychological stress, and they damage
endothelium and enhance inflammatory myelopoiesis (28) The obesity and particularly the
visceral adiposity increase systemic inflammation by disrupting the adipokine balance and
promoting the invasion of macrophages into adipose tissue. Systemic diseases such as diabetes
and autoimmune diseases also increase atherosclerosis, although exacerbate vascular dysfunction
and immune activation (29). Furthermore, the discovery of these modulators underscores the
necessity of the need to have multifaceted preventative treatment that involves both
pharmaceutical interventions and lifestyle changes. Also,the interactions of these systemic and
environmental factors with vascular-immune pathways to modify the pathogenesis of
atherosclerotic disease are discussed in the sections that follow (27-29).
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2.10. Environmental and Lifestyle Modulators of Atherosclerosis

Environmental and lifestyle factors changes the vascular physiology, oxidative stress, and immune
response, also, which plays a major role in the initiation and progression of atherosclerosis.
Among them, there is a dietary composition: diets the Mediterranean-style with a high content of
fruits, vegetables, and unsaturated fats contribute to rising the content of nitric oxide (NO) in the
blood, as a result diets that are high in saturated fats and refined sugars raise the level of apoB-
containing lipoproteins and inflammatory markers in the blood (29). Specifically, visceral
adiposity grows oxidative stress, reduces NO production, and also stimulates the invasion of
macrophages to adipose tissue and the secretion of pro-inflammatory adipokines (30).
Furthermore, facilitating neutrophil activation and NETSs, smoking increases endothelial injury,
oxidative load, and a pro-thrombotic condition (31). In addition the endothelium and
proinflammatory myelopoiesis are harmed by prolonged psychological stress behavior, which
activates hypothalamic-pituitary-adrenal axis and sympathetic nervous system (27). Conversely,
regular exercise elevates endothelial NO, establishes protective shear stress forces and has anti-
inflammatory effects in the body (30).

2.11. Interaction with Autoimmune and Metabolic Disorders

The systemic illnesses such as type 2 diabetic mellitus (T2DM) and autoimmune diseases
accelerate atherosclerosis at a dramatic rate due to enhancing vascular impairment and chronic
inflammation. Also, insulin resistance and hyperglycemia in type 2 diabetes lead to the destruction
of endothelium glycocalyx, augmentation of oxidative stress, and reduction in the bioavailability
of nitric oxide (NO) thus enhance lipoprotein retention. (32). The AGEs also promote the
production of pro-inflammatory cytokines because their interaction with their receptor and the
activation of NF-KB. Furthermore, the innate immune cell priming, the chronic metabolic
inflammation, or the so-called metaflammation, sustains the plaque growth. (33).

Autoimmune diseases such as rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE)
also expose the vasculature to long-term exposure to cytokines such as TNF- 2, IL-6, and
interferons that disrupt lipid metabolism, compromise endothelial function, and enhance plaque
maladjustment (34). In addition atherogenesis is further accelerated by the deposition of immune
complex and pro-inflammatory HDL. Trimethylamine N-oxide (TMAOQ), a metabolite generated
from the gut microbiota, links dysmetabolism and immunology by promoting macrophage
activation, endothelial dysfunction, and also platelet hyperreactivity. (35). To properly reduce
cardiovascular risk in such high-risk groups, it is necessary to comprehend these systemic effects
and implement the combined approach where metabolic, immunological, and vascular pathways
are involved. (32-35).

2.12. Conclusion

The combination of vascular dysfunction, cholesterol deposition, immunological response and
systemic variables due to atherosclerosis, in addition a multifaceted disease. Inflammation and
lipoprotein retention are also caused by nitric oxide (NO) insufficiency, oxidative stress, and
endothelial damage, and foam cell production, remodelling of smooth muscle cells and breakdown
of efferocytosis promote the progression of plaque. Furthermore examples of systemic diseases
that increase these processes are autoimmunity and diabetes. The process of lipid reduction should
be applied in the context of the metabolic, anti-inflammatory, antithrombotic drugs, along with
lifestyle modifications, which focus on smoking, physical activities, and diet. As a result with a
more accurate grasp of physiological-immune interface, atherosclerotic cardiovascular disease can
be prevented and treated in a more precise manner, however reducing its overall burden on the
world.
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