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Abstract: The CX3CL1/CX3CR1 signaling axis is established as a pivotal regulator in the pathogenesis of atherosclerosis, 
with well-documented roles in orchestrating inflammatory responses, mediating immune cell recruitment, and influencing 
vascular remodeling. This review provides a comprehensive synthesis of current knowledge regarding the structural 
characteristics and functional properties of the CX3CL1/CX3CR1 pathway. This study delves into its specific mechanistic 
contributions to atherosclerosis, placing particular emphasis on its regulatory influence across diverse cell types, including 
arterial endothelial cells, smooth muscle cells, and macrophages. Furthermore, the pathway’s integral involvement in both 
the initiation and progression of atherosclerotic plaques is dissected, highlighting its critical impact on plaque stability 
and susceptibility to rupture. The review also extends to the pathogenic significance of CX3CL1/CX3CR1 signaling in 
atherosclerosis-related comorbidities, incorporating the latest advancements in understanding its roles in coronary heart 
disease, stroke, and other cardiovascular disorders. By critically integrating findings from the extant literature, this review 
constructs a foundational framework to guide future investigations and underscores the substantial translational potential 
of targeting this pathway for therapeutic intervention in clinical settings.
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1. Introduction
Atherosclerosis is a multifaceted chronic inflammatory condition marked by the development of lipid plaques 
in artery walls. The accumulation of these plaques causes luminal narrowing and arterial wall rigidity, which in 
turn triggers serious cardiovascular events like myocardial infarction and stroke [1]. Atherosclerosis has a complex 
etiology that includes, among other things, aberrant lipid metabolism, arterial endothelial cell dysfunction, immune 
cell involvement, and chronic inflammatory reactions [2]. Lesion formation and progression are significantly 
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influenced by the inflammatory response in the arterial wall, in which the immune system and its signaling 
pathways are essential [3].	

One class of small-molecule cytokines called chemokines guides immune cell migration to inflammatory 
sites. By attaching to specific chemokine receptors, they control immune cell migration, activation, and 
distribution. In atherosclerotic lesions, the recruitment of monocytes, macrophages, and lymphocytes as well as the 
start of inflammatory responses depend critically on the interaction between chemokines and their receptors [4]. It 
has been shown that the chemokine axis, which includes CCL2-CCR2, CXCL1-CXCR2, and CX3CL1-CX3CR1, 
is substantially linked to the development of atherosclerotic lesions [5].

Fractalkine, or CX3CL1, is the only chemokine in the family that has two roles [6]: it can function as a 
transmembrane adhesion molecule to encourage cell-cell interactions and as a soluble chemokine to provide a 
guiding effect. Natural killer (NK) cells, monocytes, and macrophages are immune cells that primarily express 
the CX3CL1 receptor, CX3CR1, which is involved in the adhesion, migration, and activation of these cells [7]. 
Numerous studies have demonstrated the significance of the CX3CL1/CX3CR1 signaling pathway in a number of 
inflammatory diseases, particularly in the pathophysiological process of atherosclerosis [8]. Research has indicated 
that the binding of CX3CL1 to CX3CR1 is crucial for cell survival, proliferation, and inflammatory regulation in 
atherosclerotic plaques, in addition to encouraging the recruitment of monocytes and macrophages [9].

2. Structure and function of the CX3CL1/CX3CR1 axis
The only membrane-bound chemokine in the chemokine family, CX3CL1 has special dual roles in adhesion and 
chemotaxis. An N-terminal chemokine domain, a linker domain, a transmembrane domain, and an intracellular tail 
are among the several functional domains that make up the structure of CX3CL1. The CX3CR1 receptor is bound 
by the N-terminal chemokine domain, which also controls downstream signal transduction. The intracellular tail 
facilitates intracellular signal transduction, while the transmembrane domain binds CX3CL1 to the cell membrane. 
Intracellular signaling pathways are activated by the intracellular tail region’s interactions with different signaling 
proteins [10]. Several inflammatory factors, such as TNF-α, IL-1β, and interferon-γ (IFN-γ), regulate the expression 
of CX3CL1, a membrane-bound molecule that is primarily expressed on vascular endothelial cells, neurons, 
smooth muscle cells, and dendritic cells. CX3CL1 plays a crucial role in controlling inflammatory responses, 
as evidenced by the fact that its expression is typically markedly elevated in inflammatory environments [11]. 
Additionally, ADAM17 and ADAM10 can cleave CX3CL1 through proteolysis, releasing it in a soluble form. 
This soluble form of CX3CL1 has a strong chemotactic ability to direct the migration of monocytes, macrophages, 
and NK cells [12].

The G protein-coupled receptor (GPCR) family includes CX3CR1, the sole receptor for CX3CL1. With its 
typical GPCR structure and seven transmembrane helical domains, CX3CR1 can activate several downstream 
signaling pathways via G proteins. Monocytes, macrophages, NK cells, and certain T cells all have high levels 
of CX3CR1 expression, which is controlled by inflammatory status and markedly elevated in atherosclerotic 
plaques [13]. Gαi proteins, which can inhibit adenylate cyclase, lower intracellular cAMP levels, and activate 
phosphatidylinositol 3-kinase (PI3K)/Akt and MAPK signaling pathways, mediate the signal transduction of 
CX3CR1. Cell migration, proliferation, and survival all depend on these signaling pathways [14]. According to 
research, the CX3CR1 signaling pathway can improve monocyte and macrophage survival, prevent apoptosis, 
and be crucial in the early stages of plaque development [15]. Furthermore, the recruitment of inflammatory cells, 
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the activation of vascular endothelial cells, and the control of local immune responses in atherosclerosis are all 
intimately linked to CX3CR1 activation [16].

When CX3CL1 binds to CX3CR1, intricate downstream signal transduction pathways are triggered. These 
pathways control not only cell adhesion and migration but also cell survival, proliferation, and inflammatory 
responses. After CX3CL1 binds to CX3CR1 via its chemokine domain, CX3CR1 uses Gαi protein coupling 
to activate several signaling pathways, such as the PI3K/Akt, ERK/MAPK, and NF-κB pathways [17–19]. By 
blocking the PI3K/Akt pathway, CX3CR1 activation can increase monocyte and macrophage survival and prevent 
apoptosis. This process is essential for the inflammatory cells’ ongoing existence in atherosclerotic plaques. 
Overexpression of CX3CR1 has been demonstrated to increase macrophage survival, which in turn promotes the 
development and advancement of atherosclerotic plaques [9]. The ERK/MAPK signaling pathway allows CX3CR1 
to control cell migration and proliferation. ERK1/2 activation is important for smooth muscle cell proliferation, 
which is directly linked to the growth and stability of atherosclerotic plaques, in addition to promoting macrophage 
migration [20]. Via the NF-κB signaling pathway, CX3CR1 can also control cellular inflammatory responses. 
TNF-α and IL-6 are two pro-inflammatory cytokines whose expression is controlled by NF-κB, a crucial 
transcription factor. Atherosclerosis progression can be exacerbated by activation of CX3CL1/CX3CR1, which 
can increase local inflammatory responses via this pathway [21]. Furthermore, research has indicated that CX3CL1-
CX3CR1 binding influences systemic immune responses in addition to local inflammation. Research shows that 
whereas elevated expression of CX3CL1 is linked to the activation of local inflammatory responses, macrophages’ 
directional migration in plaques is correlated with their expression of CX3CR1 [22]. In addition to causing vascular 
damage and exacerbation of atherosclerosis, activation of this axis is linked to oxidative stress responses and the 
activation of vascular endothelial cells [13].

3. Mechanisms of CX3CL1/CX3CR1 signaling in atherosclerotic pathogenesis
One of the early stages of atherosclerosis is the overexpression of CX3CL1 in endothelial cells, which are 
essential for preserving the structural integrity and functionality of blood vessels. By changing the expression 
levels of cell adhesion molecules (like VCAM-1 and ICAM-1), CX3CL1 not only encourages CX3CR1-
positive immune cells to stick to the endothelial surface but also raises the risk of inflammatory cell migration 
into the subendothelium [23]. According to reports, endothelial cells’ production of reactive oxygen species 
(ROS) can be greatly increased by activating the CX3CL1/CX3CR1 signal. This oxidative stress response is 
one of the main causes of atherosclerosis. In addition to harming endothelial cells, oxidative stress encourages 
low-density lipoprotein (LDL) oxidation, which is a precondition for atherosclerosis [24]. The development of 
atherosclerotic plaques is significantly influenced by the migration and phenotypic change of smooth muscle cells 
(SMCs), and the CX3CL1/CX3CR1 signaling pathway serves a number of purposes in this process. According to 
recent research, through CX3CR1, CX3CL1 can trigger the phenotypic change of smooth muscle cells from the 
contractile to the synthetic type. This causes the cells to release a lot of extracellular matrix proteins, like collagen 
and elastin, which exacerbates plaque enlargement and hardening [25]. Changes in intracellular calcium signals also 
accompany this phenotypic transformation of smooth muscle cells, which encourages their aberrant proliferation 
in lesion areas. Furthermore, by causing smooth muscle cells to activate the Notch signaling pathway, CX3CL1 
further promotes matrix remodeling and cell migration [26]. 

The function of the CX3CL1/CX3CR1 signaling pathway in the polarization and functional differentiation 
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of monocytes and macrophages has drawn more attention than their migration. By influencing macrophage 
polarization, research has shown that CX3CL1 not only attracts monocytes to plaques but also encourages their 
polarization toward M1-type pro-inflammatory macrophages [27]. In addition to intensifying local inflammatory 
responses, this pro-inflammatory polarization promotes the formation of foam cells and increased lipid uptake. 
It is noteworthy that CX3CR1-positive macrophages in plaques have stronger oxidative stress and inflammatory 
responses, which are brought about by improved STAT3 and NF-κB signaling pathways [28]. Further promoting 
the long-term survival and functional maintenance of monocytes and macrophages in lesion areas, CX3CL1 
also contributes to the metabolic regulation of these cells, particularly controlling the glucose metabolism of 
macrophages via the mTOR signaling pathway [29].

The CX3CL1/CX3CR1 signaling pathway not only directly attracts inflammatory cells but also indirectly 
modulates other chemokine networks to enhance immune responses. More immune cells are drawn to lesion areas by 
CX3CL1’s ability to increase the expression of pro-inflammatory chemokines like CCL2 and CXCL10, according 
to studies [30]. This cascade effect increases local chronic inflammatory responses through various inflammatory 
pathways, which is especially important in raising the risk of atherosclerotic plaque instability and rupture. The 
fundamental function of CX3CL1/CX3CR1 in fostering chronic inflammation and hastening the development 
of atherosclerosis is also explained by the synergistic effect of CX3CR1 with other chemokine receptors (such as 
CCR5), which further improves the directional migration and long-term retention ability of different immune cells [31].

4. Regulatory dynamics of the CX3CL1/CX3CR1 pathway in atherosclerosis plaque 
progression
By carefully regulating the migration and activity of monocytes and macrophages, the CX3CL1/CX3CR1 
signaling pathway directly promotes the formation of plaque during the initial stage of atherosclerosis. In order 
to promote monocyte adhesion and endothelium infiltration, this process involves the interaction of CX3CL1 
with CX3CR1, which activates specific G protein-coupled signaling pathways, including the PI3K/Akt and 
Rac1 pathways [9]. According to research, the PI3K/Akt pathway activates integrin family members, such as 
α4β1 integrin, to facilitate adhesion between immune cells and vascular endothelial cells [32]. Together with the 
overexpression of molecules involved in cell adhesion (e.g. G. Immune cell infiltration through the vascular wall is 
facilitated by endothelial cells’ VCAM-1 and ICAM-1. Additionally, the downstream Rac1 small GTPase pathway, 
which is necessary for macrophage migration, is promoted by CX3CL1/CX3CR1 signaling. By reorganizing the 
cytoskeleton, Rac1 increases cell motility, promoting macrophage migration to lesion sites quickly, and escalating 
inflammatory reactions in the surrounding inflammatory milieu [33]. This molecular regulatory mechanism 
describes how CX3CL1 carefully controls macrophage orientation and movement to promote the formation of 
early atherosclerotic plaques.

The primary way that the CX3CL1/CX3CR1 signaling pathway contributes to plaque stability and rupture is 
by controlling molecular processes like cell apoptosis and matrix metalloproteinases (MMPs). MMPs are essential 
for the thickness and collagen content of the fibrous cap of plaque, which determines how stable the plaque is. 
MMP-9 and MMP-12 are expressed when macrophages are activated by CX3CL1/CX3CR1 signaling. This 
can break down collagen and elastin in the fibrous cap, weakening the plaque’s structural integrity [34]. Notably, 
the NF-κB signaling pathway is how CX3CL1 controls MMP expression. CX3CR1-positive macrophages’ 
pro-inflammatory activity is intimately linked to the activation of NF-κB, a transcription factor that promotes 
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inflammation. CX3CL1 stimulates the classical NF-κB signaling pathway through CX3CR1 in the late stage of 
atherosclerosis, increases macrophage MMP expression, and further encourages extracellular matrix degradation 
by causing oxidative stress [35]. This molecular-level process weakens the fibrous cap, raising the risk of plaque 
rupture and, consequently, cardiovascular events linked to atherosclerosis.

Apart from controlling matrix metalloproteinases, the CX3CL1/CX3CR1 signal is also crucial for smooth 
muscle cell apoptosis. Studies have shown that by activating the p38 MAPK signaling pathway and causing 
smooth muscle cell death, CX3CL1 exacerbates plaque instability [36]. In addition to promoting cell death, p38 
MAPK also cooperates with MMP overexpression to further weaken the structural integrity of the plaque. 

The CX3CL1/CX3CR1 signaling pathway is a major contributor to the chronic inflammatory response of 
atherosclerosis. It is controlled by the activity of local immune cells as well as by the actions of smooth muscle and 
endothelial cells, which modify the inflammatory environment of the vascular intima. The production of oxidative 
stress is greatly increased by endothelial cells overexpressing CX3CL1, and ROS (reactive oxygen species) is a 
key inflammatory mediator that intensifies the release of local pro-inflammatory cytokines by triggering the NF-
κB and JNK signaling pathways [37]. According to studies, ROS not only damages endothelial cells’ ability to act 
as a barrier but also encourages the oxidation of LDL, which forms the basis of foam cells and accelerates the 
development of atherosclerosis. By controlling Th1-type helper T cell responses, CX3CL1 also intensifies systemic 
and local inflammatory reactions [38]. By secreting pro-inflammatory cytokines like IFN-γ, CX3CR1-positive T 
cells directly control the activity of endothelial cells and macrophages, exacerbating the inflammatory response 
and hastening the development of atherosclerosis. It is important to note that CX3CL1’s synergistic interaction 
with other chemokine receptors, including CXCR3 and CCR5, is crucial for maintaining chronic inflammation and 
immune cell retention over the long term. The chronic inflammatory state of atherosclerosis is further reinforced 
by this multi-chemokine network effect [39]. Furthermore, the survival of foam cells in plaques is intimately linked 
to over-activation of the CX3CL1/CX3CR1 signaling pathway. By controlling the mTOR signaling pathway, 
CX3CL1 improves the metabolic activity and anti-apoptotic potential of foam cells, which are the main cells of 
atherosclerotic plaques [40]. This metabolic regulatory mechanism promotes excessive lipid accumulation and 
increases the survival time of foam cells, both of which accelerate the development of atherosclerosis.

5. CX3CL1/CX3CR1 signaling in atherosclerosis-related comorbidities
The CX3CL1/CX3CR1 signaling pathway is essential to the pathogenesis of coronary artery disease (CAD), 
a common clinical manifestation of atherosclerosis. Recent research indicates that CX3CL1 activates multiple 
molecular signaling pathways in coronary endothelial cells through CX3CR1, primarily engaging the 
phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway via G protein-coupled receptors (GPCRs), thereby 
enhancing immune cell adhesion and inflammatory responses in endothelial cells [41]. Particularly in vascular 
endothelial cells close to unstable plaques, CX3CL1 expression is markedly elevated in CAD patients. This 
overexpression is closely linked to the ongoing recruitment of immune cells, which exacerbates local inflammatory 
responses. Notably, CX3CL1/CX3CR1 controls monocyte migration to the arterial wall and local polarization 
status, which is a key factor in the persistence of inflammatory responses. CX3CL1 increases monocyte migration 
capacity by triggering the Rho family GTPase Rac1 [42]. At the same time, CX3CL1 can cause macrophage 
polarization to the pro-inflammatory M1 type via CX3CR1. These M1-type macrophages can accelerate plaque 
instability and raise the risk of myocardial infarction in CAD patients by secreting matrix metalloproteinases 
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like MMP-9, which break down the extracellular matrix in plaques [43]. Additionally, research has shown that 
CX3CL1 can improve the expression of endothelial cell adhesion molecules (like VCAM-1 and ICAM-1) in 
order to increase the interaction between monocytes and endothelial cells [44]. A possible therapeutic target, these 
molecular-level mechanisms highlight the central regulatory roles of CX3CL1/CX3CR1 in the development of 
CAD. Particularly, the V249I and T280M variants of the CX3CR1 gene have been the subject of much research 
in recent years. These gene variants have been linked to a lower affinity of CX3CR1 for CX3CL1, which weakens 
monocyte adhesion and migration ability and lowers the risk of coronary heart disease [45]. Intervention in the 
CX3CL1/CX3CR1 signal may offer new targets for the treatment of coronary heart disease, as this finding 
indicates the possible protective effect of CX3CR1 gene regulation in coronary heart disease.

The CX3CL1/CX3CR1 signaling pathway is associated with coronary heart disease and is also significant in 
other cardiovascular disorders. Research indicates that CX3CL1 modulates macrophage activation and chemotaxis 
in peripheral artery disease (PAD), promoting macrophage viability in affected arteries via the PI3K/Akt/mTOR 
pathway and stimulating matrix metalloproteinases (MMPs) to degrade the extracellular matrix, resulting in 
arterial wall structural instability [46]. Mechanistic investigations in peripheral artery disease (PAD) reveal that 
CX3CL1 not only modulates local inflammation but also facilitates disease advancement by perpetuating vascular 
wall damage. Moreover, CX3CL1 is significantly associated with conditions such as myocardial fibrosis and heart 
failure. In patients with heart failure, CX3CL1 stimulates the proliferation and activation of cardiac fibroblasts via 
the CX3CR1-activated signaling pathway, hence exacerbating cardiac fibrosis [47]. This signifies that CX3CL1 is 
implicated in vascular inflammatory responses and is crucial in the clinical progression of cardiac insufficiency 
through the modulation of myocardial fibrosis.

The pathogenic association between stroke, particularly ischemic stroke, and atherosclerosis is more evident. 
The CX3CL1/CX3CR1 signaling pathway is significant in both coronary heart disease and cerebrovascular 
disorders. CX3CL1, by the activation of CX3CR1, facilitates the recruitment of inflammatory cells and reactions 
in the brain, engaging several intracellular signaling pathways, particularly associated with blood-brain barrier 
impairment and ischemia injury [48]. Research indicates that CX3CL1 activates the RhoA/ROCK signaling 
pathway in the cerebrovascular system via the CX3CR1 receptor, resulting in the rearrangement of the endothelial 
cell cytoskeleton, increased permeability of the blood-brain barrier, and enhanced infiltration of immune cells and 
pro-inflammatory factors into the brain parenchyma, thereby exacerbating the pathological damage associated with 
stroke [49]. Furthermore, CX3CL1 promotes macrophage survival and pro-inflammatory activities via the PI3K/
Akt and mTOR signaling pathways, allowing CX3CR1-positive macrophages to endure in the local inflammatory 
microenvironment and perpetually aggravate tissue damage.

The CX3CL1/CX3CR1 signaling pathway is significant in ischemia-reperfusion damage associated with 
cerebrovascular disorders. During reperfusion, CX3CL1 amplifies the generation of reactive oxygen species (ROS) 
in endothelial cells and macrophages via the CX3CR1 receptor. Excessive formation of reactive oxygen species 
(ROS) not only directly harms brain tissue but also activates the Nrf2 signaling pathway, hence intensifying 
oxidative stress responses [50]. The interplay between oxidative stress and inflammatory responses intensifies 
ischemia injury to cerebral tissue following a stroke.

6. Conclusion
The CX3CL1/CX3CR1 signaling pathway serves as a crucial regulatory element in atherosclerosis and associated 
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cardiovascular and cerebrovascular illnesses, exhibiting intricate functions in modulating inflammatory responses, 
immune cell recruitment, and vascular remodeling, as evidenced by recent investigations. Nonetheless, despite 
considerable advancements in current research, prospective research avenues remain replete with problems and 
potential. The CX3CL1/CX3CR1 signaling pathway has recently been identified as a possible therapeutic target 
for atherosclerosis. However, more medication development and clinical study are required. Optimizing CX3CL1/
CX3CR1 targeted therapy in clinical practice to mitigate immunosuppressive adverse effects from systemic 
inhibition is a crucial avenue for future study. Investigating the influence of various CX3CR1 gene variants 
on therapeutic responses may facilitate the development of individualized targeted therapies for the clinical 
prevention and treatment of atherosclerosis and coronary heart disease. The advancement of technologies like 
single-cell sequencing, genomics, transcriptomics, and proteomics has rendered multi-omics studies an efficient 
approach for elucidating the intricate regulatory network of the CX3CL1/CX3CR1 signaling pathway. Integrating 
data at various levels will enable future studies to elucidate the dynamic alterations and regulatory mechanisms of 
the CX3CL1/CX3CR1 signaling pathway across many cell types and pathological conditions.
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