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ABSTRACT

Background: Atherosclerotic vascular disease underpins a vast majority of cardiovascular morbidity and mortality,
encompassing not only coronary artery disease but also cerebrovascular and peripheral arterial complications. Despite
extensive knowledge of classical risk factors, there remains a critical need to understand the molecular mediators driving
atherogenesis, plaque progression, and vascular complications. The thrombospondin (TSP) family of matricellular
proteins—including TSP-1 through TSP-5—has recently emerged as a group of multifunctional regulators with distinct
and overlapping roles in vascular biology. These glycoproteins mediate extracellular matrix remodeling, cellular adhesion,
immune cell recruitment, angiogenesis, and the regulation of inflammatory and thrombotic responses, thereby influencing
every stage of atherogenesis and vascular injury repair.

This review provides a comprehensive analysis of the molecular structure, regulation, and expression profiles of
thrombospondin family proteins in vascular tissues. We examine experimental and clinical studies linking TSP-1, TSP-2,
and less-studied isoforms (TSP-3, TSP-4, TSP-5) to key events in atherosclerotic plaque initiation, progression, and
destabilization. Special attention is given to the interplay between thrombospondins, classical cardiovascular risk factors
such as diabetes and hypertension, and their downstream effects on endothelial dysfunction and vascular smooth muscle
cell migration.

Moreover, we assess the potential of circulating thrombospondin levels, particularly TSP-1 and TSP-2, as biomarkers for
atherosclerotic disease severity and future cardiovascular events. We discuss recent data on genetic polymorphisms within
TSP genes and their association with individual susceptibility to atherosclerosis and its complications. Finally, the
therapeutic prospects of targeting thrombospondin-mediated pathways—either to inhibit maladaptive vascular remodeling
or to modulate inflammatory and angiogenic responses—are reviewed.

In summary, thrombospondin family proteins are central players in the complex molecular networks underlying
atherosclerotic vascular disease. Their dual role as mechanistic effectors and candidate biomarkers offers new
opportunities for risk stratification and targeted therapy. Ongoing research into the specific contributions and regulation
of each TSP isoform promises to advance precision cardiovascular medicine.
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INTRODUCTION

Atherosclerotic vascular disease remains the principal cause of morbidity and mortality in developed and developing countries
alike, manifesting as coronary artery disease, stroke, and peripheral arterial disease [1]. While the contribution of traditional risk
factors—such as hypertension, diabetes, hyperlipidemia, and smoking—to atherogenesis is well established, growing evidence
underscores the importance of matricellular proteins as key modulators of vascular pathology. Among these, the thrombospondin
(TSP) family has garnered particular interest due to its multifaceted involvement in vascular remodeling, immune responses, and
cellular interactions within the arterial wall [2,3].

Thrombospondins comprise five structurally related glycoproteins—TSP-1 through TSP-5—each exhibiting tissue-specific
expression and distinct, yet sometimes overlapping, biological functions [4]. Early research centered predominantly on TSP-1 as
a regulator of platelet function and angiogenesis; however, recent advances reveal that other isoforms, notably TSP-2 and TSP-
4, also contribute to vascular homeostasis and pathology. These proteins are secreted in response to diverse stimuli, including
vascular injury, inflammation, and metabolic stress, and are implicated in processes such as extracellular matrix (ECM)
remodeling, endothelial dysfunction, leukocyte recruitment, and smooth muscle cell migration—all pivotal events in the
initiation and progression of atherosclerotic lesions [5,6].

Despite these insights, the precise mechanisms by which individual TSP family members modulate atherosclerotic disease remain
incompletely defined. Contradictory results from animal models and human studies highlight a context-dependent role for each
TSP isoform, influenced by the stage of disease, tissue environment, and interplay with other molecular mediators. Moreover,
while TSP-1 and TSP-2 have been investigated as potential biomarkers for vascular risk assessment, data on the clinical
significance of TSP-3, TSP-4, and TSP-5 are limited and warrant further exploration [7,8].

This review aims to provide a comprehensive synthesis of current knowledge regarding the thrombospondin family in
atherosclerotic vascular disease. We address the structural and regulatory features of each isoform, summarize their biological
actions in vascular tissues, and critically evaluate their emerging roles as biomarkers and therapeutic targets. In doing so, we
highlight knowledge gaps and identify promising avenues for future research in the quest to refine risk stratification and develop
novel interventions for atherosclerotic disease [9].

1: The Thrombospondin Family—Structure, Isoforms, and Expression

The thrombospondin family consists of five secreted glycoproteins—TSP-1, TSP-2, TSP-3, TSP-4, and TSP-5 (also known as
cartilage oligomeric matrix protein, COMP)—that share conserved domains but exhibit unique structural features and expression
patterns [1]. Structurally, these proteins are grouped into two subfamilies: subgroup A (TSP-1, TSP-2) forms trimers, while
subgroup B (TSP-3, TSP-4, TSP-5) assembles as pentamers. All thrombospondins are characterized by a multi-domain
architecture, including an N-terminal domain, procollagen-like region, type I/II/III repeats, and a C-terminal globular domain
[2]. This complex structure enables interaction with diverse ligands, including extracellular matrix (ECM) proteins, integrins,
growth factors, and cell surface receptors, which underpins their context-dependent functions [3].

TSP-1 and TSP-2 are widely expressed in the cardiovascular system, particularly in platelets, endothelial cells, vascular smooth
muscle cells, and cardiac fibroblasts, where they are rapidly upregulated in response to injury, inflammation, or metabolic stress
[4]. TSP-3, TSP-4, and TSP-5 have distinct tissue distributions; for instance, TSP-4 is prominent in the heart and vasculature
under both physiological and pathological conditions, while TSP-5 is highly expressed in cartilage but is also implicated in
vascular calcification and remodeling [5,6]. Differential gene expression and post-translational regulation of TSP isoforms add
another layer of complexity, influencing their biological availability and activity within vascular tissues [7].

Emerging evidence from genetic and proteomic studies indicates that the expression of individual TSP isoforms may be
dynamically regulated by mechanical stress, hypoxia, inflammatory cytokines, and metabolic factors such as glucose or lipids
[8]. Understanding the precise regulation of thrombospondin expression in healthy and diseased vessels is crucial for deciphering
their distinct and overlapping roles in vascular homeostasis and pathology [9].

2: Biological Functions of Thrombospondins in Vascular Homeostasis
Thrombospondins are now recognized as key modulators of cell-matrix and cell-cell interactions in the cardiovascular system.

They play a vital role in orchestrating the dynamic remodeling of the ECM, which is essential for maintaining vascular structure,
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elasticity, and repair following injury [10]. By binding to matrix components such as collagen, fibronectin, and proteoglycans,
TSPs regulate ECM assembly and turnover, as well as the migration and adhesion of vascular smooth muscle cells and fibroblasts
[11]. These properties are particularly relevant in the context of vascular injury, where rapid ECM reorganization is required to
restore integrity and function [12].

In addition to their structural role, thrombospondins modulate growth factor availability and activity, notably transforming
growth factor-beta (TGF-) and vascular endothelial growth factor (VEGF), both central to vascular remodeling and angiogenesis
[13]. For example, TSP-1 is a potent inhibitor of VEGF-mediated angiogenesis and can activate latent TGF-f, contributing to
the balance between repair and fibrosis in vascular tissues [14]. TSP-4, conversely, has been shown to promote adaptive responses
to cardiac stress, such as hypertrophy and angiogenesis, which may be protective in early heart disease but maladaptive in chronic
conditions [15].

Thrombospondins also serve as regulators of vascular tone and endothelial function. By interacting with surface receptors such
as CD36 and CD47, TSP-1 and TSP-2 can inhibit nitric oxide (NO) signaling pathways, leading to vasoconstriction and reduced
endothelial-mediated relaxation [16]. This inhibition of NO bioavailability is a key mechanism underlying the development of
endothelial dysfunction, a recognized precursor to atherosclerosis and vascular disease [17]. Collectively, the pleiotropic actions
of the TSP family make them central players in the maintenance and adaptation of the vascular system [18].

3: Thrombospondins in Atherosclerotic Plaque Development

Atherosclerosis is fundamentally a process of maladaptive vascular remodeling, chronic inflammation, and progressive ECM
alteration. Thrombospondins, particularly TSP-1 and TSP-2, have been extensively implicated in all phases of atherogenesis—
from endothelial dysfunction and immune cell recruitment to plaque growth and destabilization [19]. TSP-1 promotes the
adhesion and transmigration of monocytes and other leukocytes across the endothelial barrier, facilitating the inflammatory
milieu required for plaque formation [20]. It also modulates matrix metalloproteinases (MMPs), which are essential for ECM
degradation and smooth muscle cell migration during early plaque development [21].

Experimental studies in animal models have demonstrated that deficiency of TSP-1 or TSP-2 results in altered plaque
composition, reduced collagen content, and increased plaque vulnerability, indicating their dual role in stabilizing and remodeling
atherosclerotic lesions [22]. TSP-4, while less studied, has been linked to the recruitment and retention of inflammatory cells
within the vascular wall, suggesting a pro-inflammatory function that may exacerbate lesion progression in certain settings [23].
Notably, the impact of each TSP isoform on plaque stability may differ depending on the stage of atherosclerosis, underlying
metabolic conditions, and the presence of comorbidities such as diabetes or hypertension [24].

Beyond structural and inflammatory effects, TSPs influence angiogenesis within the plaque. TSP-1 acts as a negative regulator,
suppressing intraplaque neovessel formation, whereas reduced TSP-1 expression has been associated with increased
neovascularization, plaque instability, and intraplaque hemorrhage [25]. Thus, thrombospondins integrate multiple signaling
pathways that converge on the control of plaque composition, stability, and the risk of clinical events [26].

4: Thrombospondins and Cardiovascular Risk Factors

The expression and function of thrombospondin family proteins are profoundly influenced by traditional cardiovascular risk
factors, including diabetes mellitus, hypertension, and dyslipidemia. In the context of diabetes, elevated glucose levels stimulate
TSP-1 and TSP-2 expression in vascular tissues, enhancing endothelial dysfunction, promoting inflammation, and inhibiting
angiogenesis through the CD47 signaling pathway [27]. This mechanism is believed to underlie the heightened risk and severity
of atherosclerotic complications observed in diabetic patients, where impaired vascular repair and increased thrombosis are
prominent features [28]. Animal models support these findings, showing that deletion of TSP-1 improves endothelial function
and mitigates vascular complications in diabetes [29].

Hypertension has also been linked to upregulation of TSP-1 and TSP-4, particularly in resistance arteries and the myocardium,
where these proteins contribute to adverse vascular remodeling, fibrosis, and arterial stiffening [30]. Experimental data
demonstrate that mechanical stress and angiotensin II stimulation both enhance TSP gene expression in vascular smooth muscle
cells, promoting collagen deposition and increasing vascular resistance [31]. Similarly, TSPs mediate hypertensive heart disease
progression through modulation of fibroblast activity and matrix accumulation, implicating them in the transition from
compensated hypertrophy to heart failure [32].
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Dyslipidemia, especially increased levels of oxidized low-density lipoprotein (oxLDL), is another potent stimulator of TSP-1
production by endothelial cells and macrophages [33]. TSP-1 binds to lipoproteins and facilitates their deposition in the vessel
wall, further promoting local inflammation and foam cell formation—a central event in early atherogenesis [34]. Collectively,
these interactions highlight thrombospondins as molecular links between classical risk factors and vascular disease progression,
and as potential biomarkers reflecting cumulative risk exposure [35].

5: Genetic Polymorphisms and Thrombospondins as Clinical Biomarkers

Recent advances in genomics have identified several polymorphisms in TSP-1 and TSP-4 genes that may confer increased
susceptibility to atherosclerotic vascular disease and its complications. For instance, the TSP-1 N700S variant has been associated
with altered calcium binding, increased risk of myocardial infarction, and greater propensity for plaque instability [36]. Similarly,
TSP-4 gene polymorphisms have been linked to higher incidence of coronary artery disease and adverse cardiac events,
especially in individuals with metabolic syndrome [37]. These genetic variants may influence thrombospondin expression or
function, contributing to interindividual differences in vascular risk and disease progression [38].

Clinically, circulating levels of TSP-1 and TSP-2 have been investigated as biomarkers of disease activity and severity in
atherosclerosis, coronary artery disease, and acute coronary syndromes [39]. Elevated plasma TSP-1 correlates with the extent
of coronary atherosclerosis, plaque burden, and adverse outcomes, while TSP-2 levels have shown prognostic value in patients
with valvular and vascular diseases [40]. However, the specificity and predictive value of thrombospondin measurements remain
to be fully established, with some studies reporting confounding influences from comorbidities, medications, and acute
inflammatory states [41]. Nevertheless, ongoing large-scale studies aim to clarify their utility in risk stratification and monitoring
therapeutic responses in vascular disease [42].

6: Therapeutic Perspectives and Future Directions

Given their central role in vascular remodeling, inflammation, and endothelial dysfunction, thrombospondins represent attractive
therapeutic targets in atherosclerotic vascular disease. Preclinical studies have demonstrated that inhibition of TSP-1/CD47
signaling improves vascular function, promotes angiogenesis, and reduces fibrosis in models of diabetes, hypertension, and
myocardial infarction [43]. Novel agents targeting the TSP-1/CD47 axis are under investigation for potential use in
cardiovascular, fibrotic, and even oncologic disorders, highlighting the broad relevance of this pathway [44]. Additionally,
strategies aimed at modulating TSP-2 or TSP-4 activity are being explored to enhance vascular repair and limit adverse
remodeling following injury or revascularization procedures [45].

Despite these promising developments, several challenges remain. The multifunctional nature of thrombospondins means that
broad inhibition could result in unintended effects on tissue repair, immunity, or tumor suppression. A more nuanced
understanding of isoform- and tissue-specific actions will be crucial to designing effective therapies with favorable safety profiles
[46]. Furthermore, integrating thrombospondin measurements into clinical practice for risk prediction and monitoring will require
standardized assays, large prospective validation studies, and clear guidelines on interpretation [47].

Future research should continue to elucidate the context-dependent roles of individual TSP family members in human vascular
disease, unravel the impact of genetic variation, and develop selective modulators as next-generation therapeutics. In this way,
the thrombospondin family holds substantial promise for improving outcomes in patients with atherosclerotic vascular disease
[48].

Conclusion

The thrombospondin family of matricellular proteins has emerged as a critical nexus in the pathogenesis, risk assessment, and
potential treatment of atherosclerotic vascular disease. Acting through a combination of extracellular matrix remodeling,
modulation of growth factor signaling, and regulation of immune and endothelial responses, thrombospondins influence every
stage of atherogenesis, from endothelial dysfunction and plaque initiation to lesion progression and instability. The interplay of
TSP-1, TSP-2, and other isoforms with classical cardiovascular risk factors such as diabetes, hypertension, and dyslipidemia
underscores their relevance as both effectors and indicators of vascular injury.

Advances in genetic and biomarker research support the clinical significance of thrombospondin polymorphisms and circulating
protein levels as tools for risk stratification and prognosis in cardiovascular disease. However, challenges remain regarding their
specificity and integration into routine clinical practice. Therapeutic targeting of TSP-mediated pathways—particularly the TSP-
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1/CD47 axis—offers a promising avenue for novel interventions, though careful consideration of isoform- and tissue-specific
effects is warranted.

Ongoing and future research should aim to clarify the distinct contributions of each thrombospondin isoform, refine biomarker
utility, and develop targeted therapies that modulate these pathways for cardiovascular benefit. Ultimately, a deeper
understanding of the thrombospondin family will enhance precision medicine approaches in the management and prevention of
atherosclerotic vascular disease.
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