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Abstract
Lipid accumulation, chronic inflammation, and endothelial dysfunction represent key pathological hallmarks of coronary atherosclerosis, a progressive vascular disease and a leading contributor to global cardiovascular morbidity and mortality. Among the emerging molecular mechanisms implicated in atherogenesis, ferroptosis—a distinct, non-apoptotic, iron-dependent form of regulated cell death triggered by lipid peroxidation—has attracted significant research interest due to its potential role in vascular cell injury and plaque instability. Thymosin beta-4 (Tβ4), a highly conserved, multifunctional peptide best known for its actin-sequestering properties, has demonstrated notable cytoprotective, anti-inflammatory, and antioxidant effects in cardiovascular tissues under stress conditions. Despite this, the precise involvement of Tβ4 in modulating ferroptosis within the context of coronary atherosclerosis remains poorly understood and underexplored in current literature. This review aims to explore the putative anti-ferroptotic role of Tβ4 in coronary atherosclerosis and to examine the molecular mechanisms through which it may protect vascular cells—such as endothelial cells, smooth muscle cells, and macrophages—from ferroptosis-induced injury. By integrating current evidence on ferroptotic signaling and Tβ4’s regulatory functions, this article highlights the therapeutic potential of targeting Tβ4 as a novel intervention to prevent or mitigate the progression of atherosclerotic cardiovascular disease.
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1.Introduction
As the leading killer worldwide, coronary artery disease (CAD) has far-reaching monetary and health-related consequences (1). Several cell types and systems are affected by the complex disease of CAD; risk factors include an unhealthy diet, insufficient physical activity, smoking, environmental factors, and genetics (2).
CAD is a condition in which atherosclerotic lesions in the coronary artery constrict or obstruct the lumen, therefore causing myocardial ischemia, oxygen deprivation and necrosis (2).
A unique type of controlled cell death is ferroptosis  (3). The buildup of lipid peroxides brought on by Fe2+-mediated Fenton reactions and reactive oxygen species (ROS) accelerates ferroptosis. (4). It differs from other types of controlled cell death, such as necroptosis, autophagy, and apoptosis, in terms of morphology, biochemistry, and genetics. Ferroptotic cells exhibit distinct characteristics such as cellular membrane rupture, smaller mitochondria with higher mitochondrial membrane density, diminished or absent mitochondrial cristae, outer mitochondrial membrane rupture, and a normal nucleus. (5).
A range of cellular pathogenic events linked to ferroptosis influences the occurrence and evolution of atherosclerosis (6).  Recent studies showed that atherosclerosis's development was influenced by ferroptosis (6).
Thymosin β4 (Tβ4), a peptide that is extensively distributed and valuable in a variety of physiological and pathological contexts, stimulates angiogenesis and proliferation while simultaneously suppressing apoptosis and inflammation (7). Thymosin beta-4 may function as an endogenous iron chelator by binding both Fe²⁺ and Fe³⁺ ions through specific regions of its peptide structure. This capability positions Tβ4 as a potential regulator of ferroptosis, as it influences antioxidant pathways associated with free iron and reactive oxygen species (ROS) production via the Fenton reaction.(8).
[bookmark: _Hlk195776256]Research into the underlying molecular and pathological processes of CAD has the potential to yield valuable therapeutic targets for patients (9)

2. Thymosin beta4
In 1966, Goldstein and White first described thymosin, which was isolated from the thymus gland.  The -thymosin family is comprised of polypeptides that are biochemically and functionally distinct.  Tβ4, Tβ10, and Tβ15 are known to be present in the family of human beings (10). The molecular weight of Tβ4, the most prevalent peptide in this family, is 4964 Da.   A highly conserved, acidic polypeptide that is water-soluble.   It is composed of 43 amino acids [11]. Tβ4 is selectively crosslinked to a variety of molecules by factor XIIIa, in addition to actin, collagen, and fibrin [12]. Furthermore, it is a robust regulator of actin polymerization in mammals and functions as a significant actin-sequestering molecule in all eukaryotic cells (13). The expression of thymosin Tβ4 in the developing brain and the cardiovascular system has been previously documented (14) Following ischemia, Tβ4 improves the survival of cardiac myocytes by increasing the expression of vascular endothelial growth factor (VEGF) and activating integrin-linked kinase (ILK) (15). Tβ4 forms a functional complex with Particularly Interesting New Cysteine-Histidine-rich protein (PINCH) and ILK, leading to the activation of the survival kinase Akt (also known as protein kinase B). This signaling cascade promotes cardiomyocyte survival and migration.
  
3.Ferroptosis
Erastin, a novel chemical that was discovered in 2003, selectively killed cancer cells that expressed RAS, but the mode of cell death was distinct from previous reports. No nuclear morphological alterations, DNA fragmentation, or caspase activation occurred, and caspase inhibitors were unable to stop this process (16). Ferroptosis is primarily observed in cells as a reduction in mitochondrial volume, an increase in the density of the bilayer membrane, and the disappearance or reduction of mitochondrial cristae when viewed morphologically (17).   Based on their modes of action, ferroptosis inducers are divided into four groups: those that cause lipid peroxidation, glutathione peroxidase 4 (GPX4) breakdown and Coenzyme Q10 depletion, direct knockdown of GPX4, and inhibition of cystine import. Erastin, RSL3, FIN56, and FINO2 are instances of each type, respectively (18). In recent years, several metabolic pathways have been linked to ferroptosis. Ferroptosis is distinguished by lipid peroxidation and aberrant iron accumulation, which have attracted significant attention due to their strong relationship with disorders such as ischemia-reperfusion damage (IRI), nervous system diseases, and malignancies (19).
3. Coronary atherosclerosis
In Western countries, coronary heart disease is a significant cause of mortality (20). Atherosclerosis is the primary cause of coronary heart disease, which can result in fatal complications like acute myocardial infarction and sudden cardiac death due to thrombosis (21). Coronary atherosclerosis starts with early intimal hyperplasia near the branch sites. These lesions can be seen from birth and can lead to pathological intimal thickening (PIT). The infiltration of macrophages into PIT's lipid pools relates to the shift of lipid pools to the necrotic core, resulting in fibroatheroma. The ongoing expansion of the necrotic core, combined with the progressive thinning of the fibrous cap, leads to the development of thin cap fibroatheroma, which is considered a precursor to plaque rupture. Plaque progression is usually accompanied by calcification, and the necrotic core and surrounding tissue may eventually calcify to create fibrocalcific plaques (22).
4. Tβ4 as an Anti-Ferroptotic Agent
Tβ4, an endogenous iron chelator, affects anti-oxidative activities associated to free iron ions and ROS generation in Fenton reaction (23). Tβ4 increases the expression of oxidative stress genes, including BAX, HSP70, and TRNRD-1, which are downregulated during ferroptosis (23).  Crucially, the ferroptosis mechanism is associated with increasing lipid peroxides, which is induced by ROS.  Therefore, it is speculated that the function of Tβ4 may be associated with the ferroptosis effect mediated by reactive oxygen species (23).  
It is found that Tβ4 is released by various cells, including platelets and macrophages, and has anti-inflammatory effects by reducing the number of inflammatory cells and downregulating the expression of inflammatory factors like TNF-α, IL-1β, and IL-6. It also blocks the expression of nuclear factor-κB (24).
[bookmark: _Hlk199023598]By participating in hepatocyte ferroptosis, Tβ4 regulates the oxidative stress and lipid metabolism of NAFLD (25) By inhibiting ROS production and enhancing cellular survival pathways, Tβ4 has been shown to have anti-apoptotic and antioxidant effects in previous research (26). This hypothesis has been recently confirmed by research that has shown that Tβ4 treatment reduces inflammation, enhances antioxidant defenses, and increases GPX4 expression in NAFLD rodents that have been induced by a high-fat diet (HFD).   By combining these effects, liver function is improved and ferroptosis is inhibited (26).
5. Tβ4 and Atherosclerotic Plaques
In pathological settings, such as acute myocardial ischemia, Tβ4 has demonstrated potent cardioprotective effects. Experimental studies show that administration of Tβ4 reduces infarct size, suppresses inflammatory responses, and improves cardiac function following ischemic injury (27) In chronic myocardial ischemia, long-term overexpression of Tβ4 has been associated with enhanced angiogenesis, vessel maturation, and collateral vessel formation. These effects collectively improve myocardial perfusion and contribute to better functional outcomes, suggesting a promising therapeutic role for Tβ4 in both acute and chronic ischemic conditions (28). It has been demonstrated in previous research that the regional application of Tβ4 through a recombinant adeno-associated viral vector may be a viable approach to vascular gene therapy (29). In the context of myocardial infarction, recent research has shown that Tβ4 treatment improves cardiac function by activating Akt phosphorylation, promoting the ILK-Pinch-Parvin complex (ILK (Integrin-linked kinase), Pinch, and Parvin work together to regulate cell adhesion, survival, and cytoskeletal organization), and suppressing NF-κB. The fundamental mechanisms of Tβ4's protective function in cardiac injuries are consistent with this. Furthermore, Tβ4 safeguards cardiac fibroblasts from oxidative injury caused by H2O2 by selectively increasing catalase, Cu/Zn Superoxide Dismutase, and Bcl2 (30).
6. Therapeutic Implications
Targeting ferroptosis via Tβ4 may offer:
· Plaque stabilization
· improved endothelial function
· Reduction in oxidative stress
· Potential synergy with statins, iron chelators, or GPX4 mimetics
Future directions:
· Elucidating exact molecular mechanisms of Tβ4 in ferroptosis.
· Developing Tβ4 analogs or gene therapy approaches.
· Exploring Tβ4 levels as a biomarker for plaque vulnerability.
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