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The role of oxidative stress in vascular surgical diseases has increasingly been recognized as significant. This paper systematically reviews the specific mechanisms of oxidative stress in a various vascular surgical condition, including aortic dissection, abdominal aortic aneurysm, thrombosis, diabetic foot, and thromboangiitis obliterans, while also exploring related therapeutic strategies. Oxidative stress arises from an imbalance between free radicals and antioxidants, where excess reactive oxygen species and other free radicals can exacerbate inflammatory response. This paper delves into the pathogenic mechanisms of oxidative stress in the aforementioned diseases and discusses potential methods for utilizing antioxidants to reduce oxidative stress levels. Additionally, this paper highlights the challenges faced by current antioxidant therapies and identifies future research directions. By summarizing current research progress, this paper aims to provide a theoretical basis for more effective treatment strategies of vascular surgical diseases, with the hope of advancing the field.
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1 INTRODUCTION
Vascular surgical disorders, as a significant medical challenge profoundly affecting the structure and function of blood vessels, encompass both arterial and venous disorders. These conditions have become important contributors to mortality and disability worldwide. Underlying these diseases are numerous risk factors such as hypercholesterolemia, diabetes mellitus, obesity, hypertension and ageing, many of which insidiously compromise vascular health through the mechanism of oxidative stress (Hulsmans and Holvoet, 2010).
The biological concept of oxidative stress originated from Helmut Sies in 1985 (SIES, 1985), revealing the subtle changes in the balance between pro-oxidants and antioxidants, which often skews towards pro-oxidants, leading to uncontrolled redox signaling and molecular damage. As research has progressed, this concept has been precisely defined as the imbalance between oxidants and antioxidants, with a tendency toward oxidants resulting in severe consequences (Sies et al., 2017). Moderate oxidative stress is crucial for cellular signaling, gene expression regulation, and maintenance of cellular functions; however, once this balance is disrupted, an excess of reactive oxygen species (ROS) [such as superoxide anions (O2·−), hydrogen peroxide (H2O2), and hydroxyl radicals (·OH) singlet oxygen (1O2)] can impair the redox equilibrium within cells, triggering a cascade of complex biological effects and pathological processes that pose a serious threat to cellular health (Lushchak, 2014).
In the vascular system, nitric oxide (NO) produced by endothelial cells is crucial for maintaining vascular homeostasis. However, excessive O2·− act as antagonists to NO, not only reducing its production but also accelerating its degradation, leading to endothelial dysfunction. This dysfunction can result in impaired vasodilation, thrombosis, exacerbated inflammatory responses, and increased vascular permeability (Incalza et al., 2018). Additionally, ROS promote the proliferation and migration of vascular smooth muscle cells, contributing to vascular wall thickening and lumen narrowing. Under oxidative stress, these cells may also secrete pro-inflammatory cytokines and matrix metalloproteinases, further exacerbating vascular wall damage and stenosis (Gomez and Owens, 2012; Wu et al., 2023). Oxidative stress activates various signaling pathways, such as NF-κB, promoting the expression of inflammatory mediators and adhesion molecules, enhancing interactions between leukocytes and endothelial cells. The infiltration and activation of inflammatory cells increase ROS production, creating a vicious cycle that worsens local vascular injury and dysfunction. Moreover, prolonged oxidative stress can lead to structural and functional damage to cellular DNA, proteins, and lipids, potentially triggering apoptosis or necrosis, thereby laying the groundwork for the progression of vascular diseases (Nikkel and Wetmore, 2023).
Given the significant role of oxidative stress in vascular surgical diseases, reducing oxidative stress has become one of the key strategies for treating these conditions. This includes enhancing the body’s antioxidant capacity, removing excess oxidants, and repairing tissue damage caused by oxidative stress (Jin and Kang, 2024). Pharmacological treatments featuring antioxidants have shown considerable promise in this field. However, despite research indicating that antioxidants can effectively improve clinical outcomes in cardiovascular diseases, challenges remain in addressing oxidative stress treatment. The complex physiological and pathological mechanisms underlying oxidative stress are not yet fully understood, and the side effects and long-term efficacy of antioxidants require further investigation (Feng et al., 2019). This paper aims to delve into the concept of oxidative stress, the sources and clearance mechanisms of ROS, and to discuss in detail the pathogenic mechanisms and therapeutic strategies related to oxidative stress in vascular surgical diseases such as aortic dissection (AD), abdominal aortic aneurysm (AAA), thrombosis, diabetic foot, and thromboangiitis obliterans. Through this research, we hope to provide more precise and effective treatment strategies for the prevention and management of vascular surgical diseases, ultimately benefiting a larger patient population (Figure 1).
[image: Figure 1]FIGURE 1 | Illustration of various factors leading to imbalance of the oxidative-antioxidative system and the development of cardiovascular and metabolic diseases. (This schematic was created using Servier Medical Art templates, which are licensed under a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com.)
2 VASCULAR SURGICAL DISEASES AND OXIDATIVE STRESS
To establish a unified theoretical framework for understanding the mechanistic role of oxidative stress across vascular pathologies, we propose the “Oxidative Stress-Inflammation-Vascular Injury Axis” (Figure 2). This model can explain how oxidative stress can ultimately lead to vascular damage by activating the inflammatory response, destroying the vascular endothelium, and promoting the phenotypic transformation of smooth muscle cells (VSMCs). When the organism is subjected to risk factors such as hyperglycemia, hypertension, and smoking, the level of ROS is elevated, and ROS mainly originate from mitochondrial, NADPH oxidase (NOX), and xanthine oxidase pathways. Excess ROS can directly damage endothelial cells, disrupt the vascular barrier, and increase vascular permeability, as well as exacerbate the inflammatory response by activating transcription factors such as NF-κB,MAPK and promoting the release of inflammatory factors (e.g., TNF-α, IL-6). Inflammatory factors further attract monocytes and neutrophils to accumulate, creating a chronic inflammatory environment. In addition, ROS deplete nitric oxide (NO), leading to decreased vasodilatory function and promoting vasoconstriction and hypertension. Stimulated by oxidative stress and inflammatory signals, VSMCs shift from a contractile phenotype to a synthetic phenotype, a shift that promotes proliferation and migration of VSMCs, exacerbating atherosclerosis and atheroma formation. Ultimately, inflammation and oxidative stress lead to degradation of the extracellular matrix (ECM) and increased expression of matrix metalloproteinases (MMPs), which accelerates the thinning of the vascular wall and promotes vascular sclerosis, aneurysm rupture, thrombosis, and other diseases.
[image: Figure 2]FIGURE 2 | Oxidative stress-inflammation-vascular damage axis.
2.1 Role of oxidative stress in AD and related therapeutic strategies
AD occurs when a tear forms in the inner wall of the aorta, allowing blood to flow between the layers of the arterial wall and creating a false lumen, which leads to abnormal blood flow and significantly increases the risk of aortic rupture. In this process, oxidative stress plays a crucial role by inducing VSMC phenotypic changes, ECM degradation, and inflammatory responses, thereby promoting the formation and progression of AD (Figure 3).
[image: Figure 3]FIGURE 3 | Illustration of pathogenesis induced by oxidative stress in AD. Adapted from reference Xu et al. (2024), Copyright 2024 Frontiers Media S.A. All rights reserved.
2.1.1 Oxidative stress and phenotypic changes in VSMC
Under oxidative stress, elevated reactive oxygen species (ROS) drive the transition of vascular smooth muscle cells (VSMCs) from a contractile to a synthetic phenotype, a pivotal event in vascular pathophysiology. Contractile VSMCs maintain vascular tone under physiological conditions, but redox imbalance induced by ROS disrupts this homeostasis, activating key signaling pathways—including MAPK, NF-κB, and TGF-β/Smad—that orchestrate phenotypic reprogramming (Bonetti et al., 2021).
2.1.1.1 MAPK pathway
ROS activate MAPK cascades (ERK1/2, p38 MAPK, JNK) to promote VSMC proliferation and synthetic phenotype acquisition. ERK1/2 activation via the RAS/RAF/MEK axis enhances proliferative gene expression (Yorn et al., 2024), while p38 MAPK phosphorylates transcription factors (e.g., ATF2, CREB) to upregulate inflammatory cytokines (IL-6, TNF-α) and matrix metalloproteinases (MMP-9), driving extracellular matrix (ECM) degradation (Zhang et al., 2024). JNK activation through MKK4/MK7 promotes AP-1-mediated transcription of MMPs (MMP-2/9), pro-inflammatory factors (IL-1β), and proliferative markers (PCNA), further accelerating VSMC migration and synthetic transformation (Kigawa et al., 2014; Li and Kong, 2020).
2.1.1.2 NF-κB pathway
ROS-induced activation of the IKK complex leads to IκBα degradation, releasing NF-κB dimers (p65/p50; p52/RelB) that translocate to the nucleus. This triggers the expression of genes involved in inflammation, ECM remodeling, and VSMC proliferation, such as MMP-9, IL-6, TNF-α, and PCNA. MMP-9 promotes ECM degradation, while IL-6 and TNF-α drive inflammation, further stimulating VSMC proliferation and migration. This process contributes to vascular remodeling, a key factor in atherosclerosis and vascular diseases (Ahmed et al., 2017; Csiszar et al., 2008; Jiang and Qian, 2023). The ROS-IKK-NF-κB signaling pathway plays a crucial role in vascular pathology, offering potential targets for therapeutic intervention in cardiovascular diseases.
2.1.1.3 TGF-β/Smad pathway
ROS enhance TGF-β signaling by increasing receptor activation, leading to Smad2/3 phosphorylation. This enables the formation of Smad2/3–Smad4 complexes, which translocate to the nucleus and drive the expression of fibrotic genes like collagen and α-SMA, promoting VSMC synthetic behavior. ROS also activate non-Smad pathways, including ERK and PI3K/Akt, which synergize with TGF-β to further enhance VSMC migration, proliferation, and ECM synthesis (Chen and Chang, 2022; Wang J. et al., 2024). Targeting both Smad-dependent and non-Smad pathways may offer therapeutic opportunities for vascular fibrosis and inflammation.
2.1.1.4 ROS species-specific roles
Superoxide (O2−): Activates NF-κB/MAPK and reacts with NO to form peroxynitrite (ONOO−), amplifying oxidative stress (Takaishi et al., 2021). Hydrogen peroxide (H2O2): Diffuses across membranes to activate MAPK/NF-κB, promoting phenotypic switching (Velarde et al., 2004). Hydroxyl radical (·OH): Directly damages biomolecules, inducing inflammation and apoptosis (Fujii et al., 2022). Nitric oxide (NO): At low levels, maintains vasodilation; under oxidative stress, reacts with O2− to form ONOO−, exacerbating VSMC dysfunction (Piacenza et al., 2022).
2.1.1.5 Therapeutic implications
S-adenosylmethionine (SAM): Suppresses AngII-induced VSMC autophagy and phenotypic switching via PI3K/Akt/mTOR activation, mitigating AD progression (Figure 4D; Table 1) (Shen et al., 2024). SAM also enhances glutathione synthesis and reduces homocysteine toxicity (Lim et al., 2011). Coumarin derivatives (e.g., CTD): Inhibit NF-κB to attenuate inflammation, reduce MMP2/9 activity, and preserve ECM integrity in thoracic aortic dissection models (Figure 4C; Table 1) (Han et al., 2024). Sirtuin 3 (Sirt3): Mitigates ROS production, preventing VSMC apoptosis and vascular inflammation (Table 1) (Qiu et al., 2021). This integrated framework underscores oxidative stress as a central driver of VSMC dysregulation, highlighting therapeutic strategies targeting redox signaling to restore vascular homeostasis.
[image: Figure 4]FIGURE 4 | (A) Catalytic mechanism of Co-ZIF-8 nanocatalyst and its application in AD. Adapted with permission from Ref. Yang et al. (2024). Copyright (2024) American Chemical Society; (B) Therapeutic efficacy of melatonin in BAPN-induced TAAD mice with CT angiographic images of each group. Adapted with permission from Ref. Xia et al. (2020). Copyright (2020) John Wiley & Sons A/S; (C) Ultrasonography shows that CTD inhibits the development of BAPN-induced TAD. Adapted with permission from Ref. Han et al. (2024). Copyright (2024) Elsevier B.V.; (D) SAM attenuates Ang II-induced AD formation in ApoE−/− mice through a PI3K/AKT-dependent pathway. Adapted with permission from Ref. Shen et al. (2024). Copyright (2023) Elsevier Inc.; (E) SEI attenuates BAPN/ANGII-induced apoptosis through the aortic PI3K/Akt/NF-κb pathway. Adapted with permission from Ref. Zhao K. et al. (2023). Copyright (2023) Elsevier B.V.
TABLE 1 | Therapies against oxidative stress in aortic dissection.
[image: Table 1]2.1.2 Oxidative stress and ECM degradation
ROS promote the degradation of ECM through multiple mechanisms, primarily involving activation of metallo-matrix proteases (MMPs) and inhibition of tissue-inhibited metalloproteinases (TIMPs). Specifically, ROS can directly oxidize the inactive precursors of MMPs (pro-MMPs), disrupting the thiol-zinc bonds within them, which leads to their conversion from an inactive to an active state (Jeong et al., 2022) In addition, ROS induce the expression of MMPs genes through the upregulation of several signaling pathways, including NF-κB, AP-1, and MAPK. In particular, under oxidative stress, NF-κB is activated and enters the nucleus, binding to the promoter region of MMPs genes and promoting the expression of key MMPs such as MMP-9 (Eble and Rezende, 2014). ROS can also upregulate the activity of NADPH oxidase (NOX) through a positive feedback mechanism, generating more ROS, further activating MMPs and accelerating the degradation process of ECM (Gurung et al., 2020).
Beyond directly activating MMPs, ROS also promote ECM degradation by inhibiting the function of TIMPs. TIMPs are natural inhibitors of MMPs, acting by binding to them to suppress their activity. However, under oxidative stress, ROS reduced the expression levels of TIMPs and directly oxidize their structures, diminishing their inhibitory effects on MMPs (Qipshidze et al., 2012). This weakened inhibition leads to uncontrolled MMP activity, resulting in the excessive degradation of crucial ECM components such as collagen and elastin. Moreover, ROS indirectly exacerbated the activity of MMPs by inducing a local inflammatory response. ROS activated pro-inflammatory pathways and induced the release of inflammatory factors such as TNF-α and IL-6, and these inflammatory factors further stimulated the expression and activity of MMPs, promoting ECM degradation (Cao et al., 2019). Ultimately, the degradation of ECM leads to the disruption of the structural integrity of the vessel wall, promoting the formation of vascular lesions such as aneurysms.
One study indicated that the degradation of collagen and elastin fibers in the ECM was significantly inhibited in Senkyunolide I (SEI)-treated mice, which may have mitigated the progression of thoracic aortic aneurysm and dissection (TAAD) through inhibition of the PI3K/Akt/NF-κB signaling pathway (Figure 4E; Table 1) (Zhao Y. et al., 2023). Another study found that IMD1-53, a factor regulating oxidative stress, acts by reducing oxidative stress, inflammation, VSMC apoptosis, and matrix metalloproteinase activation by decreasing the mRNA and protein expression of NADPH oxidase and inhibiting its activity. IMD1-53 also inhibits the expression of Nox4, which is the major ROS generator in VSMC and involved in AAA pathogenesis (Table 1) (Lu et al., 2016).
2.1.3 Generation of pro-inflammatory cytokine and mechanisms of inflammatory response
ROS induce the generation of pro-inflammatory cytokines through a series of complex signaling pathways, triggering an inflammatory response. Specifically, ROS first activate the NF-κB signaling pathway. Under oxidative stress, ROS activate IκB kinase (IKK), leading to the release of NF-κB and its translocation into the nucleus, which promoties the transcription of key pro-inflammatory factors, such as TNF-α, interleukin-1β (IL-1β) and interleukin-6 (IL-6) (S. Xu et al., 2024). Additionally,ROS also enhance the expression of pro-inflammatory genes by activating the MAPK pathway, especially JNK and p38 MAPK. The activated AP-1 transcription factor enters the nucleus and further promotes the production of IL-1 and TNF-α (Zhao K. et al., 2023). Moreover, ROS activate NLRP3 inflammasome, promoting the activation of inflammasome and the release of IL-1βand IL-18, which exacerbates local inflammatory response. ROS also initiate the inflammatory response by inducing lipid oxidation to generate oxidized lipids and activating Toll-like receptor (TLR) (Chen and Chang, 2022; Wang Y. et al., 2024). These pro-inflammatory factors not only exacerbate the tissue damage caused by oxidative stress, but also further enhance the generation of ROS through a positive feedback mechanism, forming a vicious circle and leading to more severe inflammatory responses and tissue damage.
Research by Xia et al. indicates that in mice, BAPN induction significantly increases the number of CD68(+) macrophages, while melatonin can inhibit macrophage infiltration, altering the positive feedback loop between the inflammatory response and ECM degeneration, effectively preventing the progression of TAAD (Figure 4B; Table 1) (Xia et al., 2020). On the other hand, Yang and Hu et al. constructed Co-ZIF-8 nanocatalysts, which exhibit efficient antioxidant and anti-inflammatory effects through multiple mechanisms, including promoting the transition of M1 macrophages to the M2 phenotype, upregulating DDIT4 expression, and inhibiting the PI3K-Akt pathway. In a BAPN-induced AD animal model, Co-ZIF-8 nanoparticles significantly alleviated the inflammatory response in the aorta and substantially inhibited aortic dilation, thereby effectively delaying the progression of AD (Figure 4A; Table 1) (Yang et al., 2024).
Currently, the treatment of AD and thoracic aortic aneurysms primarily relies on surgical intervention. However, despite numerous studies indicating the potential benefits of antioxidant therapy in AD, several critical issues remain to be addressed. The foremost issue is that most research has f focused on animal models, lacking large-scale human clinical trials to validate their efficacy and safety. Additionally, there is no consensus on the selection and dosage of antioxidants, and different antioxidants may exhibit distinct mechanisms of action and effects, which requires further studies to determine the optimal treatment regimen. Furthermore, ROS demonstrate dual roles in physiologic and pathologic processes, and excessive suppression may lead to adverse effects. Therefore, future research must delve deeper the mechanism of antioxidant therapy more deeply and optimize treatment strategies. This approach not only aims to slow disease progression but may also provide an effective alternative therapy for patients who are unable to tolerate surgery, thereby enriching the therapeutic options.
2.2 Role of oxidative stress in AAA and related therapeutic strategies
AAA is characterized by dilatation of the abdominal aorta to more than 1.5 times its normal diameter, involving complex interactions among various cellular and molecular pathways in its pathogenesis. Recent studies increasingly emphasize the central role of oxidative stress in the formation and progression of AAA (Golledge, 2018). In the development of AAA, oxidative stress similarly contributes to the pathologic process by promoting VSMC phenotypic transformation, ECM degradation, and pro-inflammatory cytokine production and inflammatory response, collectively advancing the pathological process. Additionally, AAA formation is facilitated by the accumulation of oxidized low-density lipoprotein (LDL), which recruits and activates inflammatory cells, increases the expression of matrix metalloproteinases (MMPs), and subsequently lead to the degradation of elastin and apoptosis of smooth muscle cells (Figure 5), ultimately resulting in weakening and dilatation of the aortic wall (Kuivaniemi et al., 2015).
[image: Figure 5]FIGURE 5 | Thoracic aortic aneurysm and oxidative stress. The aortic wall consists of the intima, mid-membrane and ecta, where VSMCs provide contractility. In aortic aneurysms, VSMCs shift to a synthetic phenotype and secrete large amounts of MMP and inflammatory cytokines, leading to downregulation of contractile proteins and ECM catabolism, which weaken active contractility. In addition, macrophage-like VSMCs trigger chronic inflammation and accelerate aortic wall destruction. Adapted with permission from Ref. Cao et al. (2019). Copyright (2022) BioMed Central Ltd.
Research by Piechota-Polanczyk et al. demonstrated that simvastatin treatment can reduce the activation of nuclear factor kappa B (NF-κB) and lower the concentration of TNF-α in human AAA wall tissue. Simvastatin also increases catalase (CAT) levels and inhibits lipid peroxidation processes (Table 2) (Piechota-Polanczyk et al., 2012). Yu et al. investigated the effect of oral riboflavin (vitamin B2) in reducing AAA formation in rats by activating endogenous superoxide dismutase (SOD) (Figure 6D; Table 2). The results showed that riboflavin significantly increased SOD activity, reduced ROS and 8-hydroxydeoxyguanosine (8-OHdG)-positive cells, and decreased TNF-α and MMP-9 mRNA expression, ultimately leading to reduced aortic dilatation and increased elastin content, demonstrating the protective role of riboflavin AAA (Yu et al., 2016). Additionally, Alpha-ketoglutarate (AKG) improves AAA by inhibiting the peroxisome proliferator-activated receptor delta/hypochlorous acid/extracellular signal-regulated kinase (PXDN/HOCL/ERK) signalling pathway (Table 2). It was found that AKG improves AAA mitigates oxidative stress and inflammation primarily by suppressing PXDN expression (Liu et al., 2022). Lin et al. synthesized a multifunctional nanocolloid, TPTN, using a “multi-pronged” strategy to treat AAA (Figure 6A; Table 2). This nanomicelle effectively inhibits the migration and activation of inflammatory cells, reduces the generation of inflammatory factors, and protect VSMC from oxidative stress, calcification, and apoptosis, significantly delaying AAA expansion and demonstrating good targeting and efficacy (Lin et al., 2022). Cheng et al. prepared a rapamycin-negative carrier-responsive nanotherapeutic (CROR NP), injected in mice with AAA, CROR NP highly efficiently accumulated in the diseased tissue of AAA, significantly inhibited the migration and activation of inflammatory cells, and regulated a variety of pathological cells, thereby effectively delaying the progression of AAA (Figure 6B; Table 2) (Cheng et al., 2018). In addition. Xu et al. were the first to demonstrate that LiCl could prevent the development of AAA by regulating the glycogen synthase kinase 3 beta/sirtuin 1/nuclear factor kappa B (GSK3β/SIRT1/NF-κB) pathway, inhibiting inflammation, superoxide production and elastin degradation (Figure 6C; Table 2) (Xu et al., 2021).
TABLE 2 | Therapies against oxidative stress in abdominal aortic aneurysm.
[image: Table 2][image: Figure 6]FIGURE 6 | (A) TPTN scavenges ROS, alters pathological microenvironment, and targets abdominal aortic aneurysms (AAA)Adapted with permission from Ref. Lin et al. (2022). Copyright (2022) Wiley-VCH GmbH. (B) Rapamycin-loaded reactive nanotherapeutics resulted in a significant reduction in the maximum diameter of the abdominal aorta and a decrease in elastin degradation. Adapted with permission from Ref. Cheng et al. (2018). Copyright (2018) Elsevier B.V. (C) The diameter of aortic aneurysm in rats in AAA group was significantly enlarged compared with that of normal group, whereas the diameter of the aorta in LiCl-treated group was only slightly enlarged. Adapted with permission from Ref. Xu et al. (2021). Copyright (2021) Elsevier Inc. (D) Riboflavin significantly reduces inflammatory responses in AAA. Adapted with permission from Ref. Yu et al. (2016). Copyright (2015) by the Society for Vascular Surgery.
2.3 Role of oxidative stress in thrombosis and related therapeutic strategies
Thrombosis refers to the abnormal coagulation of blood within blood vessels, leading to the formation of solid blood clots. This process can occur in both the arterial and venous system and is a core pathologic basis for numerous cardiovascular and peripheral vascular diseases. In this complex pathophysiological evolution, oxidative stress plays a crucial role, profoundly influencing thrombosis formation and development through a series of molecular and cellular mechanisms, including platelet activation and aggregation, activation of coagulation factors, and damage to endothelial cells (Figure 7) (Gutmann et al., 2020).
[image: Figure 7]FIGURE 7 | Illustration of pathogenesis induced by oxidative stress in venous thrombosis. ROS are increased at sites of blood stasis and activated endothelial cells promote the recruitment and activation of leukocytes, platelets, mast cells, and vascular smooth muscle cells. These cells activate the coagulation system and platelet aggregation via redox signaling, leading to thrombosis. Oxidative stress also promotes hemoglobin oxidation and enhances thrombus stability via neutrophil extracellular traps (NETs), further exacerbating oxidative stress and thrombosis. Adapted from reference Gutmann et al. (2020), Int. J. Mol. Sci. 2020 All rights reserved.
2.3.1 Mechanisms of platelet activation and aggregation
ROS induce platelet activation and aggregation through multiple mechanisms, significantly promoting thrombosis. Specifically, ROS can directly oxidize key receptors on the platelet surface, such as GPIIb/IIIa integrins, facilitating their activation and tight binding to fibrinogen, which markedly enhances inter-platelet aggregation. Additionally, ROS can activate the phospholipase C (PLC)-calcium ion pathway, resulting in elevated intracellular calcium concentrations. This, in turn, leads to changes in platelet morphology, granule release, and secretion of pro-aggregatory factors, such as ADP and platelet factor 4 (PF4). Moreover, ROS can increase endogenous ROS production through activation of NADPH oxidase and the mitochondrial respiratory chain within the platelet, further amplifying activation signals through a positive feedback mechanism (Walsh et al., 2014). ROS also impair endothelial cell function, reducing the production of anticoagulants such as NO and prostacyclin, thereby indirectly promoting platelet activation. More critically, ROS can increase the release of pro-coagulation factors such as platelet-activating factor (PAF) (Qiao et al., 2018). These mechanisms synergistically promote the pathological process of thrombosis formation under oxidative stress, highlighting the pivotal role of ROS in vascular-related diseases. Notably, researchers Cheng and Zhang et al. constructed a nanoparticle CTLH NP(containing Tempol, a SOD mimetic with ROS scavenging capabilities), which achieved targeted thrombolysis in pregnant rats with deep vein thrombosis (DVT) by inhibiting platelet aggregation, promoting thrombolysis, reducing local inflammation, attenuating oxidative stress, and promoting endothelial repair (Figure 8A; Table 3) (Cheng et al., 2022). Additionally, other studies have found that GSK669, as a NOD2 receptor antagonist, can inhibit ROS production and thrombosis formation by targeting platelet GPVI, thereby reducing thrombus formation in mesenteric arteries of mice. Importantly, GSK669 exerts anti-platelet and antioxidant effects without increasing the risk of bleeding (Figure 8C; Table 3) (Pan et al., 2021).
[image: Figure 8]FIGURE 8 | (A) Synthesis of CTLH NP and targeting of DVT in pregnant rats. Adapted with permission from Ref. Cheng et al. (2022). Copyright (2022) Springer Nature Limited. (B) Long Sheng Zhi Capsules (LSZ) significantly inhibited carrageenan-induced in the vasculature of mouse tissue Thrombosis. Adapted with permission from Ref. Li et al. (2019). Copyright 2019 El Pan et al. (2021) sevier Ltd. (C) GSK669 inhibits thrombosis in FeCl-injured mouse mesenteric small arteries. Adapted with permission from Ref. Copyright2020 Elsevier Inc. (D) Preparation process of MS/LA/RGD/UK nanomotors and their application in thrombosis therapy. Adapted with permission from Ref. Tao et al. (2022). Copyright 2021 Elsevier Inc. (E) Effects of entecavir on the coagulation system, MPV, PLT and TEG. Adapted with permission from Ref. Ming et al. (2020). Copyright 2020 Elsevier B.V.
TABLE 3 | Therapies against oxidative stress in thrombosis.
[image: Table 3]2.3.2 Regulation mechanisms of coagulation and fibrinolytic systems
ROS also profoundly influence the coagulation and fibrinolytic system through multiple mechanisms, promoting thrombosis and aggravating vascular disease. Specifically, ROS can induce the expression of tissue factor (TF) in endothelial cells and monocytes, thereby activating the extrinsic coagulation pathway and increasing thrombin generation (Masuda and Shoko, 2020). Thrombin not only directly promotes fibrin formation, but also enhances platelets and coagulation factors through a positive feedback mechanism, significantly amplifying the coagulation response. Furthermore, ROS can decrease the activity of anticoagulant substances such as antithrombin III (AT-III) and protein C, decreasing their anticoagulant effects and further enhancing coagulation tendency (Walborn et al., 2019). In the fibrinolytic system, ROS inhibit the production of fibrinolytic enzymes by up-regulating fibrinolytic inhibitory factors, such as plasminogen activator inhibitor-1 (PAI-1), preventing fibrin degradation and weakening fibrinolytic function (Robinson et al., 2021). At the same time, ROS also reduce the activity of tissue-type plasminogen activator (tPA), further decreasing plasmin generation, which makes thrombus dissolution more difficult. More seriously, ROS can induce cause endothelial cell damage, reducing the release of anticoagulant and fibrinolytic factors and disrupting the balance between coagulation and fibrinolysis (Syrovets et al., 2012). This mechanism of enhanced coagulation and inhibition of fibrinolysis contributes to a more stable thrombus, significantly increasing the risk of thrombosis (Ekholm and Kahan, 2021; Göbel et al., 2018). Studies have shown that entecavir can inhibit ROS generation by suppressing P2X7R and enhancing SOD activity, which plays an important role in entecavir’s ability to prolong thrombosis and reduce thrombus weight and length (Figure 8E; Table 3) (Ming et al., 2020).
2.3.3 Activation of inflammatory cells
There is a close association between inflammatory response and thrombosis. In an oxidative stress environment, ROS can activate various inflammatory cells, including macrophages, neutrophils, and T cells, triggering the release of inflammatory factors, such as tumor necrosis factor-alpha (TNF-alpha) and interleukins (ILs). These inflammatory factors further promote the activation and aggregation of platelets, enhancing the expression levels of coagulation factors, thereby accelerating thrombus formation. Additionally, inflammatory cells can interact directly with platelets or release extracellular traps (NETs), providing a favorable structure for coagulation and thereby hastening the thrombus development process (J. Chen and Chang, 2022; Wang Y. et al., 2024). Research has revealed that nattokinase (NK) was found to have an inhibitory effect on thrombosis by suppressing lipopolysaccharide (LPS)-induced inflammation and oxidative stress. Specifically, NK reduces ROS production by inhibiting the activation of TLR4 and NOX2 induced by LPS, and inhibits the activation of MAPKs and the translocation of NF-κB from the cytoplasm to the nucleus (Table 3) (Gomez and Owens, 2012; Wu et al., 2023).
2.3.4 Interaction between oxidative stress and vascular endothelium
During thrombus formation, ROS damages endothelial cells through various mechanisms, disrupting their anticoagulant functions and promoting thrombus generation. First, ROS-induced oxidative stress directly damages endothelial cells and disrupts their structural integrity, leading to the exposure of collagen and tissue factor (TF) in the basement membrane after endothelial cell injury. This change activates the coagulation cascade response, which initiates the exogenous coagulation pathway and rapidly increases thrombin generation, which in turn leads to fibrin deposition (Yan et al., 2024; Zheng et al., 2022). Endothelial cell apoptosis also exposes additional procoagulant active surfaces, which further increase platelet adhesion to coagulation factors, thereby exacerbating thrombus formation. Furthermore, ROS inhibit endothelial cell secretion of key anticoagulant substances, including antithrombin III, proteins C and S, and antiplatelet adhesion factors (e.g., NO and prostacyclin PGI2), weakening endothelial cell protection and making platelets more susceptible to adherence to damaged endothelial surfaces. Meanwhile, ROS further enhanced coagulation by activating procoagulant factors such as TF and von Willebrand factor (vWF), increasing platelet adhesion at the site of injury (Hou et al., 2017). In addition, ROS induce endothelial cells to express selectins and adhesion molecules (e.g., ICAM-1, VCAM-1), which enhance the adhesion between platelets and leukocytes and promote local inflammatory responses, thereby exacerbating the process of thrombosis. Li et al. developed a NO-driven silica nanomotor modified with RGD peptide loaded with l-arginine (LA) and urokinase (UK) targets thrombus. (Figure 8D; Table 3) LA reacts with ROS to generate NO, which promotes nanomotor motility, improves drug utilization, and eliminates ROS to alleviate oxidative stress. UK rapidly lyses thrombus, and NO also stimulates the growth of endothelial cells and reduces vascular injury (Tao et al., 2022). Li et al. found that Longshengzhi capsule (LSZ) can significantly inhibit carrageenan-induced thrombosis in mouse tissue vasculature, with its antithrombotic effect associated with the reduction of serum P-selectin level, the reduction of TNF-α and the expression ofMMP2in tissues. Furthermore, LSZ can reduce oxidative stress, lower the expression of platelet receptors (P2Y12, PAR4, and CD36), and decrease AKT activity, thereby reducing the adhesion of human platelets and monocytes to human umbilical vein endothelial cells (HUVECs) (Figure 8B; Table 3) (Kigawa et al., 2014; Li and Kong, 2020).
2.3.5 Involvement of erythrocytes
Erythrocytes are involved in thrombosis by increasing the viscosity of the blood, inducing aggregation of erythrocytes to form “currency columns,” and being physically entrapped into platelets and the fibrin network to increase the density and stability of the thrombus (Bettiol et al., 2022). The erythrocyte antioxidant enzyme system (e.g., SOD, catalase, etc.) and non-enzymatic antioxidants (e.g., reduced glutathione, GSH) work together to defend against oxidative stress. However, when these defense mechanisms fail, oxidative stress can have deleterious effects on erythrocytes. Erythrocytes take up ROS from plasma and also produce endogenous ROS themselves via NADPH oxidase (Orrico et al., 2023). Endogenous and exogenous ROS induce oxidation of iron in hemoglobin to produce methemoglobin (Fe3+), which promotes thrombosis via the Fenton reaction that triggers lipid peroxidation, hemolysis, and endothelial cell damage. Oxidative stress damages the erythrocyte membrane and increases the calcium ion permeability of the membrane, leading to the exposure of phosphatidylserine, which in turn activates plasminogen, promotes thrombin generation, and induces thrombosis (Bian et al., 2021). In addition, phosphatidylserine exposure on the erythrocyte membrane releases microbubbles, which have high thrombogenic potential (Yan et al., 2022). Oxidative stress-induced hemolysis of erythrocytes releases free hemoglobin and heme, which can activate the inflammatory response through multiple mechanisms (e.g., NF-κB and TLR signaling pathways) and further enhance thrombosis. In conclusion, oxidative stress promotes the critical role of erythrocytes in thrombosis through a variety of mechanisms (including induction of erythrocyte membrane damage, increased phosphatidylserine exposure, and release of prothrombotic microbubbles). ÇİFTÇİLER et al. found that Ankaferd Hemostat (ABS) inhibits pathological aggregation of erythrocytes and its hemostatic effect is mainly dependent on fibrinogen gamma chain, thrombin and erythrocytes (Table 3) (ÇİFTÇİLER et al., 2019).
Although progress has been made in understanding the effects of oxidative stress on thrombus formation, many aspects remain to be explored in depth. For example, the specific mechanism of action of oxidative stress in different types of thrombosis, as well as its interactions with a variety of components such as platelets, endothelial cells, and erythrocytes, have not yet been fully clarified. Furthermore, accurately assessing and quantifying the levels of ROS in the body, as well as their dynamic changes in different pathological states, remains a significant challenge in current research. Currently, thrombotic therapy relies on anticoagulant and antiplatelet drugs, such as warfarin and aspirin. However, these treatments are associated with bleeding risks, drug resistance, and variable efficacy in different patients. Therefore, it is particularly important to find safe and effective alternative treatment options. Obviously, according to the existing studies, antioxidant measures can effectively inhibit thrombosis, but they also face many problems, such as most of the studies stayed in animal experiments and lacked clinical trial data; the safety, stability, and targeting of nanomaterials need to be further investigated; and the efficacy of traditional drugs is still controversial and lacks the support of large-scale randomized controlled studies. Therefore, exploring and developing more effective antioxidant therapeutic strategies holds significant research value.
2.4 Role of oxidative stress in diabetic foot and related therapeutic strategies
Diabetic foot is a serious complication of diabetes mellitus, which is mainly characterized by foot ulceration, infection and deep tissue destruction, and in severe cases can lead to gangrene and amputation of the foot. The development of diabetic foot is closely related to diabetes-induced chronic hyperglycaemia, peripheral neuropathy and peripheral vasculopathy (Figure 9).
[image: Figure 9]FIGURE 9 | Role of oxidative stress in the development and chronicity of diabetic wounds. Excerpted from reference Deng et al. (2021). Copyright 1999–2024 John Wiley & Sons.
2.4.1 Hyperglycaemia-induced oxidative stress
Under hyperglycemic conditions, the mitochondrial electron transport chain in the body is active and abnormal, leading to the massive production of superoxide. These superoxides not only triggers endothelial cell dysfunction, but also stimulates increased inflammation (Ceriello, 2005). Simultaneously, the rise in blood concentrations of pro-oxidants such as malondialdehyde (MDA) disrupts the balance between oxidation and antioxidant (PAB) in the body and reduces SOD activity, further worsening the oxidative stress situation (An et al., 2023; Zhao et al., 2019). In addition, the hyperglycaemic environment promotes enhanced activity of aldose reductase and sorbitol dehydrogenase, driving the conversion of intracellular glucose to sorbitol and fructose, a cascade of metabolic abnormalities that impedes the synthesis of myo-inositol in neuronal cells, interferes with the normal conduction of nerve signals, and results in diminished pain and pressure sensation in patients who are less likely to be able to detect foot trauma, increasing the chances of infection (Ceriello, 2005). This series of changes exacerbates the pathologic development of the diabetic foot, making treatment and recovery more challenging. Zhai et al. found that oxidative stress imbalance induced by high glucose concentration plays an important role in the formation of diabetic dermal fibroblasts from normal cells. In addition, this study found that MDI 301 mitigated the effects of high glucose-induced skin damage by balancing oxidative stress and regulating the levels of MMPs and TIMP1 (Figure 10D; Table 4) (Zhai and Wang, 2017).
[image: Figure 10]FIGURE 10 | (A) Preparation of Cu-DCA NZs with SOD and CAT activities and application in diabetic wound healing. Adapted with permission from Ref. Huang et al. (2023). Copyright (2023) BioMed Central Ltd. (B) Changes in inflammatory factors and growth factors during hyperbaric oxygen treatment of the diabetic foot. Adapted with permission from Ref. Capó et al. (2023). Copyright (2023) Int. J. Mol. Sci. (C) ADM-Fe3+@PA-Exos/GelMA Hydrogel with Antioxidant and Antimicrobial Properties to Promote Wound Healing in Diabetes. Adapted with permission from Ref. Xiang et al. (2023). Copyright (2023) Elsevier Ltd. (D) MDI 301 regulates MMPs and TIMP1 levels to alleviate high glucose-induced skin damage. Adapted with permission from Ref. Zhai and Wang (2017). Copyright (2017) Oncotarget.
TABLE 4 | Therapies against oxidative stress in diabetic foot.
[image: Table 4]2.4.2 Oxidative stress and the pathological process of diabetic foot
In the pathological process of diabetic foot, there is a close relationship between oxidative stress and endothelial cell damage, forming pathogenic pathway. When the body is in a hyperglycaemic state, excessive ROS are generated through multiple pathways, directly attacking the vascular endothelial cells and damaging their structure and function, thus weakening the natural diastolic capacity of the blood vessels, reducing blood flow, and triggering tissue ischemia and hypoxia (Qu et al., 2022; Zhao et al., 2019). In addition to direct damage to vascular endothelial cells, oxidative stress also hinders the formation of new blood vessels by decreasing the expression of angiogenesis-related factors such as VEGF (vascular endothelial growth factor). Neovascularization is essential for diabetic foot wound healing because new blood vessels provide essential oxygen and nutrients to damaged tissues and help remove metabolic wastes (An et al., 2023; Vujčić et al., 2022).
During the healing process of the diabetic foot, increased oxidative stress negatively affects wound healing by a variety of complex mechanisms. First, during the inflammatory phase, the sustained elevation of blood glucose levels in diabetic conditions leads to the overproduction of intracellular ROS, which are capable of directly damaging cell membranes, proteins, and DNA, thereby impairing cell function and survival. In addition, increased ROS activate multiple intracellular signalling pathways, such as the polyol pathway and protein kinase C (PKC) signalling pathway, which further promote the release of inflammatory factors and activation of inflammatory cells (Accipe et al., 2023b). During the migratory-proliferative phase, oxidative stress has a major impact on endothelial cell function, including a reduction in endothelial-type NO synthase (eNOS) function and a direct decrease in NO bioavailability, leading to endothelial dysfunction. In addition, oxidative stress interferes with keratinocyte and fibroblast function, including affecting the ability of keratinocytes to migrate and proliferate and inhibiting the ability of fibroblasts to proliferate, migrate, and differentiate. These alterations not only slow the wound closure process, but also affect the formation and maturation of new granulation tissue (Accipe et al., 2023a). During the remodelling phase, oxidative stress delays diabetic foot wound healing by affecting collagen deposition and remodelling of the ECM. Increased ROS lead to aberrant synthesis and modification of ECM components, as well as removal of excess cells through apoptosis, and these changes further impede the normal healing process of diabetic foot wounds (H. Zhang et al., 2024). Overall, increased oxidative stress in diabetic foot patients interferes with the normal biological processes of wound healing, from the inflammatory phase to the remodelling phase, where oxidative stress affects cellular function and ECM remodelling through a variety of mechanisms, ultimately leading to a reduced healing capacity of diabetic foot wounds.
Capó et al. found that during the treatment of diabetic foot with hyperbaric oxygen, antioxidant enzymes (CAT and EcSOD) were increased, pro-oxidant enzymes (MPO and XOX), inflammatory markers (TNF-αand IL-1β), and MMP9 were decreased, and growth factors (TGFβ, PDGF, and HIF-1α) were increased, and tended to revert back to their initial values after the wounds were completely healed (Figure 10B; Table 4). And some signalling pathways such as NF-κB, HIF-1 α and MAPKs may play an important role in this (Capó et al., 2023). Xiang et al. developed the ADM-Fe3+@PA-Exos/GelMA hydrogel system to accelerate diabetic wound healing by addressing multiple aspects of the healing process (Figure 10C; Table 4). The hydrogel effectively improves diabetic cell function, inhibits bacterial growth, and promotes collagen deposition, angiogenesis, and maturation in diabetic wounds while reducing oxidative stress and inflammation. Lin et al. first discovered that Lonicerin (LCR) has a strong ability to promote cellular autophagy, and identified sirt1, an upstream regulatory protein, as a potential target of LCR. In addition, LCR was confirmed to promote angiogenesis, cell migration and anti-apoptosis (Table 4) (W. Lin et al., 2022). Huang et al. prepared multifunctional nano-enzymes (Cu-DCA NZs) that effectively mimicked the activities of SOD and CAT. They promoted diabetic wound healing by reducing wound hypoxia and ameliorating inflammation accumulation, accelerating cell proliferation, migration and angiogenesis (Figure 10A; Table 4) (Huang et al., 2023). Therefore, oxidative stress plays a key role in the course of diabetic foot, and the rational application of antioxidants can effectively reduce tissue damage, promote wound healing, and improve disease prognosis.
2.5 Role of oxidative stress in thromboangiitis obliterans (Burger's disease)
Thromboangiitis obliterans (TAO) is a chronic vascular inflammatory disease primarily affecting small to medium-sized arteries, veins, and nerves, characterized by inflammatory changes in the vessel walls and progressive occlusion. Although the exact etiology of TAO remains unclear, emerging evidence increasingly points to a close relationship with immune pathophysiological mechanisms (Chen et al., 2023b). Among these, oxidative stress occupies a central role in the pathogenesis of TAO, accelerating disease progression and exacerbation through various pathways (Figure 11).
[image: Figure 11]FIGURE 11 | Risk factors and ROS-related mechanisms in thrombotic occlusive vasculitis. Adapted from reference Chen et al. (2023a), 2023 Elsevier Ltd. all rights reserved.
2.5.1 Direct effects of oxidative stress on the vasculature
In comparison to healthy smokers and non-smokers, patients with TAO exhibit significantly elevated levels of oxidative stress (Sun et al., 2017). Oxidative stress activates the nuclear factor-κB (NF-κB) pathway, leading to the induction of NO synthase (iNOS) and an increase in NO production. Excess NO reacts with superoxide anions to form peroxynitrite, which not only triggers lipid peroxidation but also directly impairs endothelial cell function (Sharebiani et al., 2020). Concurrently, there is an upregulation of adhesion molecules and inflammatory factors, further exacerbating vascular inflammation and vascular injury in TAO. In addition, hyperhomocysteinemia, which is more common in patients with TAO, further exacerbates the pathophysiological changes of TAO by activating protease-activated receptors, increasing the production of ROS, and decreasing the bioavailability of NO in the endothelial cells of the cardiac microvasculature, which affects the normal function of the vasculature (Alamdari et al., 2013).
2.5.2 Indirect effects of oxidative stress on the vasculature
The immunopathophysiological basis of TAO has been further demonstrated, particularly by the study of mechanisms such as T-cell-mediated immune injury, IL-33 release, MyD88-dependent TLR signaling pathway, inflammation in the sympathetic ganglia, and inhibition of collateral artery development through IFN-γ and vascular endothelial growth factor receptor 1 (VEGFR1) (Sharebiani et al., 2020). These mechanisms not only reveal the interaction between oxidative stress and immune responses, but also suggest a complex interaction between immune system imbalance and oxidative stress in the pathogenesis of TAO. For example, serum from TAO patients was found to activate human umbilical vein endothelial cells (HUVECs) and alter their adhesion properties, showing a direct link between immune system activation and oxidative stress (Shapouri-Moghaddam et al., 2019). In addition, inflammation of the sympathetic ganglia suggests that the inflammatory response may contribute to the progression of TAO by affecting the nervous system, a process that may also be associated with oxidative stress. The role of oxidative stress in TAO is also revealed in the discussion of the COX inflammatory pathway, particularly through the activation of COX2, which increases the risk of vascular inflammation and thrombosis, which may further exacerbate the effects of oxidative stress. Finally, the mechanism of inhibition of collateral artery development by interferon gamma (IFN-γ) and VEGFR1 suggests that oxidative stress not only affects direct vascular injury, but also interferes with vascular repair and regeneration by affecting key molecules in the process of vascular neovascularization, which provides a new perspective for understanding the complex pathophysiology of TAO (Sun et al., 2017).
Therefore, oxidative stress plays a role in the pathogenesis of TAO through multiple mechanisms, including direct damage to vascular endothelial cells, effects on vascular inflammation and thrombosis, and interference with the process of neovascularization. These findings not only improve our understanding of the pathophysiology of TAO, but also provide possible targets for the development of new therapeutic strategies against TAO.
3 ANTIOXIDANTS IN VASCULAR DISEASES: PREVENTION, CLINICAL EVIDENCE, AND FUTURE DIRECTIONS
Vitamin C, a water-soluble antioxidant, mitigates vascular oxidative stress by neutralizing reactive oxygen species (ROS) in endothelial cells via electron donation. It suppresses the Jak2/Stat1/IRF1 signaling pathway, reducing ROS generation and subsequent vascular inflammation (Chaghouri et al., 2021; Du et al., 2022). By enhancing endothelial nitric oxide synthase (eNOS) activity, vitamin C promotes nitric oxide (NO) synthesis, improving endothelial function and inhibiting oxidized low-density lipoprotein (LDL) formation, thereby preventing atherosclerosis initiation (Carr and Maggini, 2017; Ceriello et al., 2013). Additionally, vitamin C reduces vascular smooth muscle cell (VSMC) calcification, with epidemiological studies linking higher dietary intake to a lower risk of abdominal aortic calcification (Jia et al., 2023).
Vitamin E, particularly α- and γ-tocopherol, exerts lipid-soluble antioxidant effects critical for cardiovascular health. α-Tocopherol attenuates oxidative stress by inhibiting NADPH oxidase activity, reducing ROS production, and promoting prostacyclin release (Baez et al., 2017). In contrast, γ-tocopherol enhances endothelial function through eNOS activation, increases NO bioavailability, and scavenges reactive nitrogen species, thereby reducing endothelial injury. It also inhibits platelet aggregation and lowers cholesterol levels, mitigating thrombotic risk (Bielli et al., 2015).
Mineral antioxidants, including selenium, zinc, copper, and manganese, contribute to vascular protection via enzymatic pathways. Selenium, a cofactor for glutathione peroxidase (GPx), neutralizes ROS and reduces atherosclerosis risk, as evidenced by a 10-year prospective study (Swart et al., 2018). Zinc acts as a cofactor for superoxide dismutase (SOD), diminishing oxidative stress and inflammation, while copper and manganese support SOD activity to scavenge superoxide radicals (Kitala-Tańska et al., 2024; McCabe and Zhao, 2024).
Despite robust preclinical evidence, clinical outcomes of antioxidants in vascular diseases remain heterogeneous (Table 5). Reduced intestinal flora associated with ALA production has been found in patients with abdominal aortic aneurysms (Ito et al., 2025). However, direct antioxidant effects of ALA in AAA require validation. A 2-year clinical study of carvedilol, a β-blocker with NADPH oxidase inhibitory properties, found no in-stent thrombosis with carvedilol stents, suggesting potential antioxidant and antithrombotic effects (Bae and Jeong, 2012). However, long-term follow-up data on Carvedilol in the treatment of atherosclerosis and thrombosis are limited. Triantafyllos Didangelos’ study found that methylcobalamin improved neurophysiologic parameters, sweating function, and pain scores in patients with diabetic foot (Didangelos et al., 2021). A large prospective cohort study found that diets high in vitamins C and E were associated with a reduced risk of aortic dissection (AAD), but this research study did not confirm a causal relationship (Zeng et al., 2024). HSL calyces exhibit antioxidant properties, enhancing enzymatic and nonenzymatic antioxidant systems in Marfan syndrome patients, reducing oxidative stress, potentially preventing aneurysm formation (Soto et al., 2016). However, direct clinical evidence for HSL treatment of AAA remains lacking. An 8-week randomized controlled study demonstrated that NCB-02 (curcumin-like compounds) lowered levels of inflammatory factors and reduced markers of oxidative stress, improving endothelial function in diabetic patients (Usharani et al., 2008). Simvastatin suppressed NF-κB-mediated ROS in AAA tissues, though clinical evidence remains sparse (Céniga, 2012).
TABLE 5 | Clinical use of antioxidants.
[image: Table 5]Although antioxidants have shown significant vasoprotective effects (e.g., scavenging of reactive oxygen species, reduction of inflammation, improvement of endothelial function, etc.) in basic studies, most of the studies are still confined to animal experiments or cellular models, and there is a lack of data from high-quality, rigorously-designed randomized controlled trials (RCTs), which has resulted in insufficient evidence for clinical translation. Meanwhile, some studies have limited sample sizes and lack long-term follow-up data, which may overestimate the clinical benefits of antioxidants and reduce the reliability of study conclusions. Second, current preclinical studies lack standardized criteria for dose setting, dosing method and treatment timing of antioxidants, which makes it difficult to make valid comparisons between different study results. In addition, studies usually do not adequately consider patient heterogeneity, such as age, gender, comorbidities, and underlying medication use, factors that significantly affect the generalizability of study results.
Future research should strengthen the development of high-quality clinical trials, especially RCT design, to further validate the efficacy and safety of antioxidants in the treatment of vascular surgical diseases. Meanwhile, uniform dosage and administration standards should be established, and the precision and generalizability of clinical studies should be improved through subgroup analysis and personalized treatment strategies. In addition, given that antioxidants usually suffer from low bioavailability and short duration of action, novel drug-carrying technologies (e.g., nano-delivery systems) should be actively explored to improve the effectiveness and clinical utility of the drugs.
4 SUMMARY AND OUTLOOK
In summary, we have systematically elucidated the central role of oxidative stress in the pathogenesis of various diseases, including AAD, TAA, thrombosis, diabetic foot, and TAO. We have also explored treatment strategies targeting these pathogenic mechanisms. When the levels of ROS in the intracellular and extracellular environments are abnormally elevated and cannot be promptly cleared, it disrupts the redox balance within cells, triggering a series of biological effects and pathological processes. These include the phenotypic transformation of VSMCs from a contractile to a synthetic state, degradation of the ECM, exacerbation of inflammatory responses, dysfunction of platelets and red blood cells, and imbalance of coagulation and fibrinolytic systems, all of which directly or indirectly promote the occurrence and development of related diseases.
Regarding oxidative stress treatment, edaravone and other antioxidants have demonstrated some efficacy in clearing free radicals and protecting nerve cells; however, their role in peripheral vascular diseases remains to be studied. Common antioxidants like vitamin C, E, and NAC have shown limited efficacy in clinical trials due to low bioavailability and single mechanisms of action. Future research should seek to develop more effective, less toxic novel antioxidants, improve bioavailability, and target the diseased areas more accurately.
Traditional Chinese medicine (TCM) has unique advantages in treating oxidative stress-related diseases. Herbal extracts such as Scutellaria baicalensis (Huangqin) and Salvia miltiorrhiza (Danshen) possess antioxidant, anti-inflammatory, and vascular function-improving properties. Sae-Kwang Ku found that Scutellaria baicalensis significantly protects against high glucose-induced vascular inflammation by reducing vascular permeability, inhibiting the expression of cell adhesion molecules, decreasing pro-inflammatory cytokines, lowering ROS levels, and suppressing the activation of NF-κB (Ku and Bae, 2015). The study by Yinwei Chen et al. also indicates that Scutellaria baicalensis effectively reduces oxidative stress and improves endothelial function and NO generation by decreasing ROS production, inhibiting NADPH oxidase (NOX1), lowering MDA levels, increasing SOD activity, and enhancing NO generation (Y. Chen et al., 2020; Mussbacher et al., 2019). Ji Zhu et al. found that Tanshinone IIA sodium sulfonate (STS) exhibits significant antioxidant and vascular protective effects by reducing ROS generation, lowering lipid peroxidation levels, and inhibiting CLIC1 and its mediated oxidative stress pathways (Zhu et al., 2017). However, TCM also faces challenges such as difficulties in extracting and purifying active components and instability of bioactive compounds.
In recent years, nanomaterials have shown significant potential in treating oxidative stress-related diseases. Novel nanozymes, metal oxide nanoparticles, and polymer-based nanocarriers, with their unique physicochemical properties, allow for targeted drug delivery and controlled release, improving the bioavailability of drugs. For example, the GelMA-CONP designed by Robin Augustine et al. exhibits excellent free radical scavenging activity and promotes diabetic wound healing (Augustine et al., 2020). Meanwhile, the AuNP-MIBI developed by Ludimilla Pereira Tartuce et al. combines the antioxidant properties of gold nanoparticles with the mitochondrial-targeted delivery capability of 2-methoxyisobutylisonitrile (MIBI), providing an efficient and precise drug delivery strategy. This system demonstrates significant antioxidant and cardioprotective effects in the treatment of ischemia-reperfusion (I/R) injury and acute myocardial infarction (AMI) (Tartuce et al., 2020). However, the application of nanomaterials still faces challenges such as in vivo metabolism, long-term biocompatibility, and reproducibility and scalability of production. Future research needs to develop highly specific and biocompatible nanomaterials to ensure their in vivo stability and safety. Additionally, converting drugs into nanoparticle forms or creating sustained-release nanoparticle capsules may enhance efficacy. Furthermore, increasing research on the toxicity and long-term safety of nanomaterials is crucial for advancing their clinical translation.
However, it is important to acknowledge that ROS play a dual role in physiological processes, and an overly simplified approach to antioxidant therapy may lead to unintended consequences. At low levels, ROS serve as critical second messengers in intracellular signaling, immune defense, and vascular homeostasis. For example, ROS regulate NO synthesis, immune cell activation, and stress-adaptive responses (Forman et al., 2010; Sies, 2017). Excessive removal of ROS may impair normal cellular function, including vascular relaxation, angiogenesis, and immune defense mechanisms. Thus, rather than indiscriminately eliminating ROS, future antioxidant strategies should focus on targeted modulation of oxidative stress while preserving ROS-mediated physiological functions (Marinho et al., 2014).
The dose-dependent and context-specific effects of antioxidant therapy are critical concerns. Large-scale clinical trials, such as Heart Outcomes Prevention Evaluation (HOPE) and Alpha-Tocopherol Beta-Carotene (ATBC), have shown that high doses of certain antioxidants, such as vitamin E and β-carotene, may not provide cardiovascular benefits and, in some cases, may even increase disease risk (Heart Outcomes Prevention Evaluation Study Investigators et al., 2000; Rapola et al., 1998; Willcox et al., 2008). While some antioxidants exhibit protective effects at low doses, they may become pro-oxidative at high concentrations, leading to cellular damage. For example, elevated levels of α-tocopherol can act as a free radical carrier, exacerbating oxidative stress rather than mitigating it (Sotler, 2019). Additionally, conventional antioxidants often lack specificity, indiscriminately scavenging ROS, which may interfere with key cellular signaling pathways and normal physiological functions (Kurutas, 2015). The long-term disruption of redox homeostasis in the body may also lead to metabolic consequences. For instance, prolonged vitamin E supplementation has been associated with an increased risk of insulin resistance, suggesting that excessive antioxidant intervention may impair metabolic stability. The long-term intake of high-dose antioxidants has not consistently demonstrated disease prevention benefits and, in some cases, has been linked to increased health risks. Studies have found that heavy smokers who take large doses of β-carotene over an extended period have a higher risk of developing lung cancer (Kordiak et al., 2022). Moreover, excessive antioxidant consumption may adversely affect mitochondrial function, leading to long-term disruptions in cellular energy metabolism. These findings underscore the necessity of adopting a more precise and personalized approach to antioxidant therapy, taking into account individual oxidative stress levels, metabolic characteristics, and disease progression to optimize therapeutic outcomes while minimizing potential risks.
Despite the promising potential of antioxidant-based therapies, their clinical efficacy remains inconsistent due to challenges in bioavailability, specificity, and safety. Given that ROS play crucial roles in both physiological and pathological processes, it is essential to develop more precise strategies that selectively modulate oxidative stress without disrupting normal cellular functions. Targeted drug delivery via nanomaterials, biomarker-guided antioxidant therapy, and combinatorial approaches integrating anti-inflammatory or nitric oxide-regulating agents represent promising directions for future research. Additionally, further exploration into stem cell therapy, gene therapy, and personalized medicine approaches may contribute to a more effective management of oxidative stress-related diseases. Interdisciplinary collaboration and rigorous clinical trials will be essential to translate these strategies into real-world therapeutic applications.
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Abdominal Aortic VSMC phenotypic KMUP-3 Inhibits AnglI-induced AAA formation by reducing VSMC phenotypic shift, | Lai et al. (2020)
Aneurysm shift apoptosis and calcification

Degradation of ECM | Ascorbic acid  Enhances elastin and collagen production in aortic smooth muscle cells while | Tanaka et al. (2014)
inhibiting inflammatory responses and oxidative stress

Inflammatory Riboflavin Activates endogenous SOD, decreases TNF-a and MMP-9 mRNA Yu et al. (2016)
response expression, reduces aortic dilatation and increases elastin content
AKG Inhibits PXDN/HOCL/ERK signaling pathway, suppresses oxidative stress | Liu et al. (2022)

and inflammatory response

TPTN Inhibition of inflammatory cell migration and activation, reduction of Lin et al. (2022)
inflammatory factor production, and VSMC protection
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