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Oxidative stress: An essential factor in the process of arteriovenous fistula failure
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For more than half a century, arteriovenous fistula (AVFs) has been recognized as a lifeline for patients requiring hemodialysis (HD). With its higher long-term patency rate and lower probability of complications, AVF is strongly recommended by guidelines in different areas as the first choice for vascular access for HD patients, and its proportion of application is gradually increasing. Despite technological improvements and advances in the standards of postoperative care, many deficiencies are still encountered in the use of AVF related to its high incidence of failure due to unsuccessful maturation to adequately support HD and the development of neointimal hyperplasia (NIH), which narrows the AVF lumen. AVF failure is linked to the activation and migration of vascular cells and the remodeling of the extracellular matrix, where complex interactions between cytokines, adhesion molecules, and inflammatory mediators lead to poor adaptive remodeling. Oxidative stress also plays a vital role in AVF failure, and a growing amount of data suggest a link between AVF failure and oxidative stress. In this review, we summarize the present understanding of the pathophysiology of AVF failure. Furthermore, we focus on the relation between oxidative stress and AVF dysfunction. Finally, we discuss potential therapies for addressing AVF failure based on targeting oxidative stress.
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Introduction

For over half a century, arteriovenous fistula (AVFs) has been recognized as a lifeline for patients requiring hemodialysis (HD) (1, 2). Globally, more than 2.6 million patients suffered from end-stage renal disease (ESRD) in 2010, and this number is expected to increase to 5.4 million over the next 20 years (3, 4). With its higher long-term patency rates and lower probability of complications, such as infection and thrombosis, as well as lower long-term mortality in comparison to other types of access, AVF is strongly recommended by guidelines, with wide consensus from experts in different areas as the first choice of vascular access for HD patients, and its proportion of application is gradually increasing. Furthermore, due to its safety and reliability, AVF is also recommended for use in the pediatric population (5).

Despite technological improvements and advances in the standards of postoperative care, many deficiencies are still encountered in the use of AVF related to its high incidence of unsuccessful maturation and stenosis. It was reported that in about 60% of cases, successful dialysis use is not established within half a year following AVF creation (6). AVF failure is characterized by a tight perianastomotic stenosis, which leads to a narrower lumen and lower blood flow (Figure 1). AVF stenosis is the consequence of uncontrolled aggressive neointimal hyperplasia (NIH) combined with failure of early outward remodeling and subsequent excessive inward remodeling (7). Many studies have demonstrated that several vascular biology pathways may be responsible for this pathological change, including inflammation, oxidative stress, hypoxia, and alterations in hemodynamic shear stress (8–10).
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FIGURE 1
Schematic of creation of the AVF. (A) Creation of AVF with end-to-side technique. (B) Venography of the AVF; arrow shows the occlusion of the arterial inflow (233). (C) Duplex ultrasound image shows fistula occlusion of the arterial inflow (234). (D) Hematoxylin and eosin staining shows neointima formation in the venous outflow tract of AVF (235).


There is substantial evidence that oxidative stress has novel roles throughout the entire process of AVF maturation, including preoperative underlying mechanisms, intraoperative surgical injury, and postoperative hemodynamic changes (11, 12). Oxidative stress is defined as dysregulation between the production of reactive oxygen species (ROS) and the endogenous antioxidant defense mechanisms, the so-called “redox state.” When present at relatively low concentrations, ROS tend to maintain stability in the intracellular environment through the role of second messengers. However, redundant ROS disrupt the redox balance, which subsequently leads to DNA and protein damage, lipid peroxidation, and irreversible cell damage and death (13).

In this review, we summarize present understanding of the pathophysiology of AVF failure. Furthermore, we focus on the relationship between oxidative stress and AVF dysfunction. Finally, we discuss potential therapies for addressing AVF failure based on targeting oxidative stress.



Biology of arteriovenous fistula maturation


Definition of maturation

Maturation is the vascular remodeling process that renders AVF suitable for being routinely prescribed for dialysis. This process should be monitored by an experienced vascular access team for postoperative complications during the first 2 weeks. Further investigation is required by 4–6 weeks to estimate whether AVF maturing as expected (14).

However, there are currently no satisfactory clinical criteria for defining AVF maturation. The arm-raising test can reveal larger collateral veins or accessory veins earlier, which are indicative of AVF maturation failure and stenosis. In addition, more objective follow-up examinations should be performed regularly, such as ultrasound Doppler examinations and radiological examinations. The value of shear stress and venous diameter can be used to accurately predic functional changes after AVF creation (15–17). According to the blood vessel diameter and hemodynamic parameters, minimum standards for satisfactory arteriovenous fistula maturation within 4 weeks have been established (vessel diameter > 4 mm and blood flow > 400 ml/min) (18–21).



Arteriovenous fistula maturation and outward remodeling

Following the AVF creation process, the moderate adaptation of the structure and function occurring near the anastomosis area are essential for AVF maturation. Firstly, a low-resistance circuit constructed by the inflow artery and outflow vein through direct anastomosis or shunting immediately triggers an increase in blood flow and violent changes in wall shear stress (WSS), which remains relatively stable for a certain period of time (22–24). The substantial increase in the WSS leads to the initial venous lumen expansion by mechanical stretching.

In addition to the short-term outward remodeling caused by the direct change in blood flow pressure, the activation of endothelial cells (ECs) caused by the significant increase in WSS is also considered to play a vital role in the early remodeling process (25). Ideally, the large amount of nitric oxide (NO) produced by the activation of ECs simultaneously expands the inflow artery and outflow vein, inhibits the development of NIH and gradually restores WSS to the baseline level. Furthermore, the excessively released NO not only directly enhances the vasodilation effect but, through combination with free radicals, is also converted to peroxynitrite, which stimulates matrix metalloproteinases (MMP?2 and MMP?9) (26–28). Appropriate upregulation matrix metalloproteinases trigger extracellular matrix (ECM) degradation and decompose the vascular middle layer elastic fibers, resulting in sustained luminal expansion (28–30). In summary, the abovementioned multiple biological mechanisms jointly facilitate the remodeling of venous outflow and preserve a stable level of WSS and luminal diameter at different periods for subsequent regular dialysis.




Pathogenesis of arteriovenous fistula failure


Definition of arteriovenous fistula failure

As the number of patients with ESRD increases, the demand for hemodialysis treatment is also growing. As the preferred choice of vascular access for hemodialysis, AVF failure remains a significant barrier to successful fistula use. While there are some criteria to define successful AVF maturation, the clinical definition of AVF failure is less clear due to confusion between the various types and stages of failure. The development of NIH or thrombosis near the fistula anastomosis is the major cause of lumen narrowing and AVF failure. NIH-induced failures include activation and migration of vascular cells and remodeling of the ECM, where the complex interplay of cytokines, adhesion molecules, and inflammatory mediators results in poor adaptive remodeling.



Thrombosis

Hemodialysis access thrombosis is a multifactorial process that usually marks short-term lumen blockage and loss of function in the dialysis access. The German pathologist Rudolf Virchow proposed three elements of thrombosis: blood flow, blood vessel wall, and coagulation components. This is commonly referred to as the three elements of Virchow (31). Patients with ESRD are at risk of bleeding due to platelet dysfunction and anticoagulants use during hemodialysis. However, at the site of vascular access, dysfunctional platelets can precipitate clot formation (32–35).

End-stage renal disease patients also have an increased risk of thrombosis due to heightened systemic inflammatory responses. Due to abnormal systemic metabolism, the balance of prothrombotic and antithrombotic in the circulatory system of ESRD patients is disrupted, which may be an important factor for the increased risk of thrombosis in ESRD patients. Several prothrombotic mediators were significantly elevated in chronic kidney disease (CKD) patients. Elevation of fibrin and inactivation of prothrombin directly lead to a hypercoagulable state (36). Other soluble thrombosis-related proteins, including soluble tissue factor, von Willebrand factor, and C-reactive protein (CRP), are also involved in pro-coagulation. High levels of phospholipid antibodies (caused by uremia) and high levels of low-density lipoprotein can also exacerbate the hypercoagulable state (37, 38).

In addition to cytokine-induced hypercoagulability, systemic inflammatory states are further exacerbated by endothelial dysfunction due to coagulation abnormalities. One study showed that endothelial glycocalyx disruption was observed in ESRD patient specimens, and that this also contributed to an increased risk of thrombosis (39). Tissue factor is an important procoagulant that activates the extrinsic coagulation cascade, and uremic ECs also release small extracellular vesicles, called microparticles, loaded with tissue factor, which leads to increased thrombosis (40–42).

The dialysis process has also been shown to facilitate the activation of platelets to induce a hypercoagulable state. Semipermeable membranes used in a dialysis apparatus can activate platelets, and multiple studies have shown that dialysis can increase levels of circulatory p-selectin, von Willebrand Factor, and D-dimer (43–45). In the hypercoagulable state, platelet and leukocyte aggregation can induce atherosclerosis and thrombosis. In addition to the inflammatory environment of the circulatory system, repeated acupuncture injury during dialysis can also cause inflammation of the lumen local endothelium. Platelets can lead to enhanced adhesion through the release of inflammatory mediators such as monocyte chemoattractant protein 1 (MCP-1), vascular cell adhesion protein-1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1), interleukin-1β (IL-1β), and tumor necrosis factor α (TNF-α) and ultimately form plaques or thrombosis.



Neointimal hyperplasia

As the most common scene, invasive intimal hyperplasia is a major cause of vascular access failure (46–48). Stenosis in HD occurs in the anastomotic appendages, especially on the venous side. The pathogenesis of AVF vascular access disorders is generally divided into upstream and downstream events. Upstream events include the previous uremia environment, hemodynamic changes caused by surgical trauma, oxidative stress, hypoxia, and other initial factors of vessel wall damage. Downstream events represent changes in different cells in response to upstream vascular injury, including endothelial disturbance, activation of different types of cells, and proliferation. The development of NIH is a complex process that requires endothelial activation, phenotypic changes, and migration of vascular and immune cells, and the proliferation of multiple cell types together leads to intimal hyperplasia. The cell types involved include lymphocytes as well as vascular smooth muscle cells (VSMCs) and fibroblasts. Local histology is characterized by SMA-positive, vimentin-positive myofibroblasts and secretory smooth muscle cells as well as a minority of contractile smooth muscle cells (49–51).

There are several different hypotheses about the origin of cells that cause NIH in AVF, including activation of adventitial and medial cells located in the venous in situ vessel wall, infiltration and migration of cells from adjacent arteries, and differentiation of inflammatory cells transported locally from the circulatory system. Different experimental AVF animal models have been used to identify clear sources of cells that promote neointima formation and have provided support for these hypotheses. Using a porcine arteriovenous graft model, Misra and colleagues initially demonstrated that the cells that underwent early proliferation following arteriovenous graft implantation, which led to venous stenosis, had originated from the adventitia and media (52). Roy-Chaudhury and colleagues also demonstrated in an AVF model that venous tissue fibroblast differentiation contributes to the formation of venous stenosis (53). Cheng et al. successfully bred RFP-Stop flox/flox-GFP/Wnt1-Cre+ mice by crossing Wnt1-Cre and RFP-Stopflox/flox-GFP transgenic mice (54), the biggest feature of which is AVF surgery. In the crossed mice, anterior carotid smooth muscle cells but not jugular smooth muscle cells were labeled with green fluorescent protein (GFP). The authors found that after AVF creation, nearly 50% of the intimal proliferative cells showed GFP positivity by immunofluorescence staining, confirming that the GFP-positive cells were derived from smooth muscle cells of the inflow tract artery. The role of cells from circulating blood has also been explored in recent years. Castier et al. demonstrated that myeloid cells do not promote NIH in AVF arteries (55). Misra et al. demonstrated that monocyte involvement contributes to AVF remodeling and stenosis through a monocyte depletion experiment (3).




Molecular mechanism of arteriovenous fistula failure

Arteriovenous fistula have been recommended as the first choice for HD by the National Kidney Foundation Kidney Disease Outcomes Quality Initiative on account of the superior long-term patency rates, fewer complications, and lower financial burden (14, 56–58). However, less than 60% of AVFs will be functional after 12 months (59–61). The pathogenesis of AVF failure is caused by inflammation, uremia, hypoxia, and shear stress changes (62–65). These factors cause upregulation of cytokines, which broadly activate fibroblasts, smooth muscle cells, immune cells, and platelets (Figure 2).


[image: image]

FIGURE 2
Molecular mechanism of AVF failure.



Inflammation

Inflammation occurs throughout the whole life cycle of AVFs, including in the form of systemic inflammatory homeostasis disorder in patients with ESRD as well as local inflammatory responses resulting from surgical trauma at the time of AVF establishment.

The local inflammatory response often manifests as increased infiltration of local macrophages (CD68) and lymphocytes (CD3), which are especially more prevalent in uremic patients (66). These changes are evidenced by upregulation in many inflammatory cytokines, such as IL-6, IL-8, MCP-1 and plasminogen activator inhibitor-1 (PAI-1), as well as some proliferate cytokines, such as transformative growth factor-β (TGF-β) (67–69). Studies have shown that IL-6 and TNF-α play important roles in promoting early thrombosis in AVF, and increases in CRP and fibrinogen also lead to AVF failure (70, 71). Evidence from both experimental AVF models and clinical samples demonstrate that the dominant reason for the increase in inflammatory mediators is due to the massive release of macrophage migration inhibitory factor, which drives inflammatory cells to move toward the neointima, which leads to vascular wall thickening (72–74). Macrophage migration inhibitory factor induces changes in the expression of downstream proteins by binding to CD74 receptor, chemokine receptor 2, and chemokine receptor 4 (73). Changes in secreted protein brought about by inflammatory cells result in upregulation of many cytokines, IL-8, MCP-1, and vascular endothelial growth factor A (VEGF-A) through extracellular signal regulation and the p38 mitogen-activated protein kinase pathway (72). As a potent chemokine, MCP-1 plays a vital role in a variety of vascular diseases by promoting the migration and proliferation of monocytes and macrophages, EC activation, and proliferation and phenotypic switching of smooth muscle cells (75–78). MCP-1 is increased in expression after mouse AVF creation and becomes a mediator of AVF dysfunction and failure. In the mice AVF model, MCP-1 knockout resulted in significantly less NIH and improved patency rates (79).

Tumor necrosis factor α is another important inflammatory cytokine in NIH (80). In addition to mediating early immune responses, VSMC and EC can also produce TNF-α through an autocrine pathway in response to hypoxia, ROS, and local inflammation accumulation. TNF-α promotes the production of IL-1β and prostaglandin E2. TNF-α can induce fibroblast proliferation and migration, and these changes are greatly enhanced by insulin-like growth factors (81). Although it has a pro-apoptotic effect, apoptosis can only occur when the nuclear factor kappa B (NF-κB) signaling pathway is inactivated. Therefore, TNF-α promotes the proliferation of smooth muscle and fibroblasts in the AVF neointima by releasing inflammatory factors rather than by causing apoptosis.



Oxidative stress

After establishment, AVFs are often exposed to an environment of oxidative stress that involves multiple factors, including pre-existing systemic inflammation and intraoperative injury, and postoperative remodeling in ESRD patients. Multiple studies have demonstrated that markers of oxidative damage, including 8-hydroxy-2-deoxyguanosine and 4-hydroxy-2-nonenal, are upregulated in AVF outflow tract venous tissue (82). The increased synthesis and secretion of ROS and the depletion of antioxidant substances lead to the disruption of oxidative balance, which in turn stimulates many signaling pathways that regulate various processes, including the promotion of cell proliferation and migration, and ECM secretion (11, 83). Luo et al. study has shown that the expression of 4-hydroxynonenal increased after downregulation of glutathione S-transferase α4, while its overexpression reduced 4-hydroxynonenal levels and inhibited SMC proliferation in mice with CKD, playing a vital role in CKD-induced neointima formation and AVF failure (84). Sustained excess superoxide anion rapidly oxidatively inactivates NO, which further leads to the uncoupling of endothelial nitric oxide synthase (eNOS) to produce superoxide, which is the main cause of endothelial dysfunction due to oxidative stress (85). These stimuli further increase lumen narrowing by increasing levels of potential mitogens, including platelet-derived growth factor (PDGF), endothelin 1, and the proliferation-stimulating factor TGF-β (11).

Heme oxygenase (HO) is a rate-limiting enzyme that promotes the catabolism of heme. HO exerts antioxidant, anti-inflammatory, and anti-apoptotic functions in cells through its downstream products (86–89). Recent studies have shown that HO plays an important role in promoting extravascular remodeling and preventing NIH (89). The expression of the HO-1 gene was significantly upregulated in VSMCs after AVF surgery in mice, which may be a protective effect stimulated by oxidative stress. In HO-1 knockout mice, the outflow tract vessel wall becomes thinner and there are increases in lumen area, patency rate, and levels of the pro-inflammatory and pro-oxidative mediator MCP-1 (90). We explain the specific production pathways of oxidative stress and the corresponding important molecules and signaling pathways in more detail in the subsequent parts of this article.



Uremia

Before the creation of AVF, the inherent uremia in ESRD patients increases inflammation and oxidative stress (91, 92). Many inflammatory cytokines, including IL-6, TNF-α, and TGF-β, are elevated in the serum of CKD patients. In addition, mineral metabolism disorder in the blood of patients with ESRD may also aggravate the vascular wall thickness. Uremia has also been shown to affect vascular homeostasis through such mechanisms as affecting the activity of cellular calcium channels, increasing fibrosis, increasing insulin resistance, and increasing vascular wall calcium phosphate deposition (93, 94). Vascular calcification may also affect AVF remodeling. In clinical studies, elevated serum levels of CRP and sclerostin, an osteogenic protein with increased expression specifically in calcified VSMCs, were found to be independent predictors of AVF failure (95). Other vascular calcification markers such as fetuin-A, osteopontin, and bone morphogenetic protein-7 were also associated with the development of AVF complications in a cohort of dialysis patients (96). However, a prospective clinical study came to the opposite conclusion (97). The study concluded that serum concentrations of mineral metabolites in patients were not substantially related to AVF failure. Since it is possible that the concentration of minerals in the circulatory system may not truly reflect the degree of cellular calcification, the relationship between calcification and AVF failure requires more advances in mechanism research to give us a more definitive answer.

Inflammation-induced impaired platelet function and endothelial wall dysfunction accelerate the development of atherosclerosis. These complex synergistic changes further contribute to the susceptibility to inward remodeling after AVF placement.



Hypoxia

Apart from the sustained hypoxic background existing in the circulatory system of patients with previous CKD, hypoxia results from the damage to adventitia and the dissection of vasa vasorum vessels during the creation of AVF. Repeat needle sticks during cannulation for dialysis are also thought to exacerbate hypoxic injury. Sustained hypoxia promotes angiogenesis, inflammation, and proliferation, resulting in NIH.

Among the various upregulated genes, increased levels of hypoxia-inducible factor 1 α (HIF1α) have been confirmed, which is shown to mediate NIH in both animal models and human specimens (10, 98). Under normoxic conditions, HIF1α hydroxylated by proline hydroxylase undergoes ubiquitination by either the Von Hippel Lindau tumor suppressor or E3 ubiquitin ligase and is ultimately degraded (99). HIF1α expression is stabilized under hypoxic conditions and affects many downstream molecular mechanisms that lead to angiogenesis, inflammation, cell proliferation, and collagen deposition (100). VEGF is recognized as one of the most important downstream mediators of hypoxia. VEGF acts primarily by binding to two receptors, VEGFR-1 and VEGFR-2. VEGFR-1 promotes endothelial growth by activating tyrosine kinases. VEGFR-1 can also exacerbate the local inflammation levels in AVF via macrophage activation (101). As a tyrosine kinase receptor, VEGFR-2 acts primarily through the phospholipase-cγ protein kinase-c pathway. VEGFR-2 is more highly expressed in the circulatory system and mainly plays a role in promoting the proliferation and differentiation of ECs (101–103). VEGFR-2 can also promote VSMC proliferation through regulation of extracellular signals and Akt signaling (104). Recent studies have shown that downregulation of VEGF-A gene expression can reduce IH formation during the setting of AVF. The polymorphism of VEGF-A gene is also considered to be an important factor affecting the occurrence of AVF occlusion (105).

Apart from VEGF, PDGF is another important cytokine activated by hypoxia. The platelet-derived growth factor family includes PDGF and VEGF. Each growth factor can be produced by a variety of cells, and its receptors are all tyrosine kinase receptors. In vivo monocytes/macrophages are the main cells that synthesize PDGF. PDGF acts on phosphorylated platelet-derived growth factor β receptor to prompt fibroblasts and VSMCs to enter the cycle of division and proliferation. Recent studies have demonstrated the function of PDGF in regulating VSMC phenotype switching, vascular fibrosis, and NIH (106, 107).



Hemodynamics

The increased magnitude of vessel WSS and the alteration of flow patterns are likely to be the primary events after AVF creation that promote AVF adaptation (108). In response to dramatic hemodynamic changes after AVF creation, adaptive remodeling is needed to return the WSS to a stable level. In response to the hemodynamic changes, the AVF will undergo adaptive remodeling to bring the WSS back to a stable level. However, the presence of vascular lesions and systemic abnormalities contributes to the failure of AVFs to mature due to post-maturation venous stenosis and/or impaired external remodeling. The influence of WSS on venous inward remodeling mainly comes from two aspects: one is the direct effect of WSS upregulation on adjacent cells, and the other is the influence of disturbed hemodynamic near the anastomosis.

The elevation of WSS upregulates local inflammatory factors such as Il-1β, TNF-α, and interferon-γ (IF-γ) (109, 110). In addition, WSS has been shown to induce negative cell remodeling proliferation through VEGF-A, MMP2, MM9, and ICAM-1. WSS activates vascular endothelial cadherin and platelet endothelial cell adhesion molecule-1 (PECAM-1) by altering the mechanical tension state of cells, further inducing cell shape changes that alter cell migration ability (111–113). Persistent WSS also affects vasodilation by affecting HO and reducing NO synthesis (114).

Normally, vessels experience unidirectional stable laminar flow, but the chaotic, disorderly oscillatory flow generated by the vessel wall near the AVF anastomosis leads to the activation of a series of downstream pathways. These pathways directly or indirectly induce ECs to selectively express atherogenic and thrombogenic genes (115).

Oscillating WSS interacts with mechanical pressure receptors via the EC surface, resulting in increased EC autocrine proliferative pathways, upregulation of mitogen-activated protein kinases, nuclear translocation of NF-κB, and downregulation of Kruppel-like factor 2 (KLF2) expression and induced EC proliferative, pro-inflammatory and pro-oxidative state transitions (116). The disturbance of blood flow can also stimulate VSMC migration and proliferation, accelerating NIH development (117, 118).

Use of an external support device, VasQ (fixed metal stent near the anastomosis), to create an AVF has been reported to improve fistula maturity and patency by reducing flow disturbance around the anastomosis (119).




Sources of oxidative stress in arteriovenous fistula failure


Definition of oxidative stress

Oxidative stress is stonewalled by the universal definition of an imbalance between oxidants and antioxidants. When subjected to various harmful stimuli, the body produces excessive ROS with the depletion of antioxidants. The accumulation of free radicals eventually leads to tissue damage and various diseases. ROS are a group of oxygen reduction products that can be generated by enzymatic and non-enzymatic systems and (120). Although oxidative stress routinely plays a novel role in the regulation of diverse cellular functions and biological processes, uncontrolled ROS may mediate varying degrees of tissue and cellular damage.

Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, mitochondrial enzymes, xanthine oxidase, lipoxygenase, myeloperoxidase, and unconjugated eNOS are major contributors of ROS generated in blood vessel systems. The ROS products mainly include superoxide anion (O2–), hydroxyl radical, and reactive nitrogen species (RNS) in the form of free radicals, and the non-radical form of hydrogen peroxide (H2O2). Oxygen-related reduction products often exist in the form of free radicals due to the presence of an unpaired electron. Because of their strong chemical reactivity, these substances often produce irreversible cell damage in addition to mediating biological behavior. Hydrogen peroxide, which is a stable two-electron reduction product and not a free radical, often acts as a small molecule second messenger to activate downstream signaling pathways. Numerous studies have shown that oxidative stress is a key pathophysiological pathway in the progression of atherosclerosis, lower extremity ischemia, and other cardiovascular diseases (121, 122). Specimens from the outflow tract veins of patients with AVF and basic research in recent years have confirmed that ROS is an important cause of AVF failure and neointima production.



Reactive oxygen species mediated cellular signaling

This functional protein network exists under the regulation of redox signaling, resulting in subsequent changes in signal outputs, enzyme activity, gene transcription, and other processes. The main mechanism of ROS-mediated cellular signaling is achieved by efficiently oxidizing thiolals in target proteins (123). It’s reported that about 20% of all thiolals in the cellular cysteine proteome are susceptible to oxidation (124). Cysteine, which is highly sensitive to redox response, widely distributed in a variety of regulatory sites such as cytoskeletons, enzymes, receptor membrane proteins, transcription factors, and nuclear proteins (125). Due to the rapid development of proteomics, the protein oxidation network of cysteine has been greatly supplemented. We attempt to shed light on the important biological effects of oxidative stress by briefly present several classic examples of oxidative signaling regulation.

The Nrf2-Keap1 system is a thiol-based physiological sensor effect device that responds to oxidative stress and maintains redox homeostasis (126). Under normal physiological conditions, Keap1 binds tightly to Nrf2 in the cytoplasm and promotes Nrf2 ubiquitination and subsequent degradation processes. ROS acts on the multiple easily oxidizing cysteine residues contained in KEAP1 and causes conformational changes in KEAP1, thereby preventing NRF2 ubiquitination and promoting its nuclear transposition to initiate the expression of antioxidant defense proteins (127). In addition, the transcription factor nuclear factor-κB (NF-κB) is susceptible to redox regulation and controls inflammation as well as multiple biological processes like cell proliferation, cell death (128). On the one hand, intracellular ROS can regulate the oxidation and activation of NF-κB inhibitor (IκB) kinases to the negative NF-κB signaling pathway. On the other hand, due to the presence of oxidizable cysteine in the DNA binding region of NF-κB, ROS can directly activate the NF-κB signaling pathway (129). Hypoxia-inducible factor (HIF) is a major regulatory transcription factor in response to lower oxygen levels, including HIF-1, HIF-2, and HIF-3 (130). An important part of the cell response to hypoxia is ROS, which increases the stability of HIF-1. HIF prolyl hydroxylases (PHD), which sense oxygen availability and drive HIF hydroxylation, are inhibited by ROS both in hypoxia and normoxia (131). In turn, HIF-1 increases NOX expression, thereby promoting intracellular ROS production (132). The profound role of ROS is also reflected in the response to pressure sensors. For instance, the forkhead box protein O (FOXO) family is an important class of transcription factors that help maintain homeostasis in cells by integrating redox signaling. Similar to other regulatory modalities, direct oxidation of cysteine in members of the FOXO family leads to alter in downstream genes (133) (Figure 3).
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FIGURE 3
ROS mediated cellular signaling pathways. ROS, reactive oxygen species; NRF2, nuclear factor erythroid 2-related factor; KEAP1, Kelch-like ECH-associated protein 1; IkB, I-kappa B proteins; NF-κB, nuclear factor kappa B; PHD, prolyl hydroxylases; HIF, hypoxia-inducible factor; FOXO, forkhead box protein O; ER, endoplasmic reticulum. This figure was generated in Biorender (https://Biorender.com).




Preoperative inflammatory environment

Prior to the establishment of AVF, systemic changes associated with CKD lead to a surge in inflammation and oxidative stress in the circulatory system, which are present at all stages of AVF. The etiology of CKD is complex and is characterized by renal unit loss, decreased glomerular filtration rate, and irreversible changes in renal function and structure (134). On the one hand, elevated intracellular ROS levels cause the oxidation of lipids, DNA, and proteins, which plays an important role in CKD disease progression. On the other hand, oxidative stress levels in damaged kidneys can be further upregulated through mitochondrial energy metabolism and enzyme systems such as xanthine oxidase, peroxidase, nitric oxide synthase, and NADPH-oxidases (NOX) (135–137).

The production of ROS in mammalian cells mainly depends on organelles, including mitochondria and endoplasmic reticulum, and enzyme systems involving peroxidase, NADPH, and nitric oxide synthase (138). Mitochondria and NOX family oxidases are major contributors of ROS in kidneys (139, 140). Kidneys need a lot of energy to regulate the body’s water, electrolyte, and acid–base balance and for the maintenance of activities essential for life and normal operation. The reabsorption function of active transport in renal tubules is mainly driven by large amounts of adenosine triphosphate that are provided by mitochondria and double-membraned organelles (141). These organelles also regulate many cellular processes, such as cell proliferation, signaling, and cell death (142).

Therefore, mitochondrial dysfunction can have profound effects on kidney cell function. The essence of redox reactions is the gain or loss of electrons or the movement of shared electron pairs. Electrons are transferred between reducing agents and oxidants, and a stable reduction product is eventually formed. Mitochondria produce adenosine triphosphate through electron transfer via respiratory chain polymeric complexes in a process termed oxidative phosphorylation (142). In this process, the Nox4 subunit of NOX produces anionic superoxide via one-electron reduction of oxygen. The superoxide produced in the early stage is converted to H2O2 by the action of superoxide dismutase in the mitochondria and cytoplasm. In the oxidative phosphorylation chain, superoxide can be produced by oxygen electron loss in complexes I, II, and III (143, 144). Complex III produces ROS on both sides of the mitochondrial intima, whereas complexes I and II produce ROS only in the stroma (144). In addition, Nox2 increases mitochondrial ROS production through anti-electron transfer as a result of mitochondrial interactions with O2 derived from NOX (144). It has been reported that the impaired mitochondria can promote proinflammatory cytokines and chemokines through the release of ROS, cardiolipin and other harmful molecules, thereby inducing persistent kidney injury (145). Mitochondrial dysfunction in cisplatin-induced renal injury was due to inhibition of the activity of respiratory chain complexes I-IV, leading to ROS generation and a decrease in ATP production (146). Increased mitochondrial reactive oxygen species production has also been monitored in mice with diabetic nephropathy (147).

As CKD progresses, ROS levels increase, antioxidant levels decrease, and the oxidative balance is disrupted. Several studies have confirmed elevated levels of ROS in the blood of patients with CKD and animal models of kidney injury (148, 149). Antioxidants, including superoxide dismutase, glutathione, vitamin C, vitamin E, and the plasma sulfhydryl group, are significantly decreased due to overconsumption (150). In addition, nuclear factor erythroid 2-related factor (Nrf2), the upstream transcription factor of antioxidant products, was found to be downregulated in CKD patients (151).



Intraoperative injury

Mechanical damage to the vein wall during surgery as well as pulling effects may cause local vessels to produce more ROS. Many studies have confirmed that ROS content in the outflow tract significantly increases in the short term after AVF surgery, and this process occurs prior to inward remodeling (152, 153). Alan Dardik and colleagues performed a gene chip microarray study on a mouse model of inferior vena cava and aorta shunting (7 days after surgery), demonstrating a high degree of early response regulation to injury after AVF. Microarray analysis showed that the different enriched genes are related to oxidative phosphorylation, mitochondrial long chain fatty acid β-oxidation, and mitochondrial unsaturated fatty acid. Beta-oxidation indicates that oxidative stress occurs in the early stage after AVF creation (154). In addition, cross-talk between factors of hypoxia and oxidative stress may play a more pronounced role in this process. In vascular anastomosis, the complete separation of long perivascular tissues is necessary. In addition to the transient interruption of blood flow during surgery, the rupture of trophoblast vessels in the venous wall leads to prolonged and irreversible hypoxia, which reduces the O2 concentration in the venous wall (155, 156). The venous vessels are in a low-flow and low-oxygen partial pressure environment for a long time before surgery (pO2 was about 35–45 mmHg). The establishment of an outflow canal can bring a large volume of blood to the vein, increasing the oxygen partial pressure up to levels in the arteries. It has been demonstrated that arterial oxygen levels stimulate NIH in veins through an ROS-dependent mechanism (157). All of the above conditions can cause oxidative stress through ischemia/reperfusion and stimulate the transmission of downstream signaling pathways.



Postoperative hemodynamic changes

Arteriovenous fistula stenosis mainly occurs in the venous outflow tract near the anastomotic area. Local venous blood walls, in contrast to arteries, experience disrupted blood flow and can cause a range of gene expression changes and oxidative stress (135, 158). In an experimental study, WSS was shown to regulate several active species produced by the vessel wall under stable laminar flow conditions, keeping ECs and adjacent VSMCs in a relatively stable state. Continuous laminar flow of WSS within the normal physiological range and in the same stable direction activates downstream signaling pathways, inducing the expression of atheroprotective and antithrombotic genes with antioxidant, anti-inflammatory, anticoagulant, and antiapoptotic functions.

Kruppel-like factor 2 is one of the most important protective transcription factors regulated by WSS, and its main target is EC (159). The mechanism by which shear force increases KLF2 expression is associated with the activation of calmodulin-dependent kinase and subsequent phosphorylation of histone deacetylase 5 (160). Compared with steady state flow, pulsed fluid also upregulates KLF2 expression. KLF2 expression has been reported on the inner surface of thoracic aorta branches exposed to low WSS and not in outer surfaces exposed to high flow and high WSS (161).

Compared with unidirectional laminar flow, reciprocating WSS acts on EC to promote vascular atherosclerosis and increases the risk of thrombosis by enhancing the expression of pro-oxidative, pro-inflammatory, pro-coagulant, and other genes (162). KLF2 regulates endothelial function by regulating the eNOS/NO pathway. It has been confirmed that KLF2 upregulation in EC increases cell viability, decreases superoxide production of O2– and ONOO–, and increases NO levels and eNOS activity. In addition, KLF2 can also promote eNOS uncoupling and regulate the production of antioxidant stress proteins by activating Nrf2/HO-1 (163).

In addition to influencing the release of NO and increasing the accumulation of ROS, a recent study suggested that WSS-induced inward remodeling is associated with heme HO (90). Studies have shown that heme-degrading enzymes are related to the patency of AVF (164). Heme degradation mainly includes two types: inducible HO-1 and constitutive HO-2. HO exerts vasodilatory, antioxidant, and anti-inflammatory effects through the production of carbon monoxide and biliverdin in addition to the release of ferrous iron from heme. Under the action of different modes of WSS, including high-intensity and low-intensity modes, the pathways and expression levels of HO-1 vary (89). HO-1 induced by high flow lies downstream of NO and mitochondrial-derived hydrogen peroxide. On the contrary, decreased HO-1 expression occurs in low-flow mode, which affects macrophage infiltration and superoxide production in the vascular wall. The result of a recent study in a mouse model of carotid artery injury suggests that HO-1 induced by NF-κB activation has vascular protective effects (164).

It was shown by the same study that HO-2 deficiency is associated with increased NIH. These in vivo studies suggest that the HO enzyme plays a fundamental role in promoting external remodeling and preventing NIH.




Consequences of oxidative stress in arteriovenous fistula failure


Oxidative stress and outward maturation

Outward maturation of AVF is a product of tube diameter enlargement and wall thickening and is considered to be an adaptive process that is triggered by sudden increases in blood pressure and shear stress and an environment with high partial pressure of oxygen. Vessel wall thickening is a process of vessel wall adaptation to pressure and is suitable for repeated puncture during subsequent dialysis. This process involves thickening all vascular layers through ECM deposition and cell proliferation and migration (165–167). A variety of cells are involved in vessel wall thickening, including VSMCs, adventitial fibroblasts, and bone marrow-derived progenitor cells (49, 55).

The outward remodeling of AVF is dependent on ECM-regulated synthesis, secretion, and degradation (168). Cells regulate ECM remodeling by degrading elastin and collagen through the secretory MMP family. ECM is a dynamic network structure existing between cells that is composed of macromolecular substances such as collagen, proteoglycans, and glycoproteins. These macromolecules can bind to specific receptors on the cell surface and alter gene expression through the direct binding of receptors connected to the cytoskeleton or triggering a signal transduction cascade in the cell, resulting in cell adhesion, migration, proliferation, and differentiation (169). Different tissues have different types and contents of ECM components. Among these, collagen mainly provides the basic framework and strength for tissue, and proteoglycan and hyaluronic acid are mainly involved in the maintenance of water levels and status and mechanical properties in addition to establishing and maintaining the concentration gradient of signaling molecules to ensure the development, form, and structure of tissue features (170).

Multiple studies show that oxidative stress plays a vital role in ECM metabolism and remodeling (171–173). The TGF-β1/Smad3 signaling pathway is one of the most important mechanisms regulating tissue fibrosis. ROS can promote ECM remodeling and fibrosis by activating the TGF-β1/Smad3 pathway, increasing connective tissue growth factor and MMP-2 expression (171). ROS can promote MMP-2 expression by activating the PI3-kinase/Akt signaling pathway, thereby activating bone marrow mesenchymal stem cells to synthesize ECM (172). Both Ras- and mitogen-activated protein kinase (MAPK)/ERK can activate extracellular regulated protein kinase (ERK). Activated ERK is translocated into the nucleus and participates in the regulation of transcription factor and cyclin expression, resulting in the proliferation and phenotypic changes in hematopoietic stem cells. Studies have shown that oxidative stress can inhibit the expression of insulin-like growth factor-1 by activating the MAPK/ERK signaling pathway and reducing ECM proteoglycan production in chondrocytes (174). In addition, ROS can upregulate TGF-β1 by activating the MAPK/ERK signaling pathway, stimulating the expression and secretion of MMP-9 in VSMCs, and regulating ECM metabolism (175). The Nrf2/ARE signaling pathway is an important response mechanism when the body suffers oxidative damage. In the state of oxidative stress, the activation of the Nrf2/antioxidant reactive element (ARE) pathway can inhibit the TGF-β/Smad signaling pathway and the decreased expression of collagen type I, fibronectin, tissue inhibitors of metalloproteinases (TIMPs), and PAI-1 (173).

During AVF outward remodeling, ECM synthesis, secretion, expression, and deposition occur at different time stages (176). Early ECM degradation after AVF formation coincides with an early increase in MMP and TIMP-1 expression. After 1 week, expression of many collagen subunits increases and MMP expression patterns are altered. Three weeks after surgery, later stages of remodeling are characterized by decreased expression of MMPs and increased expression of non-collagen matrix proteins (176). In AVF, the MMP family is the main factor regulating ECM degradation, with MMP-2 and MMP-9 upregulated in the early stage, and the increase in MMP-2 and TIMP in serum is an important indicator for predicting AVF maturation (68, 69). Conversely, matrix deposition is primarily regulated by TGF-β. TGF-β is produced by a variety of cells in the vessel wall, including endothelial, smooth muscle, and inflammatory cells, and can act by increasing ECM deposition, which significantly promotes thickening of the vessel wall (177).



Oxidative stress and inward remodeling

Inward remodeling of AVF refers to narrowing of the venous outflow tract due to aggressive intimal hyperplasia. The outflow vein is often stimulated by various factors, including hemodynamics, hypoxia, and oxidative stress at an early stage. The thickened venous wall is composed of matrix proteins and proliferating cells, called intimal hyperplasia. In the later stages after the establishment of AVF, the intimal hyperplasia is often not suppressed. Excessive intimal hyperplasia leads to stenosis of the lumen, and reduced blood flow renders the AVF unusable for dialysis. In extreme cases, stenosis can lead to complete occlusion of the blood vessel or even thrombosis. Pathological sectioning has shown that various cells, including ECs, VSMCs, adventitial fibroblasts, and inflammatory cells, are involved in NIH (49). The effects of oxidative stress on ECs, VSMCs, and fibroblasts have been extensively discussed (Figure 4).
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FIGURE 4
Different stages of outflow vein remodeling.


The endothelium is the single layer of cells that coats the lining of the blood vessel lumen. ECs play a role in maintaining vascular homeostasis by regulating vascular tone and inflammatory responses and promoting angiogenesis. Endothelial activation, often the initial state of vascular injury, is characterized by the activation of inflammatory genes and downstream pathways. This ultimately leads to decreased NO production or bioavailability, impaired vasodilation, and other endothelial phenotypic changes collectively referred to as endothelial dysfunction.

The imbalance between ROS generation and the antioxidant defense system is one of the main causes of EC dysfunction, which is implicated in the development of various cardiovascular diseases such as atherosclerosis and thrombosis. Studies have shown that oxidative stress mediates EC activation by affecting the production and secretion of cytokines (178, 179) (Figure 5). In ECs, NO is a major factor in maintaining vascular homeostasis. The initial state of endothelial dysfunction involves a decrease in NO bioavailability. After oxidative stress, superoxide anions combine with NO to generate peroxynitrite ONOO– (180). Peroxynitrite can promote protein nitration, leading to EC dysfunction and even death (181, 182). In the cardiovascular system, superoxide anion is often produced by enzymes such as NOX, xanthine oxidase, and unconjugated eNOS. Furthermore, the mitochondrial respiratory chain provides contributes significantly to the production of oxidative stress-related chemical substrates.
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FIGURE 5
Source and consequences of imbalance oxidative stress in AVF.


Following AVF creation, increased arterial flow directly leads to passive vasodilation and endothelial cell synthesis of NO (183, 184). NO is a gaseous small-molecule signal that is mainly produced by eNOS in ECs. Due to its anti-inflammatory, antithrombotic, and antiproliferative properties, NO plays an important role in the development of adaptive venous wall remodeling.

The expression of both eNOS and inducible nitric oxide synthase (iNOS) was significantly increased in the outflow tract of AVF, and the inhibition of eNOS results in increased inflammatory factors such as MCP-1 and IL-8, which exacerbate NIH (69). Endothelin-1 is an inflammatory mediator that promotes vasoconstriction and EC proliferation. Endothelin-1 expression was found to be upregulated in the vein wall, in the NIH region of AVF, and in the plasma of CKD and hemodialysis patients after endothelial activation (68). In addition, the expression of both p-selectin and e-selectin is upregulated early in AVF formation, promoting immune cell adhesion, and the expression of p-selectin decreases after 1 month. VCAM-1 is highly expressed in thrombosed and stenotic AVFs (71).

Typical sources of NIH proliferating cells are smooth muscle α-actin-positive VSMCs and fibroblasts. EC and VSMC injury, hemodynamic stress, and mechanical damage lead to the migration of VSMCs from the media to the intima and their differentiation into cells with a secretory phenotype (myofibroblasts). Fibroblast precursors in the adventitia of veins are able to sense sudden changes in the mechanical force generated by arterial flow, thereby rapidly adjusting their patterns of gene expression, secreting MMPs and collagen, and migrating to the intima. Cell proliferation is one of the important markers to measure the phenotypic transition of VSMCs (185). Numerous literature reports indicate that ROS promotes VSMC proliferation (186–188). In addition, ROS can also indirectly produce pro-proliferative effects on VSMC by mediating hormone and growth factor release. Studies have found that H2O2 can promote the proliferation of bradykinin, angiotensin-II, and growth factors such as PDGF and thrombin (189, 190). O2 mediates plasminogen urokinase-induced proliferation of VSMCs (191). Furthermore, ROS mediates bradykinin-induced VSMC proliferation and collagen production (192). In addition, the antioxidant N-acetylcysteine inhibits VEGF-induced VSMC proliferation and migration (193, 194). The nitroxide inhibitor Roebulin can attenuate the proliferation of VSMCs, indicating that NOXs play an important mediating role in the VSMC migration signaling pathway (195). The mechanism of PDGF-induced VSMC proliferation and migration has been widely discussed (196), and appears to mainly involve ROS binding and operate through PDGF-β receptors (197). α and β receptors are almost always expressed in VSMCs (198). PDGF-mediated migration signaling cascades are known to include MAPKs ERK1/2, Jun-N-terminal kinase (JNK), and p38 (199).

A number of growth factors are upregulated after AVF creation, including VEGF, PDGF, basic fibroblast growth factor, and insulin-like growth factor-1, among others (11, 156, 200). These processes are closely linked with oxidative stress generation. In animal experiments using p47phox (subunits of NADPH) knockout AVF rats, it was found that decreasing the oxidative stress production can result in reductions in the proliferation of smooth muscle cells in the lumen and secretion of inflammatory factors and improve the patency rate (201). One week after AVF production, the expression of adhesion molecule β-catenin and proto-oncogene c-Myc increases due to the decrease in levels of adhesion molecule N-cadherin, which is linked to VSMC proliferation (202). In addition, local oxidative stress can also be alleviated by inhibiting the Notch signaling pathway, which results in decreased migration and proliferation of smooth muscle cells (54).




Oxidative stress in endovascular interventions treating arteriovenous fistula failure


Endovascular intervention for arteriovenous fistula failure

Arteriovenous fistula has been recognized as the primary and optimal hemodialysis vascular access option for ESRD patients requiring renal replacement therapy (203–205). Despite being widespread, there are undeniable limitations associated with the use of AVFs in hemodialysis. In a 2008 clinical trial, investigators found that more than 60% of fistulas did not mature, and failure to mature means they are defined as unfit for dialysis (6). The vast majority of arteriovenous fistulas fail due to immaturity or NIH. Traditional surgical revision is the most direct way to treat dialysis access stenosis. However, percutaneous transluminal angioplasty is the current standard for the treatment of arteriovenous stenosis due to its reduced invasiveness and the convenience of multiple treatments (206, 207). The principle of all endoluminal repair of AVF is to expand the lumen and increase the volume, mainly including balloon-assisted maturation (BAM), stent placement, and cutting balloon angioplasty.

The BAM technique uses balloon angioplasty to repeatedly inflate the vein wall to dilate the diameter of the fistula to facilitate smooth dialysis (208, 209). The most common complication after balloon dilation remains restenosis due to postoperative intimal hyperplasia, and although this is more common in arteries, veins may respond similarly to angioplasty, especially in the inflammatory setting of renal failure.

Although evidence from long-term large data volumes is lacking, several short-term studies have shown positive results. One report mentioned that 85% of 53 patients experienced secondary patency within 1 year of BAM (208). Miller et al. found that of 122 immature fistulas using BAM, dialysis after treatment was possible in 118 cases, with a secondary patency rate of 75% after 1 year (210). Gallagher and colleagues performed 185 BAMs on 45 patients (an average of 3.7 BAMs per patient), resulting in 37 patients with usable dialysis access (211).

Stenting is another tool for the management of refractory dialysis access strictures. Multiple studies have reported substantial improvements in primary and secondary patency rates for fistulas and grafts after stenting. A prospective multicenter randomized trial testing polytetrafluoroethylene-covered self-expanding nitinol stents showed higher patency rates in the stent-graft group than in the balloon angioplasty alone group after 6 months (212). A meta-analysis of 10 studies showed that after 6 months, patients who received nitinol stents had improved initial patency rates compared with those who received angioplasty (213).

Cutting balloon angioplasty, wherein a balloon with several small blades is axially mounted on the outer surface of the cutting balloon, is used to dilate the stenosis, which causes trauma to the vessel wall similarly to BAM. It can be used for balloon expansion while cutting the proliferative part of the vascular disease site (214). Several studies have reported significant improvements in vascular patency after 6 months of use (215–217).



Oxidative stress in endovascular interventions

Oxidative stress largely affects the pathogenesis and outcome of various cardiovascular diseases. Endovascular interventions, including balloon angioplasty and stenting, are associated with increased levels of ROS in the vessel wall and altered endothelial and smooth muscle cell function. These changes lead to restenosis and thrombosis of blood vessels.

Several studies have discussed the mechanism of ROS generation by endovascular intervention. The mechanism of ROS generated by interventional therapy is largely similar, and they all lead to the accumulation of ROS after damage to ECs, vascular elastic lamina, and vascular media through mechanical stress or damage. Shortly after injury, O2– levels in the vessel wall are elevated and colocalize with VSMCs (218, 219). NOX-mediated O2– production was observed in the adventitial layer of vessels, revealing an important potential role of fibroblasts in ROS production (220). In addition, the researchers found that the expressions of Nox1, Nox4, gp91phox, and p22phox were significantly upregulated after carotid balloon injury in rats (218). Balloon angioplasty can rapidly induce p38 mitogen-activated protein kinase, which is also activated by ROS and is involved in VSMC hypertrophy and NIH (221). Mechanistic studies on the increased oxidative stress after stent placement have also been reported. The expression of two NOX subunits, p22phox and gp91phox, was increased after stenting in the rabbit carotid artery, resulting in higher ROS production (222).

In addition, ROS resulting from interventional therapy can affect the state of smooth muscle and the diastolic function of blood vessels through endothelial dysfunction. The severity of endothelial disorder tends to be closely related to the type of surgery. Compared with balloon angioplasty, stent placement tends to result in more severe endothelial damage (223). Endothelial dysfunction is a proinflammatory and procoagulant state of ECs after various physicochemical stimuli, characterized by altered expression of adhesion molecules on the EC surface and the recruitment of various immune cells (224). Several studies have shown that oxidative stress plays a key role in mediating endothelial dysfunction (85, 178, 179). In ECs, NO is a major factor in the maintenance of vascular homeostasis. The initial stage of endothelial dysfunction is accompanied by reduced NO production, increased dissociative consumption, or reduced bioavailability. Superoxide anion usually reacts with NO to form peroxynitrite ONOO (225, 226). Peroxynitrite, in turn, promotes protein nitration, leading to EC dysfunction and death (182, 227).




Oxidative stress as a therapeutic target in arteriovenous fistula failure

The disruption of oxidative homeostasis is the result of excess production of ROS not counteracted by the intrinsic antioxidant defense system, which largely contributes to endothelial dysfunction, cellular proliferation, and AVF failure. Targeting oxidative stress for the treatment of AVF failure has been extensively studied in preclinical settings and has shown highly promising results in clinical studies, which are summarized in Tables 1, 2. These studies all achieved similar results in increasing patency rates and reducing intimal hyperplasia, focusing on three different approaches to target oxidative stress in AVF failure: (1) inhibiting endogenous oxidative stress production and (2) increasing endogenous antioxidant capacity, both directly, or indirectly via (3) supplementing exogenous antioxidants.


TABLE 1    Antioxidant therapies in AVF failure.
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TABLE 2    Antioxidant therapies in AVF failure.
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The initial discussion of AVF came from the discovery of increased oxidative stress and growth factor expression following AVF failure in human specimens (11). The study found that the oxidative stress marker 4-hydroxy-2,3-nonenol colocalized with TGF-β, a growth factor known to promote intimal hyperplasia. For the first time, the potential of oxidative stress as a therapeutic target in dialysis access failure was revealed. Subsequent experimental animal studies focused on the effects of oxidative stress on AVF by uncoupling NOX or NOS. There are many important ROS-generating systems in the blood vessel wall, among which NOX is one of the most important. NOX triggers eNOS uncoupling, elevates xanthine oxidase activity, and enhances mitochondrial ROS production (228–230). Stephanie Lehoux and colleagues were the first to report that neointima is suppressed and AVF patency is improved in mice lacking the NOX p47phox (201). In addition, they also explored the effects of endogenous ROS and NO on the activity and expression of MMPs. The generation of ROS through NOS uncoupling has also been investigated as a possible target for addressing AVF failure. Tsapenko and colleagues reported an increase in the production of peroxynitrite, a product of superoxide anion interaction with nitrogen oxide (153). Under pathological conditions, NOS activity is uncoupled, resulting in increased superoxide anion production. In fact, NOS decoupling is closely related to vascular diseases such as heart failure and atherosclerosis. To test the evidence for this uncoupling, the authors demonstrated that the ratio of tetrahydrobiopterin to dihydrobiopterin, a reliable marker for NOS uncoupling, was significantly reduced in the venous segment of the AVF. These findings suggest that the overproduction of targeted ROS has a profound impact on failure to treat AVF.

In addition to suppressing oxidative production, some experimental studies have shown that increasing the endogenous antioxidant capacity can improve AVF patency. The findings of Nath and colleagues detail the role of endogenous antioxidant stress kinases in AVF dysfunction. After AVF creation, an increase in the expression of the antioxidant enzyme HO-1 is induced due to an increase in superoxide anion (153). HO-1 catalyzes the decomposition of heme into equal amounts of iron, carbon monoxide, and biliverdin (231). Biliverin reductase activity further reduces biliverdin to bilirubin. Both bile pigments can scavenge peroxyl free radicals, while carbon monoxide can cause vasodilation. Thus, induction of HO-1, as an adaptive response to injury, is critical for protection from AVF dysfunction. Earlier, a study by Juncos et al. showed that HO-1 production could be induced in a mouse model of AVF (90). In HO-1–/– mice, AVF exhibited lower patency rates. Furthermore, longer GT repeats are shown to be closely associated with reduced HO-1 expression and AVF pathway failure in patients with HO-1 gene polymorphisms, again highlighting the important role of oxidative stress in AVF (232).

Following these inspiring results from therapeutic studies involving increased endogenous antioxidant enzymes, several experimental studies attempted to explore the effects of exogenous antioxidant supplementation on AVF. Tempol is a widely used free radical scavenger with powerful antioxidant properties. Nath and colleagues reported that the use of tempol significantly improved the AVF patency and permeability and, at high doses, also increased blood flow to the AVF (153).



Conclusion

There is increasing evidence that multiple upstream and downstream effects at different time periods in AVF maturation trigger increased oxidative stress and mediate intimal hyperplasia. At present, excellent preliminary results have been achieved in animal experiments for the treatment of AVF stenosis against oxidative stress. Preclinical studies have also shown promising results through various antioxidant strategies; however, these beneficial effects have unfortunately not been translated into positive outcomes for advancing clinical treatment. The main reason for this is that the antioxidative stress drugs used in clinical research often lack specificity. In addition, the systemic modalities previously tested for AVFs often fail to produce sufficient local antioxidative stress effects. We expect more periadventitial drug delivery systems to show favorable prospects in AVF treatment.

The role of oxidative stress in AVF formation may appear to be a double-edged sword, but its positive effects are often overlooked. On the one hand, much evidence points to the negative effects of oxidative stress on AVF maturation by causing endothelial dysfunction and stimulating the proliferation and migration of smooth muscle cells and fibroblasts. On the other hand, the massive production of oxidative stress in the early stage of AVF formation also plays an undeniably important role in AVF outward remodeling and maturation. Perhaps the research on AVF should go deeper into the change law of oxidative stress in the whole process to understand the changing role of oxidative stress generation in different stages from maturation to inward remodeling of AVF. Likewise, research should delve into the outcomes of modulating antioxidant stress at different time points.



Author contributions

WW and KH contributed to the conceptualization. KH, YG, YXL, CL, CC, SZ, and ZK contributed to the investigation. KH and YG contributed to the writing—original draft preparation. WW, YQL, SZ, ZK, CL, and YXL contributed to the writing—review and editing. WW and YQL contributed to the supervision. All authors have read and agreed to the published version of the manuscript.



Funding

This research was funded by National Natural Science Foundation of China (Grant Numbers 81873529 and 82000729).



Acknowledgments

We acknowledge the support of our project team for their helpful and constructive comments that improved the manuscript substantially. We also acknowledge the website https://biorender.com/ for the images used in the figures.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Sands JJ. Increasing AV fistulas: revisiting a time-tested solution. Semin Dial. (2000) 13:351–3. doi: 10.1046/j.1525-139x.2000.00098.x

2. Lawson JH, Niklason LE, Roy-Chaudhury P. Challenges and novel therapies for vascular access in haemodialysis. Nat Rev Nephrol. (2020) 16:586–602. doi: 10.1038/s41581-020-0333-2

3. Brahmbhatt A, Remuzzi A, Franzoni M, Misra S. The molecular mechanisms of hemodialysis vascular access failure. Kidney Int. (2016) 89:303–16. doi: 10.1016/j.kint.2015.12.019

4. Liyanage T, Ninomiya T, Jha V, Neal B, Patrice HM, Okpechi I, et al. Worldwide access to treatment for end-stage kidney disease: a systematic review. Lancet. (2015) 385:1975–82. doi: 10.1016/s0140-6736(14)61601-9

5. Manook M, Calder F. Practical aspects of arteriovenous fistula formation in the pediatric population. Pediatr Nephrol. (2013) 28:885–93. doi: 10.1007/s00467-012-2328-0

6. Dember LM, Beck GJ, Allon M, Delmez JA, Dixon BS, Greenberg A, et al. Effect of clopidogrel on early failure of arteriovenous fistulas for hemodialysis: a randomized controlled trial. JAMA. (2008) 299:2164–71.

7. Riella MC, Roy-Chaudhury P. Vascular access in haemodialysis: strengthening the Achilles’ heel. Nat Rev Nephrol. (2013) 9:348–57. doi: 10.1038/nrneph.2013.76

8. Langer S, Kokozidou M, Heiss C, Kranz J, Kessler T, Paulus N, et al. Chronic kidney disease aggravates arteriovenous fistula damage in rats. Kidney Int. (2010) 78:1312–21. doi: 10.1038/ki.2010.353

9. Franzoni M, Cattaneo I, Longaretti L, Figliuzzi M, Ene-Iordache B, Remuzzi A. Endothelial cell activation by hemodynamic shear stress derived from arteriovenous fistula for hemodialysis access. Am J Physiol Heart Circ Physiol. (2016) 310:H49–59. doi: 10.1152/ajpheart.00098.2015

10. Misra S, Shergill U, Yang B, Janardhanan R, Misra KD. Increased expression of HIF-1alpha, VEGF-a and its receptors, MMP-2, TIMP-1, and ADAMTS-1 at the venous stenosis of arteriovenous fistula in a mouse model with renal insufficiency. J Vasc Interv Radiol. (2010) 21:1255–61. doi: 10.1016/j.jvir.2010.02.043

11. Weiss MF, Scivittaro V, Anderson JM. Oxidative stress and increased expression of growth factors in lesions of failed hemodialysis access. Am J Kidney Dis. (2001) 37:970–80. doi: 10.1016/s0272-6386(05)80013-7

12. Sharma K. Obesity, oxidative stress, and fibrosis in chronic kidney disease. Kidney Int Suppl. (2014) 4:113–7. doi: 10.1038/kisup.2014.21

13. van der Pol A, van Gilst WH, Voors AA, van der Meer P. Treating oxidative stress in heart failure: past, present and future. Eur J Heart Fail. (2019) 21:425–35. doi: 10.1002/ejhf.1320

14. Lok CE, Huber TS, Lee T, Shenoy S, Yevzlin AS, Abreo K, et al. KDOQI clinical practice guideline for vascular access: 2019 update. Am J Kidney Dis. (2020) 75(4 Suppl. 2):S1–164. doi: 10.1053/j.ajkd.2019.12.001

15. Manini S, Passera K, Huberts W, Botti L, Antiga L, Remuzzi A. Computational model for simulation of vascular adaptation following vascular access surgery in haemodialysis patients. Comput Methods Biomech Biomed Eng. (2014) 17:1358–67. doi: 10.1080/10255842.2012.745857

16. Bashar K, Conlon PJ, Kheirelseid EA, Aherne T, Walsh SR, Leahy A. Arteriovenous fistula in dialysis patients: factors implicated in early and late AVF maturation failure. Surgeon. (2016) 14:294–300. doi: 10.1016/j.surge.2016.02.001

17. Lauvao LS, Ihnat DM, Goshima KR, Chavez L, Gruessner AC, Mills JL Sr. Vein diameter is the major predictor of fistula maturation. J Vasc Surg. (2009) 49:1499–504. doi: 10.1016/j.jvs.2009.02.018

18. Robbin ML, Chamberlain NE, Lockhart ME, Gallichio MH, Young CJ, Deierhoi MH, et al. Hemodialysis arteriovenous fistula maturity: us evaluation. Radiology. (2002) 225:59–64. doi: 10.1148/radiol.2251011367

19. Malovrh M. Native arteriovenous fistula: preoperative evaluation. Am J Kidney Dis. (2002) 39:1218–25. doi: 10.1053/ajkd.2002.33394

20. Ferring M, Henderson J, Wilmink T. Accuracy of early postoperative clinical and ultrasound examination of arteriovenous fistulae to predict dialysis use. J Vasc Access. (2014) 15:291–7. doi: 10.5301/jva.5000210

21. Wong V, Ward R, Taylor J, Selvakumar S, How TV, Bakran A. Factors associated with early failure of arteriovenous fistulae for haemodialysis access. Eur J Vasc Endovasc Surg. (1996) 12:207–13. doi: 10.1016/s1078-5884(96)80108-0

22. Girerd X, London G, Boutouyrie P, Mourad JJ, Safar M, Laurent S. Remodeling of the radial artery in response to a chronic increase in shear stress. Hypertension. (1996) 27(3 Pt 2):799–803. doi: 10.1161/01.hyp.27.3.799

23. Ben Driss A, Benessiano J, Poitevin P, Levy BI, Michel JB. Arterial expansive remodeling induced by high flow rates. Am J Physiol. (1997) 272(2 Pt 2):H851–8. doi: 10.1152/ajpheart.1997.272.2.H851

24. Kamiya A, Togawa T. Adaptive regulation of wall shear stress to flow change in the canine carotid artery. Am J Physiol. (1980) 239:H14–21. doi: 10.1152/ajpheart.1980.239.1.H14

25. Tucker PS, Scanlan AT, Dalbo VJ. Chronic kidney disease influences multiple systems: describing the relationship between oxidative stress, inflammation, kidney damage, and concomitant disease. Oxid Med Cell Longev. (2015) 2015:806358. doi: 10.1155/2015/806358

26. Tronc F, Wassef M, Esposito B, Henrion D, Glagov S, Tedgui A. Role of no in flow-induced remodeling of the rabbit common carotid artery. Arterioscler Thromb Vasc Biol. (1996) 16:1256–62. doi: 10.1161/01.atv.16.10.1256

27. Miller VM, Burnett JC Jr. Modulation of no and endothelin by chronic increases in blood flow in canine femoral arteries. Am J Physiol. (1992) 263(1 Pt 2):H103–8. doi: 10.1152/ajpheart.1992.263.1.H103

28. Tronc F, Mallat Z, Lehoux S, Wassef M, Esposito B, Tedgui A. Role of matrix metalloproteinases in blood flow-induced arterial enlargement: interaction with NO. Arterioscler Thromb Vasc Biol. (2000) 20:E120–6. doi: 10.1161/01.atv.20.12.e120

29. Chan CY, Chen YS, Ma MC, Chen CF. Remodeling of experimental arteriovenous fistula with increased matrix metalloproteinase expression in rats. J Vasc Surg. (2007) 45:804–11. doi: 10.1016/j.jvs.2006.12.063

30. Chang CJ, Chen CC, Hsu LA, Chang GJ, Ko YH, Chen CF, et al. Degradation of the internal elastic laminae in vein grafts of rats with aortocaval fistulae: potential impact on graft vasculopathy. Am J Pathol. (2009) 174:1837–46. doi: 10.2353/ajpath.2009.080795

31. Furie B, Furie BC. Mechanisms of thrombus formation. N Engl J Med. (2008) 359:938–49. doi: 10.1056/NEJMra0801082

32. Rios DR, Carvalho M, Lwaleed BA, Simões e Silva AC, Borges KB, Dusse LM. Hemostatic changes in patients with end stage renal disease undergoing hemodialysis. Clin Chim Acta. (2010) 411:135–9. doi: 10.1016/j.cca.2009.11.022

33. Turitto VT, Hall CL. Mechanical factors affecting hemostasis and thrombosis. Thromb Res. (1998) 92(6 Suppl. 2):S25–31. doi: 10.1016/s0049-3848(98)00157-1

34. Costa E, Rocha S, Rocha-Pereira P, Castro E, Reis F, Teixeira F, et al. Cross-talk between inflammation,coagulation/fibrinolysis and vascular access in hemodialysis patients. J Vasc Access. (2008) 9:248–53.

35. Milburn JA, Ford I, Cassar K, Fluck N, Brittenden J. Platelet activation, coagulation activation and C-reactive protein in simultaneous samples from the vascular access and peripheral veins of haemodialysis patients. Int J Lab Hematol. (2012) 34:52–8. doi: 10.1111/j.1751-553X.2011.01356.x

36. Shlipak MG, Fried LF, Crump C, Bleyer AJ, Manolio TA, Tracy RP, et al. Elevations of inflammatory and procoagulant biomarkers in elderly persons with renal insufficiency. Circulation. (2003) 107:87–92. doi: 10.1161/01.cir.0000042700.48769.59

37. Serrano A, García F, Serrano M, Ramírez E, Alfaro FJ, Lora D, et al. IgA antibodies against B 2 glycoprotein i in hemodialysis patients are an independent risk factor for mortality. Kidney Int. (2012) 81:1239–44. doi: 10.1038/ki.2011.477

38. Fischer MJ, Rauch J, Levine JS. The antiphospholipid syndrome. Semin Nephrol. (2007) 27:35–46. doi: 10.1016/j.semnephrol.2006.09.006

39. Vlahu CA, Lemkes BA, Struijk DG, Koopman MG, Krediet RT, Vink H. Damage of the endothelial glycocalyx in dialysis patients. J Am Soc Nephrol. (2012) 23:1900–8. doi: 10.1681/asn.2011121181

40. Amabile N, Guérin AP, Tedgui A, Boulanger CM, London GM. Predictive value of circulating endothelial microparticles for cardiovascular mortality in end-stage renal failure: a pilot study. Nephrol Dial Transpl. (2012) 27:1873–80. doi: 10.1093/ndt/gfr573

41. Ando M, Iwata A, Ozeki Y, Tsuchiya K, Akiba T, Nihei H. Circulating platelet-derived microparticles with procoagulant activity may be a potential cause of thrombosis in uremic patients. Kidney Int. (2002) 62:1757–63. doi: 10.1046/j.1523-1755.2002.00627.x

42. Gondouin B, Cerini C, Dou L, Sallée M, Duval-Sabatier A, Pletinck A, et al. Indolic uremic solutes increase tissue factor production in endothelial cells by the aryl hydrocarbon receptor pathway. Kidney Int. (2013) 84:733–44. doi: 10.1038/ki.2013.133

43. Milburn JA, Ford I, Mutch NJ, Fluck N, Brittenden J. Thrombin-anti-thrombin levels and patency of arterio-venous fistula in patients undergoing haemodialysis compared to healthy volunteers: a prospective analysis. PLoS One. (2013) 8:e67799. doi: 10.1371/journal.pone.0067799

44. Bartels PC, Schoorl M, Schoorl M, Wiering JG, Nubé MJ. Activation of coagulation during treatment with haemodialysis. Scand J Clin Lab Investig. (2000) 60:283–90. doi: 10.1080/003655100750046440

45. Milburn JA, Cassar K, Ford I, Fluck N, Brittenden J. Prothrombotic changes in platelet, endothelial and coagulation function following hemodialysis. Int J Artif Organs. (2011) 34:280–7. doi: 10.5301/ijao.2011.6469

46. Lee T. Novel paradigms for dialysis vascular access: downstream vascular biology–is there a final common pathway? Clin J Am Soc Nephrol. (2013) 8:2194–201. doi: 10.2215/cjn.03490413

47. Roy-Chaudhury P, Sukhatme VP, Cheung AK. Hemodialysis vascular access dysfunction: a cellular and molecular viewpoint. J Am Soc Nephrol. (2006) 17:1112–27. doi: 10.1681/asn.2005050615

48. Lee T, Roy-Chaudhury P. Advances and new frontiers in the pathophysiology of venous neointimal hyperplasia and dialysis access stenosis. Adv Chronic Kidney Dis. (2009) 16:329–38. doi: 10.1053/j.ackd.2009.06.009

49. Roy-Chaudhury P, Wang Y, Krishnamoorthy M, Zhang J, Banerjee R, Munda R, et al. Cellular phenotypes in human stenotic lesions from haemodialysis vascular access. Nephrol Dial Transpl. (2009) 24:2786–91. doi: 10.1093/ndt/gfn708

50. Roy-Chaudhury P, Kelly BS, Miller MA, Reaves A, Armstrong J, Nanayakkara N, et al. Venous neointimal hyperplasia in polytetrafluoroethylene dialysis grafts. Kidney Int. (2001) 59:2325–34. doi: 10.1046/j.1523-1755.2001.00750.x

51. Roy-Chaudhury P, Arend L, Zhang J, Krishnamoorthy M, Wang Y, Banerjee R, et al. Neointimal hyperplasia in early arteriovenous fistula failure. Am J Kidney Dis. (2007) 50:782–90. doi: 10.1053/j.ajkd.2007.07.019

52. Misra S, Doherty MG, Woodrum D, Homburger J, Mandrekar JN, Elkouri S, et al. Adventitial remodeling with increased matrix metalloproteinase-2 activity in a porcine arteriovenous polytetrafluoroethylene grafts. Kidney Int. (2005) 68:2890–900. doi: 10.1111/j.1523-1755.2005.00763.x

53. Wang Y, Krishnamoorthy M, Banerjee R, Zhang J, Rudich S, Holland C, et al. Venous stenosis in a pig arteriovenous fistula model–anatomy, mechanisms and cellular phenotypes. Nephrol Dial Transpl. (2008) 23:525–33. doi: 10.1093/ndt/gfm547

54. Liang M, Wang Y, Liang A, Mitch WE, Roy-Chaudhury P, Han G, et al. Migration of smooth muscle cells from the arterial anastomosis of arteriovenous fistulas requires notch activation to form neointima. Kidney Int. (2015) 88:490–502. doi: 10.1038/ki.2015.73

55. Castier Y, Lehoux S, Hu Y, Foteinos G, Tedgui A, Xu Q. Characterization of neointima lesions associated with arteriovenous fistulas in a mouse model. Kidney Int. (2006) 70:315–20. doi: 10.1038/sj.ki.5001569

56. Manns B, Tonelli M, Yilmaz S, Lee H, Laupland K, Klarenbach S, et al. Establishment and maintenance of vascular access in incident hemodialysis patients: a prospective cost analysis. J Am Soc Nephrol. (2005) 16:201–9. doi: 10.1681/asn.2004050355

57. Donca IZ, Wish JB. Systemic barriers to optimal hemodialysis access. Semin Nephrol. (2012) 32:519–29. doi: 10.1016/j.semnephrol.2012.10.002

58. Rayner HC, Pisoni RL, Bommer J, Canaud B, Hecking E, Locatelli F, et al. Mortality and hospitalization in haemodialysis patients in five european countries: results from the dialysis outcomes and practice patterns study (DOPPS). Nephrol Dial Transpl. (2004) 19:108–20. doi: 10.1093/ndt/gfg483

59. Rooijens PP, Tordoir JH, Stijnen T, Burgmans JP, Smet de AA, Yo TI. Radiocephalic wrist arteriovenous fistula for hemodialysis: meta-analysis indicates a high primary failure rate. Eur J Vasc Endovasc Surg. (2004) 28:583–9. doi: 10.1016/j.ejvs.2004.08.014

60. Huijbregts HJ, Bots ML, Wittens CH, Schrama YC, Moll FL, Blankestijn PJ. Hemodialysis arteriovenous fistula patency revisited: results of a prospective, multicenter initiative. Clin J Am Soc Nephrol. (2008) 3:714–9. doi: 10.2215/cjn.02950707

61. Al-Jaishi AA, Oliver MJ, Thomas SM, Lok CE, Zhang JC, Garg AX, et al. Patency rates of the arteriovenous fistula for hemodialysis: a systematic review and meta-analysis. Am J Kidney Dis. (2014) 63:464–78. doi: 10.1053/j.ajkd.2013.08.023

62. Farrington CA, Robbin ML, Lee T, Barker-Finkel J, Allon M. Early predictors of arteriovenous fistula maturation: a novel perspective on an enduring problem. J Am Soc Nephrol. (2020) 31:1617–27. doi: 10.1681/asn.2019080848

63. Gagliardi GM, Rossi S, Condino F, Mancuso D, Greco F, Tenuta R, et al. Malnutrition, infection and arteriovenous fistula failure: is there a link? J Vasc Access. (2011) 12:57–62. doi: 10.5301/jva.2010.5831

64. Smith GE, Gohil R, Chetter IC. Factors affecting the patency of arteriovenous fistulas for dialysis access. J Vasc Surg. (2012) 55:849–55. doi: 10.1016/j.jvs.2011.07.095

65. Aitken E, Jackson A, Kong C, Coats P, Kingsmore D. Renal function, uraemia and early arteriovenous fistula failure. BMC Nephrol. (2014) 15:179. doi: 10.1186/1471-2369-15-179

66. Liang A, Wang Y, Han G, Truong L, Cheng J. Chronic kidney disease accelerates endothelial barrier dysfunction in a mouse model of an arteriovenous fistula. Am J Physiol Renal Physiol. (2013) 304:F1413–20. doi: 10.1152/ajprenal.00585.2012

67. De Marchi S, Falleti E, Giacomello R, Stel G, Cecchin E, Sepiacci G, et al. Risk factors for vascular disease and arteriovenous fistula dysfunction in hemodialysis patients. J Am Soc Nephrol. (1996) 7:1169–77. doi: 10.1681/asn.V781169

68. Nath KA, Kanakiriya SK, Grande JP, Croatt AJ, Katusic ZS. Increased venous proinflammatory gene expression and intimal hyperplasia in an aorto-caval fistula model in the rat. Am J Pathol. (2003) 162:2079–90. doi: 10.1016/s0002-9440(10)64339-8

69. Croatt AJ, Grande JP, Hernandez MC, Ackerman AW, Katusic ZS, Nath KA. Characterization of a model of an arteriovenous fistula in the rat: the effect of L-NAME. Am J Pathol. (2010) 176:2530–41. doi: 10.2353/ajpath.2010.090649

70. Kaygin MA, Halici U, Aydin A, Dag O, Binici DN, Limandal HK, et al. The relationship between arteriovenous fistula success and inflammation. Renal Fail. (2013) 35:1085–8. doi: 10.3109/0886022x.2013.815100

71. Chang CJ, Ko YS, Ko PJ, Hsu LA, Chen CF, Yang CW, et al. Thrombosed arteriovenous fistula for hemodialysis access is characterized by a marked inflammatory activity. Kidney Int. (2005) 68:1312–9. doi: 10.1111/j.1523-1755.2005.00529.x

72. Misra S, Fu AA, Rajan DK, Juncos LA, McKusick MA, Bjarnason H, et al. Expression of hypoxia inducible factor-1 alpha, macrophage migration inhibition factor, matrix metalloproteinase-2 and -9, and their inhibitors in hemodialysis grafts and arteriovenous fistulas. J Vasc Interv Rad. (2008) 19(2 Pt 1):252–9. doi: 10.1016/j.jvir.2007.10.031

73. Asare Y, Schmitt M, Bernhagen J. The vascular biology of macrophage migration inhibitory factor (MIF). Expression and effects in inflammation, atherogenesis and angiogenesis. Thromb Haemost. (2013) 109:391–8. doi: 10.1160/th12-11-0831

74. van der Weerd NC, Grooteman MP, Bots ML, van den Dorpel MA, den Hoedt CH, Mazairac AH, et al. Hepcidin-25 in chronic hemodialysis patients is related to residual kidney function and not to treatment with erythropoiesis stimulating agents. PLoS One. (2012) 7:e39783. doi: 10.1371/journal.pone.0039783

75. Deshmane SL, Kremlev S, Amini S, Sawaya BE. Monocyte chemoattractant protein-1 (MCP-1): an overview. J Interferon Cytokine Res. (2009) 29:313–26. doi: 10.1089/jir.2008.0027

76. Daly C, Rollins BJ. Monocyte chemoattractant protein-1 (CCL2) in inflammatory disease and adaptive immunity: therapeutic opportunities and controversies. Microcirculation. (2003) 10:247–57. doi: 10.1038/sj.mn.7800190

77. Charo IF, Ransohoff RM. The many roles of chemokines and chemokine receptors in inflammation. N Engl J Med. (2006) 354:610–21. doi: 10.1056/NEJMra052723

78. Schober A. Chemokines in vascular dysfunction and remodeling. Arterioscler Thromb Vasc Biol. (2008) 28:1950–9. doi: 10.1161/atvbaha.107.161224

79. Juncos JP, Grande JP, Kang L, Ackerman AW, Croatt AJ, Katusic ZS, et al. MCP-1 contributes to arteriovenous fistula failure. J Am Soc Nephrol. (2011) 22:43–8. doi: 10.1681/asn.2010040373

80. Colì L, Donati G, Cappuccilli ML, Cianciolo G, Comai G, Cuna V, et al. Role of the hemodialysis vascular access type in inflammation status and monocyte activation. Int J Artif Organs. (2011) 34:481–8. doi: 10.5301/ijao.2011.8466

81. Dixon BS. Why don’t fistulas mature? Kidney Int. (2006) 70:1413–22. doi: 10.1038/sj.ki.5001747

82. Wasse H, Huang R, Naqvi N, Smith E, Wang D, Husain A. Inflammation, oxidation and venous neointimal hyperplasia precede vascular injury from AVF creation in CKD patients. J Vasc Access. (2012) 13:168–74. doi: 10.5301/jva.5000024

83. Anwar MA, Shalhoub J, Lim CS, Gohel MS, Davies AH. The effect of pressure-induced mechanical stretch on vascular wall differential gene expression. J Vasc Res. (2012) 49:463–78. doi: 10.1159/000339151

84. Luo J, Chen G, Liang M, Xie A, Li Q, Guo Q, et al. Reduced expression of glutathione S-transferase A 4 promotes vascular neointimal hyperplasia in CKD. J Am Soc Nephrol. (2018) 29:505–17. doi: 10.1681/asn.2017030290

85. Förstermann U, Xia N, Li H. Roles of vascular oxidative stress and nitric oxide in the pathogenesis of atherosclerosis. Circ Res. (2017) 120:713–35. doi: 10.1161/circresaha.116.309326

86. Lever JM, Boddu R, George JF, Agarwal A. Heme oxygenase-1 in kidney health and disease. Antioxid Redox Signal. (2016) 25:165–83. doi: 10.1089/ars.2016.6659

87. Adin CA, Croker BP, Agarwal A. Protective effects of exogenous bilirubin on ischemia-reperfusion injury in the isolated, perfused rat kidney. Am J Physiol Renal Physiol. (2005) 288:F778–84. doi: 10.1152/ajprenal.00215.2004

88. Kim YM, Pae HO, Park JE, Lee YC, Woo JM, Kim NH, et al. Heme oxygenase in the regulation of vascular biology: from molecular mechanisms to therapeutic opportunities. Antioxid Redox Signal. (2011) 14:137–67. doi: 10.1089/ars.2010.3153

89. Freidja ML, Toutain B, Caillon A, Desquiret V, Lambert D, Loufrani L, et al. Heme oxygenase 1 is differentially involved in blood flow-dependent arterial remodeling: role of inflammation, oxidative stress, and nitric oxide. Hypertension. (2011) 58:225–31. doi: 10.1161/hypertensionaha.111.170266

90. Juncos JP, Tracz MJ, Croatt AJ, Grande JP, Ackerman AW, Katusic ZS, et al. Genetic deficiency of heme oxygenase-1 impairs functionality and form of an arteriovenous fistula in the mouse. Kidney Int. (2008) 74:47–51. doi: 10.1038/ki.2008.110

91. Granata S, Zaza G, Simone S, Villani G, Latorre D, Pontrelli P, et al. Mitochondrial dysregulation and oxidative stress in patients with chronic kidney disease. BMC Genomics. (2009) 10:388. doi: 10.1186/1471-2164-10-388

92. Font R, Prats M, Gutiérrez C, Bardají A, Lalana M, Marsillach J, et al. [Is there a relationship between cystatin C and inflammatory status, oxidative stress and other cardiovascular risk factors in non-diabetic patients with chronic kidney disease?]. Nefrologia. (2009) 29:228–35. doi: 10.3265/Nefrologia.2009.29.3.5242.en.full

93. Jankovic A, Damjanovic T, Djuric Z, Marinkovic J, Schlieper G, Tosic-Dragovic J, et al. Impact of vascular calcifications on arteriovenous fistula survival in hemodialysis patients: a five-year follow-up. Nephron. (2015) 129:247–52. doi: 10.1159/000380823

94. Lambie M, Bonomini M, Davies SJ, Accili D, Arduini A, Zammit V. Insulin resistance in cardiovascular disease, uremia, and peritoneal dialysis. Trends Endocrinol Metab. (2021) 32:721–30. doi: 10.1016/j.tem.2021.06.001

95. Balcı M, Kırkpantur A, Turkvatan A, Mandıroglu S, Ozturk E, Afsar B. Sclerostin as a new key player in arteriovenous fistula calcification. Herz. (2015) 40:289–97. doi: 10.1007/s00059-013-3992-y

96. Lyu B, Banerjee T, Scialla JJ, Shafi T, Yevzlin AS, Powe NR, et al. Vascular calcification markers and hemodialysis vascular access complications. Am J Nephrol. (2018) 48:330–8. doi: 10.1159/000493549

97. Kubiak RW, Zelnick LR, Hoofnagle AN, Alpers CE, Terry CM, Shiu YT, et al. Mineral metabolism disturbances and arteriovenous fistula maturation. Eur J Vasc Endovasc Surg. (2019) 57:719–28. doi: 10.1016/j.ejvs.2019.01.022

98. Misra S, Fu AA, Puggioni A, Glockner JF, Rajan DK, McKusick MA, et al. Increased expression of hypoxia-inducible factor-1 alpha in venous stenosis of arteriovenous polytetrafluoroethylene grafts in a chronic renal insufficiency porcine model. J Vasc Interv Radiol. (2008) 19(2 Pt 1):260–5. doi: 10.1016/j.jvir.2007.10.029

99. Palazon A, Goldrath AW, Nizet V, Johnson RS. HIF transcription factors, inflammation, and immunity. Immunity. (2014) 41:518–28. doi: 10.1016/j.immuni.2014.09.008

100. Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer. (2003) 3:721–32. doi: 10.1038/nrc1187

101. Ohtani K, Egashira K, Hiasa K, Zhao Q, Kitamoto S, Ishibashi M, et al. Blockade of vascular endothelial growth factor suppresses experimental restenosis after intraluminal injury by inhibiting recruitment of monocyte lineage cells. Circulation. (2004) 110:2444–52. doi: 10.1161/01.Cir.0000145123.85083.66

102. Shibuya M. Differential roles of vascular endothelial growth factor receptor-1 and receptor-2 in angiogenesis. J Biochem Mol Biol. (2006) 39:469–78. doi: 10.5483/bmbrep.2006.39.5.469

103. Huusko J, Merentie M, Dijkstra MH, Ryhänen MM, Karvinen H, Rissanen TT, et al. The effects of VEGF-R1 and VEGF-R2 ligands on angiogenic responses and left ventricular function in mice. Cardiovasc Res. (2010) 86:122–30. doi: 10.1093/cvr/cvp382

104. Janda K, Krzanowski M, Gajda M, Dumnicka P, Fedak D, Lis GJ, et al. Cardiovascular risk in chronic kidney disease patients: intima-media thickness predicts the incidence and severity of histologically assessed medial calcification in radial arteries. BMC Nephrol. (2015) 16:78. doi: 10.1186/s12882-015-0067-8

105. Candan F, Yildiz G, Kayata? M. Role of the VEGF 936 gene polymorphism and VEGF-a levels in the late-term arteriovenous fistula thrombosis in patients undergoing hemodialysis. Int Urol Nephrol. (2014) 46:1815–23. doi: 10.1007/s11255-014-0711-4

106. Song K, Qing Y, Guo Q, Peden EK, Chen C, Mitch WE, et al. PDGFRA in vascular adventitial mscs promotes neointima formation in arteriovenous fistula in chronic kidney disease. JCI Insight. (2020) 5:e137298. doi: 10.1172/jci.insight.137298

107. Lata C, Green D, Wan J, Roy S, Santilli SM. The role of short-term oxygen administration in the prevention of intimal hyperplasia. J Vasc Surg. (2013) 58:452–9. doi: 10.1016/j.jvs.2012.11.041

108. Jia L, Wang L, Wei F, Yu H, Dong H, Wang B, et al. Effects of wall shear stress in venous neointimal hyperplasia of arteriovenous fistulae. Nephrology. (2015) 20:335–42. doi: 10.1111/nep.12394

109. Ma Y, Zhou L, Dong J, Zhang X, Yan S. Arterial stiffness and increased cardiovascular risk in chronic kidney disease. Int Urol Nephrol. (2015) 47:1157–64. doi: 10.1007/s11255-015-1009-x

110. Ali BH, Adham SA, Al Za’abi M, Waly MI, Yasin J, Nemmar A, et al. Ameliorative effect of chrysin on adenine-induced chronic kidney disease in rats. PLoS One. (2015) 10:e0125285. doi: 10.1371/journal.pone.0125285

111. Conway DE, Schwartz MA. Mechanotransduction of shear stress occurs through changes in VE-cadherin and PECAM-1 tension: implications for cell migration. Cell Adh Migr. (2015) 9:335–9. doi: 10.4161/19336918.2014.968498

112. Conway DE, Breckenridge MT, Hinde E, Gratton E, Chen CS, Schwartz MA. Fluid shear stress on endothelial cells modulates mechanical tension across VE-cadherin and PECAM-1. Curr Biol. (2013) 23:1024–30. doi: 10.1016/j.cub.2013.04.049

113. Galbraith CG, Skalak R, Chien S. Shear stress induces spatial reorganization of the endothelial cell cytoskeleton. Cell Motil Cytoskeleton. (1998) 40:317–30. doi: 10.1002/(sici)1097-0169199840:43.0.Co;2-8

114. Paniagua OA, Bryant MB, Panza JA. Role of endothelial nitric oxide in shear stress-induced vasodilation of human microvasculature: diminished activity in hypertensive and hypercholesterolemic patients. Circulation. (2001) 103:1752–8. doi: 10.1161/01.cir.103.13.1752

115. Zhang L, Coombes J, Pascoe EM, Badve SV, Dalziel K, Cass A, et al. The effect of pentoxifylline on oxidative stress in chronic kidney disease patients with erythropoiesis-stimulating agent hyporesponsiveness: sub-study of the hero trial. Redox Rep. (2016) 21:14–23. doi: 10.1179/1351000215y.0000000022

116. Rodriguez MM. Congenital anomalies of the kidney and the urinary tract (CAKUT). Fetal Pediatr Pathol. (2014) 33:293–320. doi: 10.3109/15513815.2014.959678

117. Cachofeiro V, Goicochea M, de Vinuesa SG, Oubi?a P, Lahera V, Lu?o J. Oxidative stress and inflammation, a link between chronic kidney disease and cardiovascular disease. Kidney Int Suppl. (2008) 111:S4–9. doi: 10.1038/ki.2008.516

118. Fassett RG, Robertson IK, Ball MJ, Geraghty DP, Coombes JS. Effects of atorvastatin on oxidative stress in chronic kidney disease. Nephrology. (2015) 20:697–705. doi: 10.1111/nep.12502

119. Zafrani L, Ince C. Microcirculation in acute and chronic kidney diseases. Am J Kidney Dis. (2015) 66:1083–94. doi: 10.1053/j.ajkd.2015.06.019

120. Sack MN, Fyhrquist FY, Saijonmaa OJ, Fuster V, Kovacic JC. Basic biology of oxidative stress and the cardiovascular system: part 1 of a 3-part series. J Am Coll Cardiol. (2017) 70:196–211. doi: 10.1016/j.jacc.2017.05.034

121. Ochoa CD, Wu RF, Terada LS. Ros signaling and ER stress in cardiovascular disease. Mol Aspects Med. (2018) 63:18–29. doi: 10.1016/j.mam.2018.03.002

122. Bubb KJ, Drummond GR, Figtree GA. New opportunities for targeting redox dysregulation in cardiovascular disease. Cardiovasc Res. (2020) 116:532–44. doi: 10.1093/cvr/cvz183

123. Marinho HS, Real C, Cyrne L, Soares H, Antunes F. Hydrogen peroxide sensing, signaling and regulation of transcription factors. Redox Biol. (2014) 2:535–62. doi: 10.1016/j.redox.2014.02.006

124. Jones DP. Radical-free biology of oxidative stress. Am J Physiol Cell Physiol. (2008) 295:C849–68. doi: 10.1152/ajpcell.00283.2008

125. Bak DW, Bechtel TJ, Falco JA, Weerapana E. Cysteine reactivity across the subcellular universe. Curr Opin Chem Biol. (2019) 48:96–105.

126. Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh Y, et al. An Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying enzyme genes through antioxidant response elements. Biochem Biophys Res Commun. (1997) 236:313–22. doi: 10.1006/bbrc.1997.6943

127. Fourquet S, Guerois R, Biard D, Toledano MB. Activation of Nrf2 by nitrosative agents and H2o2 involves keap1 disulfide formation. J Biol Chem. (2010) 285:8463–71. doi: 10.1074/jbc.M109.051714

128. Oliveira-Marques V, Marinho HS, Cyrne L, Antunes F. Role of hydrogen peroxide in Nf-Kappab activation: from inducer to modulator. Antioxid Redox Signal. (2009) 11:2223–43. doi: 10.1089/ars.2009.2601

129. Halvey PJ, Hansen JM, Johnson JM, Go YM, Samali A, Jones DP. Selective oxidative stress in cell nuclei by nuclear-targeted D-amino acid oxidase. Antioxid Redox Signal. (2007) 9:807–16. doi: 10.1089/ars.2007.1526

130. Tanaka T, Wiesener M, Bernhardt W, Eckardt KU, Warnecke C. The human HIF (hypoxia-inducible factor)-3alpha gene is a HIF-1 target gene and may modulate hypoxic gene induction. Biochem J. (2009) 424:143–51. doi: 10.1042/bj20090120

131. Acker T, Fandrey J, Acker H. The good, the bad and the ugly in oxygen-sensing: ROS, cytochromes and prolyl-hydroxylases. Cardiovasc Res. (2006) 71:195–207. doi: 10.1016/j.cardiores.2006.04.008

132. Diebold I, Petry A, Hess J, Görlach A. The NADPH oxidase subunit NOX4 is a new target gene of the hypoxia-inducible factor-1. Mol Biol Cell. (2010) 21:2087–96. doi: 10.1091/mbc.e09-12-1003

133. Eijkelenboom A, Burgering BM. FOXOs: signalling integrators for homeostasis maintenance. Nat Rev Mol Cell Biol. (2013) 14:83–97. doi: 10.1038/nrm3507

134. Webster AC, Nagler EV, Morton RL, Masson P. Chronic kidney disease. Lancet. (2017) 389:1238–52. doi: 10.1016/s0140-6736(16)32064-5

135. Daenen K, Andries A, Mekahli D, Van Schepdael A, Jouret F, Bammens B. Oxidative stress in chronic kidney disease. Pediatr Nephrol. (2019) 34:975–91. doi: 10.1007/s00467-018-4005-4

136. Di Meo S, Reed TT, Venditti P, Victor VM. Role of ROS and RNS sources in physiological and pathological conditions. Oxid Med Cel Longev. (2016) 2016:1245049. doi: 10.1155/2016/1245049

137. Birben E, Sahiner UM, Sackesen C, Erzurum S, Kalayci O. Oxidative stress and antioxidant defense. World Allergy Organ J. (2012) 5:9–19. doi: 10.1097/WOX.0b013e3182439613

138. Holmström KM, Finkel T. Cellular mechanisms and physiological consequences of redox-dependent signalling. Nat Rev Mol Cell Biol. (2014) 15:411–21. doi: 10.1038/nrm3801

139. Baud L, Hagege J, Sraer J, Rondeau E, Perez J, Ardaillou R. Reactive oxygen production by cultured rat glomerular mesangial cells during phagocytosis is associated with stimulation of lipoxygenase activity. J Exp Med. (1983) 158:1836–52. doi: 10.1084/jem.158.6.1836

140. Ohsaki Y, O’Connor P, Mori T, Ryan RP, Dickinson BC, Chang CJ, et al. Increase of sodium delivery stimulates the mitochondrial respiratory chain H2o2 production in rat renal medullary thick ascending limb. Am J Physiol Renal Physiol. (2012) 302:F95–102. doi: 10.1152/ajprenal.00469.2011

141. Pfaller W, Rittinger M. Quantitative morphology of the rat kidney. Int J Biochem. (1980) 12:17–22. doi: 10.1016/0020-711x(80)90035-x

142. McFarland R, Taylor RW, Turnbull DM. Mitochondrial disease–its impact, etiology, and pathology. Curr Top Dev Biol. (2007) 77:113–55. doi: 10.1016/s0070-2153(06)77005-3

143. Turrens JF. Mitochondrial formation of reactive oxygen species. J Physiol. (2003) 552(Pt 2):335–44. doi: 10.1113/jphysiol.2003.049478

144. Murphy MP. How mitochondria produce reactive oxygen species. Biochem J. (2009) 417:1–13. doi: 10.1042/bj20081386

145. Szeto HH, Liu S, Soong Y, Seshan SV, Cohen-Gould L, Manichev V, et al. Mitochondria protection after acute ischemia prevents prolonged upregulation of IL-1β and IL-18 and arrests CKD. J Am Soc Nephrol. (2017) 28:1437–49. doi: 10.1681/asn.2016070761

146. Kruidering M, Van de Water B, de Heer E, Mulder GJ, Nagelkerke JF. Cisplatin-induced nephrotoxicity in porcine proximal tubular cells: mitochondrial dysfunction by inhibition of complexes I to IV of the respiratory chain. J Pharmacol Exp Therap. (1997) 280:638–49.

147. Galvan DL, Badal SS, Long J, Chang BH, Schumacker PT, Overbeek PA, et al. Real-time in vivo mitochondrial redox assessment confirms enhanced mitochondrial reactive oxygen species in diabetic nephropathy. Kidney Int. (2017) 92:1282–7. doi: 10.1016/j.kint.2017.05.015

148. Massy ZA, Stenvinkel P, Drueke TB. The role of oxidative stress in chronic kidney disease. Semin Dial. (2009) 22:405–8. doi: 10.1111/j.1525-139X.2009.00590.x

149. Singh DK, Winocour P, Farrington K. Oxidative stress in early diabetic nephropathy: fueling the fire. Nat Rev Endocrinol. (2011) 7:176–84. doi: 10.1038/nrendo.2010.212

150. Dursun B, Dursun E, Suleymanlar G, Ozben B, Capraz I, Apaydin A, et al. Carotid artery intima-media thickness correlates with oxidative stress in chronic haemodialysis patients with accelerated atherosclerosis. Nephrol Dial Transpl. (2008) 23:1697–703. doi: 10.1093/ndt/gfm906

151. Ruiz S, Pergola PE, Zager RA, Vaziri ND. Targeting the transcription factor Nrf2 to ameliorate oxidative stress and inflammation in chronic kidney disease. Kidney Int. (2013) 83:1029–41. doi: 10.1038/ki.2012.439

152. Weaver H, Shukla N, Ellinsworth D, Jeremy JY. Oxidative stress and vein graft failure: a focus on NADH oxidase, nitric oxide and eicosanoids. Curr Opin Pharmacol. (2012) 12:160–5. doi: 10.1016/j.coph.2012.01.005

153. Tsapenko MV, d’Uscio LV, Grande JP, Croatt AJ, Hernandez MC, Ackerman AW, et al. Increased production of superoxide anion contributes to dysfunction of the arteriovenous fistula. Am J Physiol Renal Physiol. (2012) 303:F1601–7. doi: 10.1152/ajprenal.00449.2012

154. Sadaghianloo N, Yamamoto K, Bai H, Tsuneki M, Protack CD, Hall MR, et al. Increased oxidative stress and hypoxia inducible factor-1 expression during arteriovenous fistula maturation. Ann Vasc Surg. (2017) 41:225–34. doi: 10.1016/j.avsg.2016.09.014

155. Rothuizen TC, Wong C, Quax PH, van Zonneveld AJ, Rabelink TJ, Rotmans JI. Arteriovenous access failure: more than just intimal hyperplasia? Nephrol Dial Transpl. (2013) 28:1085–92. doi: 10.1093/ndt/gft068

156. Yang B, Janardhanan R, Vohra P, Greene EL, Bhattacharya S, Withers S, et al. Adventitial transduction of lentivirus-shRNA-VEGF-a in arteriovenous fistula reduces venous stenosis formation. Kidney Int. (2014) 85:289–306. doi: 10.1038/ki.2013.290

157. Joddar B, Firstenberg MS, Reen RK, Varadharaj S, Khan M, Childers RC, et al. Arterial levels of oxygen stimulate intimal hyperplasia in human saphenous veins via a ROS-dependent mechanism. PLoS One. (2015) 10:e0120301. doi: 10.1371/journal.pone.0120301

158. Himmelfarb J, Stenvinkel P, Ikizler TA, Hakim RM. The elephant in uremia: oxidant stress as a unifying concept of cardiovascular disease in uremia. Kidney Int. (2002) 62:1524–38. doi: 10.1046/j.1523-1755.2002.00600.x

159. Wang N, Miao H, Li YS, Zhang P, Haga JH, Hu Y, et al. Shear stress regulation of Krüppel-like factor 2 expression is flow pattern-specific. Biochem Biophys Res Commun. (2006) 341:1244–51. doi: 10.1016/j.bbrc.2006.01.089

160. Wang W, Ha CH, Jhun BS, Wong C, Jain MK, Jin ZG. Fluid shear stress stimulates phosphorylation-dependent nuclear export of HDAC5 and mediates expression of KLF2 and eNOS. Blood. (2010) 115:2971–9. doi: 10.1182/blood-2009-05-224824

161. Dekker RJ, van Soest S, Fontijn RD, Salamanca S, de Groot PG, VanBavel E, et al. Prolonged fluid shear stress induces a distinct set of endothelial cell genes, most specifically lung Krüppel-like factor (KLF2). Blood. (2002) 100:1689–98. doi: 10.1182/blood-2002-01-0046

162. Chiu JJ, Chien S. Effects of disturbed flow on vascular endothelium: pathophysiological basis and clinical perspectives. Physiol Rev. (2011) 91:327–87. doi: 10.1152/physrev.00047.2009

163. Wu W, Geng P, Zhu J, Li J, Zhang L, Chen W, et al. KLF2 regulates eNOS uncoupling Via Nrf2/Ho-1 in endothelial cells under hypoxia and reoxygenation. Chem Biol Interact. (2019) 305:105–11. doi: 10.1016/j.cbi.2019.03.010

164. Kang L, Grande JP, Farrugia G, Croatt AJ, Katusic ZS, Nath KA. Functioning of an arteriovenous fistula requires heme oxygenase-2. Am J Physiol Renal Physiol. (2013) 305:F545–52. doi: 10.1152/ajprenal.00234.2013

165. Owens CD. Adaptive changes in autogenous vein grafts for arterial reconstruction: clinical implications. J Vasc Surg. (2010) 51:736–46. doi: 10.1016/j.jvs.2009.07.102

166. Coen M, Gabbiani G, Bochaton-Piallat ML. Myofibroblast-mediated adventitial remodeling: an underestimated player in arterial pathology. Arterioscler Thromb Vasc Biol. (2011) 31:2391–6. doi: 10.1161/atvbaha.111.231548

167. Muto A, Model L, Ziegler K, Eghbalieh SD, Dardik A. Mechanisms of vein graft adaptation to the arterial circulation: insights into the neointimal algorithm and management strategies. Circ J. (2010) 74:1501–12. doi: 10.1253/circj.cj-10-0495

168. Lu DY, Chen EY, Wong DJ, Yamamoto K, Protack CD, Williams WT, et al. Vein graft adaptation and fistula maturation in the arterial environment. J Surg Res. (2014) 188:162–73. doi: 10.1016/j.jss.2014.01.042

169. Kennett EC, Chuang CY, Degendorfer G, Whitelock JM, Davies MJ. Mechanisms and consequences of oxidative damage to extracellular matrix. Biochem Soc Trans. (2011) 39:1279–87. doi: 10.1042/bst0391279

170. Chuang CY, Degendorfer G, Davies MJ. Oxidation and modification of extracellular matrix and its role in disease. Free Radic Res. (2014) 48:970–89. doi: 10.3109/10715762.2014.920087

171. Hagler MA, Hadley TM, Zhang H, Mehra K, Roos CM, Schaff HV, et al. TGF-B signalling and reactive oxygen species drive fibrosis and matrix remodelling in myxomatous mitral valves. Cardiovasc Res. (2013) 99:175–84. doi: 10.1093/cvr/cvt083

172. Qin J, Xie YY, Huang L, Yuan QJ, Mei WJ, Yuan XN, et al. Fluorofenidone inhibits nicotinamide adeninedinucleotide phosphate oxidase via PI3K/Akt pathway in the pathogenesis of renal interstitial fibrosis. Nephrology. (2013) 18:690–9. doi: 10.1111/nep.12128

173. Oh CJ, Kim JY, Min AK, Park KG, Harris RA, Kim HJ, et al. Sulforaphane attenuates hepatic fibrosis via NF-E2-related factor 2-mediated inhibition of transforming growth factor-B/Smad signaling. Free Radic Biol Med. (2012) 52:671–82. doi: 10.1016/j.freeradbiomed.2011.11.012

174. Yin W, Park JI, Loeser RF. Oxidative stress inhibits insulin-like growth factor-i induction of chondrocyte proteoglycan synthesis through differential regulation of phosphatidylinositol 3-kinase-Akt and MEK-ERK MAPK signaling pathways. J Biol Chem. (2009) 284:31972–81. doi: 10.1074/jbc.M109.056838

175. Zhang H, Wang ZW, Wu HB, Li Z, Li LC, Hu XP, et al. Transforming growth factor-B 1 induces matrix metalloproteinase-9 expression in rat vascular smooth muscle cells via ROS-dependent ERK-NF-K b pathways. Mol Cell Biochem. (2013) 375:11–21. doi: 10.1007/s11010-012-1512-7

176. Hall MR, Yamamoto K, Protack CD, Tsuneki M, Kuwahara G, Assi R, et al. Temporal regulation of venous extracellular matrix components during arteriovenous fistula maturation. J Vasc Access. (2015) 16:93–106. doi: 10.5301/jva.5000290

177. Heine GH, Ulrich C, Sester U, Sester M, Köhler H, Girndt M. Transforming growth factor beta1 genotype polymorphisms determine AV fistula patency in hemodialysis patients. Kidney Int. (2003) 64:1101–7. doi: 10.1046/j.1523-1755.2003.00176.x

178. Bulua AC, Simon A, Maddipati R, Pelletier M, Park H, Kim KY, et al. Mitochondrial reactive oxygen species promote production of proinflammatory cytokines and are elevated in TNFR1-associated periodic syndrome (TRAPS). J Exp Med. (2011) 208:519–33. doi: 10.1084/jem.20102049

179. Nakahira K, Haspel JA, Rathinam VA, Lee SJ, Dolinay T, Lam HC, et al. Autophagy proteins regulate innate immune responses by inhibiting the release of mitochondrial DNA mediated by the NALP3 inflammasome. Nat Immunol. (2011) 12:222–30. doi: 10.1038/ni.1980

180. Rochette L, Lorin J, Zeller M, Guilland JC, Lorgis L, Cottin Y, et al. Nitric oxide synthase inhibition and oxidative stress in cardiovascular diseases: possible therapeutic targets? Pharmacol Therap. (2013) 140:239–57. doi: 10.1016/j.pharmthera.2013.07.004

181. Liaudet L, Vassalli G, Pacher P. Role of peroxynitrite in the redox regulation of cell signal transduction pathways. Front Biosci. (2009) 14:4809–14. doi: 10.2741/3569

182. Radi R. Nitric oxide, oxidants, and protein tyrosine nitration. Proc Natl Acad Sci U.S.A. (2004) 101:4003–8. doi: 10.1073/pnas.0307446101

183. Kang H, Fan Y, Deng X. Vascular smooth muscle cell glycocalyx modulates shear-induced proliferation, migration, and no production responses. Am J Physiol Heart Circ Physiol. (2011) 300:H76–83. doi: 10.1152/ajpheart.00905.2010

184. Pike D, Shiu YT, Cho YF, Le H, Somarathna M, Isayeva T, et al. The effect of endothelial nitric oxide synthase on the hemodynamics and wall mechanics in murine arteriovenous fistulas. Sci Rep. (2019) 9:4299. doi: 10.1038/s41598-019-40683-7

185. Rensen SS, Doevendans PA, van Eys GJ. Regulation and characteristics of vascular smooth muscle cell phenotypic diversity. Neth Heart J. (2007) 15:100–8. doi: 10.1007/bf03085963

186. Taniyama Y, Griendling KK. Reactive oxygen species in the vasculature: molecular and cellular mechanisms. Hypertension. (2003) 42:1075–81. doi: 10.1161/01.Hyp.0000100443.09293.4f

187. Omar HA, Cherry PD, Mortelliti MP, Burke-Wolin T, Wolin MS. Inhibition of coronary artery superoxide dismutase attenuates endothelium-dependent and -independent nitrovasodilator relaxation. Circ Res. (1991) 69:601–8. doi: 10.1161/01.res.69.3.601

188. El Assar M, Angulo J, Rodríguez-Ma?as L. Oxidative stress and vascular inflammation in aging. Free Radic Biol Med. (2013) 65:380–401. doi: 10.1016/j.freeradbiomed.2013.07.003

189. Sundaresan M, Yu ZX, Ferrans VJ, Irani K, Finkel T. Requirement for generation of H2o2 for platelet-derived growth factor signal transduction. Science. (1995) 270:296–9. doi: 10.1126/science.270.5234.296

190. Patterson C, Ruef J, Madamanchi NR, Barry-Lane P, Hu Z, Horaist C, et al. Stimulation of a vascular smooth muscle cell NAD(P)H oxidase by thrombin. evidence that P47(phox) may participate in forming this oxidase in vitro and in vivo. J Biol Chem. (1999) 274:19814–22. doi: 10.1074/jbc.274.28.19814

191. Menshikov M, Plekhanova O, Cai H, Chalupsky K, Parfyonova Y, Bashtrikov P, et al. Urokinase plasminogen activator stimulates vascular smooth muscle cell proliferation via redox-dependent pathways. Arterioscler Thromb Vasc Biol. (2006) 26:801–7. doi: 10.1161/01.Atv.0000207277.27432.15

192. Velarde V, de la Cerda PM, Duarte C, Arancibia F, Abbott E, González A, et al. Role of reactive oxygen species in bradykinin-induced proliferation of vascular smooth muscle cells. Biol Res. (2004) 37:419–30. doi: 10.4067/s0716-97602004000300007

193. Nishio E, Watanabe Y. The involvement of reactive oxygen species and arachidonic acid in alpha 1-adrenoceptor-induced smooth muscle cell proliferation and migration. Br J Pharmacol. (1997) 121:665–70. doi: 10.1038/sj.bjp.0701171

194. Wang Z, Castresana MR, Newman WH. Reactive oxygen and Nf-kappab in VEGF-induced migration of human vascular smooth muscle cells. Biochem Biophys Res Commun. (2001) 285:669–74. doi: 10.1006/bbrc.2001.5232

195. Wang Z, Castresana MR, Newman WH. Reactive oxygen species-sensitive P38 MAPK controls thrombin-induced migration of vascular smooth muscle cells. J Mol Cell Cardiol. (2004) 36:49–56. doi: 10.1016/j.yjmcc.2003.09.014

196. Weber DS, Taniyama Y, Rocic P, Seshiah PN, Dechert MA, Gerthoffer WT, et al. Phosphoinositide-dependent kinase 1 and P21-activated protein kinase mediate reactive oxygen species-dependent regulation of platelet-derived growth factor-induced smooth muscle cell migration. Circ Res. (2004) 94:1219–26. doi: 10.1161/01.Res.0000126848.54740.4a

197. Buetow BS, Tappan KA, Crosby JR, Seifert RA, Bowen-Pope DF. Chimera analysis supports a predominant role of PDGFRbeta in promoting smooth-muscle cell chemotaxis after arterial injury. Am J Pathol. (2003) 163:979–84. doi: 10.1016/s0002-9440(10)63457-8

198. Floege J, Hudkins KL, Davis CL, Schwartz SM, Alpers CE. Expression of PDGF alpha-receptor in renal arteriosclerosis and rejecting renal transplants. J Am Soc Nephrol. (1998) 9:211–23. doi: 10.1681/asn.V92211

199. Zhan Y, Kim S, Izumi Y, Izumiya Y, Nakao T, Miyazaki H, et al. Role of JNK, P38, and ERK in platelet-derived growth factor-induced vascular proliferation, migration, and gene expression. Arterioscler Thromb Vasc Biol. (2003) 23:795–801. doi: 10.1161/01.Atv.0000066132.32063.F2

200. Stracke S, Konner K, Köstlin I, Friedl R, Jehle PM, Hombach V, et al. Increased expression of TGF-beta1 and IGF-I in inflammatory stenotic lesions of hemodialysis fistulas. Kidney Int. (2002) 61:1011–9. doi: 10.1046/j.1523-1755.2002.00191.x

201. Castier Y, Brandes RP, Leseche G, Tedgui A, Lehoux S. p47phox-dependent nadph oxidase regulates flow-induced vascular remodeling. Circ Res. (2005) 97:533–40. doi: 10.1161/01.Res.0000181759.63239.21

202. Nath KA, Grande JP, Kang L, Juncos JP, Ackerman AW, Croatt AJ, et al. ß-catenin is markedly induced in a murine model of an arteriovenous fistula: the effect of metalloproteinase inhibition. Am J Physiol Renal Physiol. (2010) 299:F1270–7. doi: 10.1152/ajprenal.00488.2010

203. Tordoir J, Canaud B, Haage P, Konner K, Basci A, Fouque D, et al. EBPG on vascular access. Nephrol Dial Transpl. (2007) 22(Suppl. 2):ii88–117. doi: 10.1093/ndt/gfm021

204. Allon M. Vascular access for hemodialysis patients: new data should guide decision making. Clin J Am Soc Nephrol. (2019) 14:954–61. doi: 10.2215/cjn.00490119

205. Navuluri R, Regalado S. The KDOQI 2006 vascular access update and fistula first program synopsis. Semin Interv Radiol. (2009) 26:122–4. doi: 10.1055/s-0029-1222455

206. Fluck R, Kumwenda M. Renal association clinical practice guideline on vascular access for haemodialysis. Nephron Clin Pract. (2011) 118(Suppl. 1):c225–40. doi: 10.1159/000328071

207. Nesrallah GE, Mustafa RA, MacRae J, Pauly RP, Perkins DN, Gangji A, et al. Canadian society of nephrology guidelines for the management of patients with ESRD treated with intensive hemodialysis. Am J Kidney Dis. (2013) 62:187–98. doi: 10.1053/j.ajkd.2013.02.351

208. De Marco Garcia LP, Davila-Santini LR, Feng Q, Calderin J, Krishnasastry KV, Panetta TF. Primary balloon angioplasty plus balloon angioplasty maturation to upgrade small-caliber veins (<3 mm) for arteriovenous fistulas. J Vasc Surg. (2010) 52:139–44. doi: 10.1016/j.jvs.2010.02.013

209. Veroux P, Giaquinta A, Tallarita T, Sinagra N, Virgilio C, Zerbo D, et al. Primary balloon angioplasty of small (=2 mm) cephalic veins improves primary patency of arteriovenous fistulae and decreases reintervention rates. J Vasc Surg. (2013) 57:131–6. doi: 10.1016/j.jvs.2012.07.047

210. Miller GA, Friedman A, Khariton A, Preddie DC, Savransky Y. Access flow reduction and recurrent symptomatic cephalic arch stenosis in brachiocephalic hemodialysis arteriovenous fistulas. J Vasc Access. (2010) 11:281–7. doi: 10.5301/jva.2010.592

211. Gallagher JJ, Boniscavage P, Ascher E, Hingorani A, Marks N, Shiferson A, et al. Clinical experience with office-based duplex-guided balloon-assisted maturation of arteriovenous fistulas for hemodialysis. Ann Vasc Surg. (2012) 26:982–4. doi: 10.1016/j.avsg.2012.01.009

212. Haskal ZJ, Trerotola S, Dolmatch B, Schuman E, Altman S, Mietling S, et al. Stent graft versus balloon angioplasty for failing dialysis-access grafts. N Engl J Med. (2010) 362:494–503. doi: 10.1056/NEJMoa0902045

213. Fu N, Joachim E, Yevzlin AS, Shin JI, Astor BC, Chan MR. A meta-analysis of stent placement vs. angioplasty for dialysis vascular access stenosis. Semin Dial. (2015) 28:311–7. doi: 10.1111/sdi.12314

214. Lee MS, Singh V, Nero TJ, Wilentz JR. Cutting balloon angioplasty. J Invasive Cardiol. (2002) 14:552–6.

215. Wu CC, Lin MC, Pu SY, Tsai KC, Wen SC. Comparison of cutting balloon versus high-pressure balloon angioplasty for resistant venous stenoses of native hemodialysis fistulas. J Vasc Interv Radiol. (2008) 19:877–83. doi: 10.1016/j.jvir.2008.02.016

216. Bhat R, McBride K, Chakraverty S, Vikram R, Severn A. Primary cutting balloon angioplasty for treatment of venous stenoses in native hemodialysis fistulas: long-term results from three centers. Cardiovasc Interv Radiol. (2007) 30:1166–70; discussion 71–2. doi: 10.1007/s00270-007-9143-1

217. Kariya S, Tanigawa N, Kojima H, Komemushi A, Shomura Y, Shiraishi T, et al. Primary patency with cutting and conventional balloon angioplasty for different types of hemodialysis access stenosis. Radiology. (2007) 243:578–87. doi: 10.1148/radiol.2432051232

218. Szöcs K, Lassègue B, Sorescu D, Hilenski LL, Valppu L, Couse TL, et al. Upregulation of Nox-based NAD(P)H oxidases in restenosis after carotid injury. Arterioscler Thromb Vasc Biol. (2002) 22:21–7. doi: 10.1161/hq0102.102189

219. Kochiadakis GE, Arfanakis DA, Marketou ME, Skalidis EI, Igoumenidis NE, Nikitovic D, et al. Oxidative stress changes after stent implantation: a randomized comparative study of sirolimus-eluting and bare metal stents. Int J Cardiol. (2010) 142:33–7. doi: 10.1016/j.ijcard.2008.12.105

220. Shi Y, Niculescu R, Wang D, Patel S, Davenpeck KL, Zalewski A. Increased NAD(P)H oxidase and reactive oxygen species in coronary arteries after balloon injury. Arterioscler Thromb Vasc Biol. (2001) 21:739–45. doi: 10.1161/01.atv.21.5.739

221. Ohashi N, Matsumori A, Furukawa Y, Ono K, Okada M, Iwasaki A, et al. Role of P38 mitogen-activated protein kinase in neointimal hyperplasia after vascular injury. Arterioscler Thromb Vasc Biol. (2000) 20:2521–6. doi: 10.1161/01.atv.20.12.2521

222. Ohtani K, Egashira K, Ihara Y, Nakano K, Funakoshi K, Zhao G, et al. Angiotensin II type 1 receptor blockade attenuates in-stent restenosis by inhibiting inflammation and progenitor cells. Hypertension. (2006) 48:664–70. doi: 10.1161/01.Hyp.0000237974.74488.30

223. Hamilos MI, Ostojic M, Beleslin B, Sagic D, Mangovski L, Stojkovic S, et al. Differential effects of drug-eluting stents on local endothelium-dependent coronary vasomotion. J Am Coll Cardiol. (2008) 51:2123–9. doi: 10.1016/j.jacc.2007.12.059

224. Liao JK. Linking endothelial dysfunction with endothelial cell activation. J Clin Investig. (2013) 123:540–1. doi: 10.1172/jci66843

225. Landmesser U, Dikalov S, Price SR, McCann L, Fukai T, Holland SM, et al. Oxidation of tetrahydrobiopterin leads to uncoupling of endothelial cell nitric oxide synthase in hypertension. J Clin Investig. (2003) 111:1201–9. doi: 10.1172/jci14172

226. Wolin MS, Gupte SA, Neo BH, Gao Q, Ahmad M. Oxidant-redox regulation of pulmonary vascular responses to hypoxia and nitric oxide-cGMP signaling. Cardiol Rev. (2010) 18:89–93. doi: 10.1097/CRD.0b013e3181c9f088

227. Mathews MT, Berk BC. PARP-1 inhibition prevents oxidative and nitrosative stress-induced endothelial cell death via transactivation of the VEGF receptor 2. Arterioscler Thromb Vasc Biol. (2008) 28:711–7. doi: 10.1161/atvbaha.107.156406

228. McNally JS, Davis ME, Giddens DP, Saha A, Hwang J, Dikalov S, et al. Role of xanthine oxidoreductase and NAD(P)H oxidase in endothelial superoxide production in response to oscillatory shear stress. Am J Physiol Heart Circ Physiol. (2003) 285:H2290–7. doi: 10.1152/ajpheart.00515.2003

229. Landmesser U, Spiekermann S, Preuss C, Sorrentino S, Fischer D, Manes C, et al. Angiotensin II induces endothelial xanthine oxidase activation: role for endothelial dysfunction in patients with coronary disease. Arterioscler Thromb Vasc Biol. (2007) 27:943–8. doi: 10.1161/01.ATV.0000258415.32883.bf

230. Byrne NJ, Rajasekaran NS, Abel ED, Bugger H. Therapeutic potential of targeting oxidative stress in diabetic cardiomyopathy. Free Radic Biol Med. (2021) 169:317–42. doi: 10.1016/j.freeradbiomed.2021.03.046

231. Tracz MJ, Alam J, Nath KA. Physiology and pathophysiology of heme: implications for kidney disease. J Am Soc Nephrol. (2007) 18:414–20. doi: 10.1681/asn.2006080894

232. Lin CC, Yang WC, Lin SJ, Chen TW, Lee WS, Chang CF, et al. Length polymorphism in heme oxygenase-1 is associated with arteriovenous fistula patency in hemodialysis patients. Kidney Int. (2006) 69:165–72. doi: 10.1038/sj.ki.5000019

233. Corti R, Quaretti P, Galli F, Moramarco LP, Cionfoli N, Leati G, et al. New therapeutic options provided by off-label deployment of stent graft for tailored arteriovenous access salvage: two cases. SAGE Open Med Case Rep. (2017) 5:2050313x17741827. doi: 10.1177/2050313x17741827

234. Chytilova E, Jemcov T, Malik J, Pajek J, Fila B, Kavan J. Role of Doppler ultrasonography in the evaluation of hemodialysis arteriovenous access maturation and influencing factors. J Vasc Access. (2021) 22(1 Suppl.):42–55. doi: 10.1177/1129729820965064

235. Huang X, Guan J, Sheng Z, Wang M, Xu T, Guo G, et al. Effect of local anti-vascular endothelial growth factor therapy to prevent the formation of stenosis in outflow vein in arteriovenous fistula. J Transl Intern Med. (2021) 9:307–17. doi: 10.2478/jtim-2021-0045

236. Castier Y, Ramkhelawon B, Riou S, Tedgui A, Lehoux S. Role of NF-KappaB in flow-induced vascular remodeling. Antioxid Redox Signal. (2009) 11:1641–9. doi: 10.1089/ars.2008.2393

237. U?u D, Pantea S, Duicu OM, Muntean DM, Sturza A. Contribution of monoamine oxidases to vascular oxidative stress in patients with end-stage renal disease requiring hemodialysis. Can J Physiol Pharmacol. (2017) 95:1383–8. doi: 10.1139/cjpp-2017-0067

238. Fang SY, Roan JN, Lin Y, Hsu CH, Chang SW, Huang CC, et al. Rosuvastatin suppresses the oxidative response in the venous limb of an arteriovenous fistula and enhances the fistula blood flow in diabetic rats. J Vasc Res. (2014) 51:81–9. doi: 10.1159/000357619

239. Roan JN, Fang SY, Chang SW, Hsu CH, Huang CC, Chiou MH, et al. Rosuvastatin improves vascular function of arteriovenous fistula in a diabetic rat model. J Vasc Surg. (2012) 56:1381–9.e1. doi: 10.1016/j.jvs.2012.03.243

240. Joddar B, Reen RK, Firstenberg MS, Varadharaj S, McCord JM, Zweier JL, et al. Protandim attenuates intimal hyperplasia in human saphenous veins cultured ex vivo via a catalase-dependent pathway. Free Radic Biol Med. (2011) 50:700–9. doi: 10.1016/j.freeradbiomed.2010.12.008

241. Antoniades C, Bakogiannis C, Tousoulis D, Reilly S, Zhang MH, Paschalis A, et al. Preoperative atorvastatin treatment in CABG patients rapidly improves vein graft redox state by inhibition of Rac1 and NADPH-oxidase activity. Circulation. (2010) 122(11 Suppl.):S66–73. doi: 10.1161/circulationaha.109.927376

242. Lin CC, Chung MY, Yang WC, Lin SJ, Lee PC. Length polymorphisms of heme oxygenase-1 determine the effect of far-infrared therapy on the function of arteriovenous fistula in hemodialysis patients: a novel physicogenomic study. Nephrol Dial Transpl. (2013) 28:1284–93. doi: 10.1093/ndt/gfs608

243. Yang CW, Wu CC, Luo CM, Chuang SY, Chen CH, Shen YF, et al. A randomized feasibility study of the effect of ascorbic acid on post-angioplasty restenosis of hemodialysis vascular access (NCT03524846). Sci Rep. (2019) 9:11095. doi: 10.1038/s41598-019-47583-w

244. Yeung CK, Billings FTT, Claessens AJ, Roshanravan B, Linke L, Sundell MB, et al. Coenzyme Q10 dose-escalation study in hemodialysis patients: safety, tolerability, and effect on oxidative stress. BMC Nephrol. (2015) 16:183. doi: 10.1186/s12882-015-0178-2

245. Abdel Hamid DZ, Nienaa YA, Mostafa TM. Alpha-lipoic acid improved anemia, erythropoietin resistance, maintained glycemic control, and reduced cardiovascular risk in diabetic patients on hemodialysis: a multi-center prospective randomized controlled study. Eur Rev Med Pharmacol Sci. (2022) 26:2313–29. doi: 10.26355/eurrev_202204_28461

246. Himmelfarb J, Ikizler TA, Ellis C, Wu P, Shintani A, Dalal S, et al. Provision of antioxidant therapy in hemodialysis (PATH): a randomized clinical trial. J Am Soc Nephrol. (2014) 25:623–33. doi: 10.1681/asn.2013050545

247. Yang CC, Hsu SP, Wu MS, Hsu SM, Chien CT. Effects of vitamin C infusion and vitamin E-coated membrane on hemodialysis-induced oxidative stress. Kidney Int. (2006) 69:706–14. doi: 10.1038/sj.ki.5000109

248. Diepeveen SH, Verhoeven GW, Van Der Palen J, Dikkeschei LD, Van Tits LJ, Kolsters G, et al. Effects of atorvastatin and vitamin e on lipoproteins and oxidative stress in dialysis patients: a randomised-controlled trial. J Intern Med. (2005) 257:438–45. doi: 10.1111/j.1365-2796.2005.01484.x



OPS/images/fcvm-09-984472-g005.jpg
CKD )—[ Preoperative inflammatory environment

'Mechanical Damage |

Intraoperative injury |

'Change in 02 partial pressure

Abnormal WSS| | Postoperative hemodynamic changes

Production of free radicals 1
Formation of reactive nitrogen species T
NO production and bioavailability {
Antioxidant defence mechanism |

£
Hestons
R SRS 25
AN

Anti-oxidants

Outward maturation

Endothelial dysfunction
Fibroblast&VSMC proliferation and migration
Leukocyte migration and differentiation

OO AR C
RO
SR CSH AN §
AR f{f;ﬂn 0
PR
&%‘1 L7

o

Inward remodeling

Inward remodeling






OPS/images/fcvm-09-984472-g003.jpg
Po0e
®,
®
®
®

e®®
P
f5)
®






OPS/images/fcvm-09-984472-g004.jpg
AVF surgery

inward remodeling

outward maturation

L S SR . . . .

|
|
I
I
CKD associated venous pathology :
:
i
I
I

<= Fibroblast ‘ macrophage =@ endothelial cell @& T-cell <@y vascular smooth muscle cell





OPS/images/fcvm-09-984472-g001.jpg
Restenosis

Anastomosis
f

Cd

- =\
LA o e






OPS/images/fcvm-09-984472-g002.jpg
Hemodialysis vascular access placed

Inflammation Oxidative Stress Uremia Hypoxia Hemodynamics

I

Fibroblasts & SMC Platelet
Proliferation Activation
Migration Agrregation

Immune Cells
Adhesion
Stimulation

Dysfunction

2 =

l

AVF Failure





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Oxidative stress: An essential factor in the process of arteriovenous fistula failure



		Introduction



		Biology of arteriovenous fistula maturation



		Definition of maturation



		Arteriovenous fistula maturation and outward remodeling







		Pathogenesis of arteriovenous fistula failure



		Definition of arteriovenous fistula failure



		Thrombosis



		Neointimal hyperplasia







		Molecular mechanism of arteriovenous fistula failure



		Inflammation



		Oxidative stress



		Uremia



		Hypoxia



		Hemodynamics







		Sources of oxidative stress in arteriovenous fistula failure



		Definition of oxidative stress



		Reactive oxygen species mediated cellular signaling



		Preoperative inflammatory environment



		Intraoperative injury



		Postoperative hemodynamic changes







		Consequences of oxidative stress in arteriovenous fistula failure



		Oxidative stress and outward maturation



		Oxidative stress and inward remodeling







		Oxidative stress in endovascular interventions treating arteriovenous fistula failure



		Endovascular intervention for arteriovenous fistula failure



		Oxidative stress in endovascular interventions







		Oxidative stress as a therapeutic target in arteriovenous fistula failure



		Conclusion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Cardiovascular Medicine

Oxidative stress: An essential
factor in the process
of arteriovenous fistula failure












OPS/images/fcvm-09-984472-t001.jpg
Mechanism

Inhibition of the source of
reactive oxygen species (ROS)

Improving endogenous
antioxidant capacity

Supplementation of exogenous
antioxidants

Target

Nuclear factor kappa B

Monoamine oxidases

NADPH oxidase

NADPH oxidase
HMG-CoA reductase

Superoxide dismutase,
heme oxygenase-1, and
catalase

Heme oxygenase-1 (HO-1)

ROS

Treatment

Pyrrolidine
dithiocarbamate
administration

Incubation with
clorgyline or selegiline

p47phox knockout

Rosuvastatin
administration

Protandim medium
addition

HO-1 gene knockout

Tempol
administration

Model

Human umbilical vein
endothelial cells,
arteriovenous fistulas
(AVF) mice

Fragments of brachial
artery collaterals harvested
from end-stage renal
disease patients

AVF mice

AVF rats with diabetes
mellitus

Human saphenous veins
cultured ex vivo

AVF mice

AVF rats

Results

Blocked ROS production
in vitro, slowed vessel
remodeling

Reduced ROS level and
improved maturation and
long-term patency of fistula

Reduced ROS and delayed the
vessel remodeling process

Improved luminal dilation and
blood flow by suppressing the
levels of superoxide anions and
proinflammatory activities

Improved blood flow and
endothelial function by
attenuating activity of
proinflammatory genes and
generation of superoxide anions

Reduced levels of superoxide,
blocked intimal hyperplasia and
reduced cellular proliferation

Easier restenosis, accelerated
neointimal hyperplasia, and
increased vasculopathic gene
expression in HO-17/~ AVE
mice

Decreased neointima formation
in the juxta-anastomotic venous

segment and improved AVF
blood flow

References

(236)

(237)

(o1)

(238)

(239)

(240)

(90)

(153)





OPS/images/logo.jpg
’ frontiers | Frontiers in Cardiovascular Medicine






OPS/images/fcvm-09-984472-t002.jpg
Mechanism

Inhibition of ROS
producers

Improving
endogenous
antioxidant
capacity

Supplementation
of exogenous
antioxidants

Target

NADPH oxidase
HMG-CoA
reductase

Lysyl oxidase

Heme
oxygenase-1

ROS

Treatment

Atorvastatin p.o. 40 mg/d for 3 days

Rosuvastatin p.o. 5 mg once daily for
4 weeks

D-Penicillamine (25 wM) in combination
with ascorbic acid (10.0 M)

Determination of length polymorphism of
(GT)n repeats in HO-1 gene promoter

Determination of length polymorphism of
(GT)n repeats in HO-1 gene promoter
and far-infrared therapy

Ascorbic acid i.v. 300 mg,
600 mg x 3 week for 3 months

Coenzyme Q10 dose-escalation p.o. 300,
600, 1200 and 1800 mg daily, each for
14 days

a-Lipoic acid administration 600 mg/d

Combination of tocopherols (666 IU/d)
plus a-lipoic acid (600 mg/d) over
6 months

Vitamin C i.v. plus a vitamin E-coated
dialyzer

Combination of atorvastatin (once daily
40 mg) and a-tocopherol (once daily 800
10)

Folic acid 10 mg supplementation

Coenzyme Q10 400 mg

Patients (n)

Undergoing coronary artery
bypass grafting (21)

Arteriovenous fistula in
diabetic patients with chronic
renal failure (30)

Arteriovenous fistula
occlusion (10)

Hemodialysis (HO-1
genotyping: S/S: 148, S/L:
297, L/L: 158)

Hemodialysis (HO-1
genotyping: §/S: 55, S/L: 116,
L/L: 68)

Post-angioplasty of
hemodialysis (31)

Chronic hemodialysis (15)

Diabetic patients on
hemodialysis (30)

Maintenance hemodialysis
therapy (160)

Chronic hemodialysis with
anemia and atherosclerosis
(20

End-stage renal disease with
maintenance hemodialysis
therapy (11)

Uremia with arteriovenous
fistula failure (100)

Maintenance hemodialysis
therapy over 3 months (30)

Trial ID/testing status

NCT01013103, completed

NCT01863914, completed

NCT03106948, recruiting

Completed

ACTRN12610000704099, completed

NCT03524846, completed

NCT00908297, completed

Completed

NCT00237718, completed

Completed

Completed

ChiCTR-IPR-17013111, not yet
recruiting

ChiCTR1900022258, not yet
recruiting

Results

Reduced O, ~ generation in saphenous
vein grafts used for coronary artery bypass
grafting surgery

Longer length polymorphism of (GT)n
repeats in the HO-1 gene was correlated
with a higher frequency of pathway failure
and poorer AVF patency

The lowest incidence of AVF malfunction
in /S group

Might attenuate restenosis after
angioplasty

Improved mitochondrial function and
decreased oxidative stress

Showed anti-inflammatory and
antioxidant activity, improved anemia,
controlled blood glucose and reduced
cardiovascular risk

Safe and well tolerated but no effect on
biomarkers of inflammation and oxidative
stress or the erythropoietic response

Palliated oxidative stress such as hemolysis
and lipid peroxidation

Decreased plasma total cholesterol,
triglycerides, low-density lipoprotein
(LDL), apoB and oxLDL and had good
impacts on in vitro LDL oxidizability

References

(241)

(238)

(232)

(247)

The information was obtained from clinicaltrials.gov.






