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Abstract

End-stage renal disease is a crippling diagnosis that generally requires dialysis to prolong life. 

To facilitate filtration of patient’s blood in dialysis, surgical formation of an arteriovenous fistula 

(AVF) is commonly performed. Maturation of the AVF is required to allow for successful dialysis. 

However, AVFs commonly fail to mature, leading to the fistula closure, the necessity for another 

fistula site, and markedly increased morbidity and mortality. The current literature concerning 

molecular mechanisms associated with AVF maturation failure supports the role of inflammatory 

mediators involving immune cells and inflammatory cytokines. However, the role of oncostatin M 

(OSM), an inflammatory cytokine, and its downstream targets are not well investigated. Through 

inflammation, oxidative stress, and hypoxic conditions, the vascular tissue surrounding the AVF 

undergoes fibrosis, stenosis, and wall thickening, leading to complete occlusion and nonfunctional. 

In this report, first we critically review the existing literature on the role of OSM in the most 

common causes of early AVF failure - vascular inflammation, thrombosis, and stenosis. We next 

consider the potential of using OSM as a therapeutic target, and finally discuss therapeutic agents 

targeting inflammatory mediators involved in OSM signaling to potentiate successful maturation 

of the AVF.
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1. Introduction

Chronic kidney disease (CKD) is highly prevalent disease within the US, affecting 1 in 7 

adults [1]. In a recent study from 2019, the global estimated prevalence of CKD is 13.4%, 

and the combined effect of cardiovascular risk shows a direct effect on the global burden 

of morbidity and mortality worldwide [2]. As of 31 December 2018, approximately 0.7 
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million patients (785,883) were under treatment for end-stage renal disease (ESRD – GFR 

< 15mL/min) in the United States. This prevalence has more than tripled between 1990 

and 2018 [1]. The causes of CKD are variable; however, diabetes mellitus and hypertension 

are among the critical factors leading to general hyperfiltration of the nephrons and their 

eventual destruction, culminating in kidney failure. As of now, there are two standard forms 

of treatment for ESRD: kidney transplant and dialysis. For the later, there are additional 

subcategories, peritoneal dialysis, and hemodialysis. With respect to hemodialysis, one 

procedure involves creation of an arteriovenous fistula (AVF), usually on the patient’s 

forearm by which to connect an external filter. This allows for direct connection of the 

arterial and venous systems, a high to low pressure system. Maturation of the AVF is defined 

as the complete opening of fistula. However, Maturation of the AVF is the complete opening 

of the fistula, as is essential to allow for the proper flow of filtered blood back into the body. 

This process takes ~4–6 months following the surgical procedure. However, complications 

often arise in the form of non-maturation of the AVF and resultant fistula closure [3]. 

Such failure occurs in approximately 28–53% of patients [4]. With such failure, further 

procedures must be done to open more sites for potential dialysis, which entail increased 

patient morbidity and mortality. Of note, when investigating the causes of AVF maturation 

failure, the crosstalk between the chronic inflammatory processes plays a critical role in 

the early AVF closure. The inflammatory response to tissue injury is characterized by the 

induction of cytokines and chemokines that serve different functions at the site of injury. 

The pro-inflammatory cytokines involved in this process include tumor necrosis factor 

(TNF)-α, interleukin (IL)-1, and IL-6 [5, 6]. The innate and adaptive immune response 

and perivascular inflammation play critical roles in the pathogenesis of AVF maturation 

or failure [7–11]. However, the role of oncostatin M (OSM) has not been discussed in 

the literature, even though it is an IL-6-like cytokine that is involved in the pathogenesis 

of a variety of inflammatory diseases [12] including thrombosis and atherosclerosis, and 

is also a marker for coronary artery disease [13, 14]. Since chronic inflammation plays a 

critical role in AVF maturation failure, OSM involved in thrombosis and atherosclerosis 

may play a crucial role in this process. This review comprehensively discusses the role of 

OSM in vascular disease and proposes that its potential role in AVF maturation failure may 

be a target for future therapies that promote AVF maturation by modulating OSM and its 

downstream signaling processes.

2. AVF Maturation and Failure

Of studies involving arteriovenous fistulas, most concentrate on the clinical classification of 

AVF maturation. The clinical definition of successful AVF maturation in humans is when 

the fistula maintains a flow of 600 mL/min post 6 weeks of surgery, is located a maximum 

of 6mm from the skin, and maintains a diameter of >6 mm [15], whereas there is no 

clinical definition of failure. However, there are conserved mechanisms through which AVF 

maturation failure may occur. For example, failed AVF has been shown to exhibit early 

thrombosis to which ESRD patients are already subject to an increased risk due to metabolic 

abnormalities [16]. Additionally, this hypercoagulable state might be contributed to further 

through the actions of downstream pro-inflammatory mediators, such as plasminogen 

activator inhibitor-1 (PAI-1) [17]. Hypercoagulable states that cause early vessel thrombosis 
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due to inflow problems (juxta-anastomosis stenosis or accessory vein) are the most common 

cause of AVF maturation failure [18]. In addition to early thrombosis, vessel wall thickening 

due to neointimal hyperplasia can directly contribute to the narrowing of both the fistula 

and the outflow vein. In response to injury by way of surgical creation of the AVF, with 

a well-regulated inflammatory response can occur. With this, the adventitial myofibroblast 

undergoes signaling to form collagen, matrix metalloproteinases (MMPs), and collagen 

to strengthen the fistula and outflow vessel wall [19]. But dysfunction of inflammatory 

responses and/or prolonged inflammation results in excessive neointimal hyperplasia (NIH) 

and eventual fistula stenosis or closure. In conjunction with this finding, the deposition 

of collagen can be seen with initial fibrotic changes in the vessel wall that result in the 

stiffening of the vasculature. Martinez et al. [20] established that an increase in medial 

fibrosis through excessive fibrotic remodeling was a key risk factor in non-maturation of the 

AVF due to a decrease in vascular elasticity and distensibility that compromises high blood 

flow. Since inflammation underlies the pathogenesis of thrombosis, NIH, and stenosis, OSM 

being a pro-inflammatory cytokine may be involved in these pathologies.

3. Oncostatin M (OSM)

Oncostatin M (OSM) is a member of the IL-6 family of cytokines and is primarily known 

for its effects on cell growth [21]. While cell growth is one of its more characteristic 

effects, OSM has been shown to also influence various functions and pathological processes 

in multiple body systems [22]. These effects are transduced from signaling via receptor 

complexes composed of gp130 and a ligand-specific receptor subunit [23, 24]. The binding 

of gp130 may occur weakly; however, it is the LIFR and OSM receptor binding that 

maintains a high binding affinity [25–28]. Since gp130 is ubiquitously expressed in all 

tissues, LIFR and OSMR expression allows for effective, cell-specific effects of OSM [22]. 

For example, OSMR is highly expressed in fibroblasts, endothelial cells, smooth muscle 

cells, osteoblasts, adipocytes, hepatocytes, mesothelial cells, glial cells, and epithelial 

cells, which allow the functional diversity that OSM has been shown to have [23, 24]. 

The signal transduction pathway of OSMR is initiated by Janus kinases (JAKs), which 

transphosphorylate each other at conserved tyrosine residues. This phosphorylation forms a 

docking site for signal transducers and activator of transcription (STATs). With this, JAKs 

phosphorylate STATs to form hetero- or homodimers where they may translocate to the 

nucleus to act as transcription factors [29]. OSM, produced by T cells and macrophages, 

plays a key role in regulation of inflammation in the event of tissue damage [23, 30]. 

When inflammation becomes chronic, pathological conditions often arise in the form of 

tuberculosis, ARDS, autoimmune diseases, inflammatory bowel disease, and atherosclerosis 

[13, 14, 31]. With our interest on vasculature tissue injury, a brief review of the progression 

of atherosclerosis and its close association with OSM is pertinent.

3.1 OSM and Inflammation

Tissue injury and subsequent repair is a dynamic process that involves inflammation and 

eventual regeneration. However, if this response becomes chronic and dysregulated it may 

lead to fibrosis, as well as other organ dysfunctions [32]. In the inflammatory response, 

various chemokines and cytokines are secreted by recruited immune cells to modulate 
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the repair response. Among these molecules is oncostatin-M, an IL-6-like cytokine, 

involved in growth regulation, differentiation, gene expression, and cell survival, as well 

as tissue remodeling [12]. Under inflammatory conditions (Figure 1), OSM is secreted by 

monocytes and polymorphonuclear cells (PMNs) [33, 34]. Once expressed, OSM functions 

are mediated by interactions with the OSM receptor (OSMR), with signals transduced by 

JAK/STAT3 pathways. Additionally, through signaling cascades involving this JAK/STAT 

motif, OSM through OSMR strongly induces STAT3 activation and increases cardiovascular 

angiogenesis through actions of vascular endothelial growth factor (VEGF) promoting an 

increase in blood flow [28] (Figure 1). Later studies indicate a modulatory relationship 

between OSM and VEGF, in which STAT3 increases VEGF expression, but STAT1 inhibits 

VEGF expression [35]. Additionally, OSM has been shown to contribute to cardiovascular 

extracellular matrix (ECM) deposition through the up- regulation of tissue inhibitors of 

matrix metalloproteinases (TIMPs) [36] (Figure 1). These studies have shown that smooth 

muscle cells (SMCs) deficient in OSMR-β have decreased sizes of necrotic areas in response 

to tissue injury. This suggests that OSM is implicated in the proliferation and migration 

of SMCs during injury [37]. Although OSM has been shown to increase angiogenesis, 

the necrotic areas that arise during injury show decreased vasculature which induce a 

subsequent increase in oxidative stress.

3.2 OSM and Oxidative Stress

With increased oxidative stress, there is potential for the surrounding ECM to undergo 

remodeling. This process is normal within the context of embryonic development, with 

importance in cell growth, differentiation, survival, and morphogenesis [38]. However, with 

improper regulation, pathological conditions may arise. One such condition is known as 

fibrosis, involving excessive ECM deposition, scar formation, and eventual impairment of 

organ function [35, 36]. Of course, fibrosis is a condition marked by high levels of oxidative 

stress, seen in both cardiac and pulmonary models [39, 40]. Past studies have shown that 

deposition of collagen to the ECM depends on the severity of oxidative stress present, 

with higher oxidative stress levels favoring collagen accumulation [41–43]. Additionally, the 

stability of key ECM components, such as fibronectin, has been implicated in the production 

of reactive oxygen species (ROS) [41, 44, 45]. The modifications made through oxidative 

stress reduced cell adhesion and increased the proliferation of smooth muscle cells in vitro, 

suggesting oxidative stress plays a key role in ECM function, organization, and stability 

[45]. Correlation of ROS and ECM remodeling is significant to discuss and investigate in 

the context of OSM and AVF maturation because of the strong association of fibrosis with 

AVF maturation failure [20, 46] and OSM with ECM remodeling in various diseases, such 

as scleroderma, idiopathic pulmonary fibrosis, and, despite a paucity of literature, likely in 

correlation with AVF as well [47, 48]. Looking at inflammation in atherosclerotic lesions, 

the major sources of oxidative stress are mitochondria and non-phagocytic NADPH oxidase 

[49, 50]. The reactive oxygen species (ROS) that arise are associated with many diseases, 

including many cardiovascular diseases. Within mitochondria, ROS are produced via the 

reduction of oxygen to the molecule O2•- [51]. Past studies have shown that the major 

producers of O2•- are complex I and complex III of the electron transport chain [52–54]. 

Through this increase in mitochondrial ROS, greater VSMC proliferation was seen, leading 

to the formation of plaques [55]. However, it has also been documented that mitochondrial 
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dysfunction is implicated in ischemic injury via plaque rupture through mechanisms 

involving the opening of the permeability transition pore (PTP) [56–58]. When the PTP 

opens for a prolonged period, mitochondrial matrix swelling occurs with an eventual 

rupture of the mitochondrial membrane [51]. Rupture of the membrane causes a release 

of proapoptotic molecules in the intermembrane space, leading to a caspase-dependent and 

caspase-independent cell death with eventual atherosclerotic plaque rupture [51, 59]. In 

plaques susceptible to rupture, there is typically a necrotic core with a thin, fibrous cap 

containing macrophages and T-lymphocytes, which correlates with the inflammatory basis 

of atherosclerosis [60]. Additionally, the plaques have arterial walls that thicken beyond 

the diffusion limit for oxygen, leading to hypoxic regions [61]. These hypoxic regions 

lead to increased expression of the transcription factor, hypoxia-inducible factor-1 (HIF-1), 

which plays a key role in adaptation to hypoxic conditions [62]. In hypoxic conditions, 

HIF-1α, one of the two heterodimer subunits of HIF-1, stabilizes and translocates to the 

nucleus to heterodimerize with HIF-1β. With normal adaptation, HIF-1 regulates multiple 

genes involved in neovascularization, cell proliferation, survival, and cell recruitment [63–

65]. In human atherosclerotic plaques, HIF-1α is closely associated with macrophages and 

associated with an inflammatory plaque phenotype [61, 66]. This suggests that HIF-1α, 

along with increased ROS, leads to plaque instability. However, the specific molecular 

mechanism for this phenomenon is not well-studied. Immune cell infiltration, vascular 

SMCs, and endothelial cells play an important role in AVF vessel wall remodeling and 

maturation and hypoxia is a common deterrent. Additionally, the effects of OSM are 

context dependent. For example, past studies have shown the pro-inflammatory effects of 

OSM within the CNS, as well as its neuroprotective effects in mitochondrial dysfunction. 

Additionally, OSM has been shown to induce a hypoxic state in hepatic cells, producing 

a chronic inflammatory phenotype [67–69]. Thus, the effect of the OSM-hypoxia axis 

mediated by mitochondrial dysfunction on AVF maturation should be investigated further to 

uncover the specific mechanisms within the context of AVFs.

4. OSM Signaling, Serpins, and AVF Maturation

4.1 Serpins and Vascular Disease

From the onset of tissue injury to the subsequent increase in oxidative stress effects of 

OSM have been shown to go a step further to induce plasminogen activator inhibitor-1 

(PAI-1), a regulator of fibrinolysis and proteolysis [70, 71]. PAI-1, when present at elevated 

levels within fibrotic tissues, prevents proteolytic activities and contributes to decreased 

collagen degradation and tissue fibrogenesis [72]. The cross-play between elevated ROS 

and fibrogenesis in different organs is due to activation of TGF-β, a collagen stimulator, 

as well as PAI-1 expression [73–75]. These processes can be seen within the context 

of skin and lung fibrosis. Additionally, hypoxia plays a significant role in fibrogenesis 

[76]. Previous studies have shown that hypoxia and oxidative stress go hand in hand, as 

hypoxia causes mitochondrial dysfunction which leads to increased production of ROS. 

Additionally, hypoxia-inducible factor-1 alpha (HIF-1α) protein production is increased 

[77]. This increase in HIF-1α leads to an increase in PAI-1 [78, 79] (Figure 2). All these 

processes ultimately contribute to fibrosis, ECM remodeling, and subsequent instability 

and dysfunction of intimal tissue and eventual formation of atherosclerotic plaques. While 
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the fibrotic effects of PAI-1 have been well characterized in a variety of tissues, little is 

known about its effects on ECM remodeling and fibrosis in vascular tissue. When looking 

specifically at AVF maturation failure, past studies have shown increased expression of 

HIF-1α, VEGF, MMP-2, as well as TIMP-1 along with the stenosed AVF outflow veins in 

rats showcasing a typical phenotype for AVF maturation failure [80]. The role of PAI-1 in 

vascular remodeling, thrombosis, and cardiovascular disease is summarized below in Table 

1.

Of note, the findings from the studies reported in Table 1 also suggest the paradoxical 

dual role of PAI-1, in both inhibiting NIH and promoting maladaptive remodeling [89]. 

Thus, it is imperative to discuss the relationship between OSM and PAI-1 in the context of 

vascular disease and AVF maturation. Investigating the role of PAI-1 in AVF maturation is 

also important as early thrombosis in AVF is due to a hypercoagulable state with increased 

PAI-1 expression reported near the thrombus. Additionally, current studies have shown links 

between PAI-1 and age-related diseases such as inflammation, atherosclerosis, obesity, and 

Werner syndrome [90]. While these links have yet to be confirmed with proper studies, the 

association of PAI-1 with aging provides another reason to fully investigate the implications 

of PAI-1 in AVF maturation.

4.2 OSM and PAI-1

As stated previously, PAI-1 is a key downstream player in the OSM-OSMR pathway for 

cellular effects, mainly, as a regulator of fibrinolysis and proteolysis [71]. OSM increases 

PAI-1 protein significantly in both human coronary artery and aortic smooth muscle cells 

[70]. However, the mechanistic aspects of how OSM binding to its receptor induce PAI-1 

were not identified. In a separate study looking at human trophoblast cell lines, it was found 

that HIF-1α induced a robust expression of PAI-1 during hypoxic conditions [91]. This 

further highlights the relationship between OSM and PAI-1 amid conditions conducive to 

oxidative stress and hypoxia within the vasculature. The previously cited study of outflow 

veins within rat AVF junctions [80], the presence of HIF-1α in increased levels further 

strengthens the association between OSM and production of hypoxic conditions, as well 

as robust association with PAI-1 and AVF junction failure. Plasminogen activator inhibitor 

(PAI) is a member of the serine protease inhibitor (serpin) family and is an inhibitor 

of serine proteases, urokinase-type plasminogen activator, and tissue-type plasminogen 

activator [72]. PAI-1 is synthesized in various cells, including vascular endothelial cells, 

macrophages, cardiomyocytes, and fibroblasts, with an activated and latent half-life of 

32 and 7 minutes, respectively [92]. Of note in the structure of PAI-1 is a functional 

domain coded by exon 8, called the reactive center loop (RCL), which is required for 

inhibition of tPA/uPA activity [93]. In normal conditions, PAI-1 blocks uPA/tPA activation, 

plasmin formation, and plasmin-dependent MMP activation, thus protecting ECM proteins 

from proteolytic degradation [94, 95]. With dysfunction, this protective action may become 

deleterious if unregulated. As stated previously, ESRD patients exhibit hypercoagulability 

through native states of metabolic dysfunction. Such hypercoagulable state - in conjunction 

with PAI-1 effects on inhibition of key activators of clot breakdown, tPA/uPA, and early 

thrombosis - can be seen as a major risk factor for the failure of AVF maturation 

(Figure 2). These findings are important in the context of AVF maturation failure because 
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hypercoagulability induces early thrombosis and maturation failure due to decreased blood 

flow through the inflow artery [8–10].

Past studies have shown that activation of PAI-1 modulates ROS-induced fibrogenesis in 

various cell types [96, 97]. Looking at specific fibrotic conditions, PAI-1 has been studied 

within the context of the growth of keloid scars. Experimental studies showed fibroblasts 

derived from keloids had synthesized elevated levels of collagen and PAI-1 [98]. The 

ratio between PAI-1 and uPA was pathologically high which caused decreased degradation 

of fibrin and other ECM proteins to ultimately contribute to dermal fibrogenesis [99]. 

Additionally, response to injury in keratinocytes in the epidermis has been shown to be 

significantly lower when PAI-1 was knocked out in mice [100]. It has been suggested that 

this is possibly due to PAI-1 inhibiting cell migration through interactions with vitronectin, a 

key player in the regulation of proteolytic ECM degradation [101]. PAI-1 has also been 

studied within the context of lung fibrosis. Numerous studies have shown that PAI-1 

deficiency leads to a protective effect in the lungs, preventing fibrotic tissue from forming 

from excess fibrin, and induction by bleomycin [102–105]. However, it should be noted 

that these studies also found that this is only due to increased fibrinolytic activity, not 

altered cell migration due to comparable amounts of leukocytes present in both bleomycin-

treated wildtype and PAI-1 deficient lungs [104]. Additionally, Wilderberding et al. [106] 

found that levels of bleomycin-induced collagen accumulation were comparable between 

fibrinogen-deficient and heterozygous control mice. All of this suggests that PAI-1 plays a 

key role in lung fibrogenesis via the active suppression of proteolytic functions of uPA/tPA/

plasmin [103, 104, 107, 108] (Figure 2). These studies involving PAI-1 in connection with 

fibrogenesis of keloid scars, as well as lung fibrosis, showcase the versatility of PAI-1 

in producing a fibrosis phenotype through different tissue types. As this review serves to 

elucidate the molecular mechanisms governing AVF maturation failure, it is important to 

note past studies that have shown fibrosis as a key factor in preventing full maturation of the 

AVF junction. Simone et al. [109] have shown that AVF failure has direct associations with 

adventitial fibrosis as seen in their analysis of adventitial extracellular matrix deposition. 

Additionally, Martinez et al. [20] have demonstrated that pre-existing levels of medial 

fibrosis in native veins were independent of the post-operative medial fibrosis in the failed 

AVF. This further supports the idea that fibrotic remodeling of the AVF wall is a key 

determinant of maturation failure.

5. Translational Significance and Future Perspective

AVF maturation failure is subject to various factors that seem to be amplified by an ESRD 

patient’s dysfunctional metabolic state. Within the context of the factors discussed in this 

review, targeting OSM-mediated inflammation and hypoxic stress may be of particular 

therapeutic significance to promote successful AVF maturation. Further, an increase in 

oxidative stress through OSM-OSMR interactions leads to an increase in ECM and 

collagen deposition and an eventual thickening and stiffening of the vasculature [34, 110]. 

Additionally, a study involving an anti-OSM antibody was used to inhibit the overexpression 

of OSMR within squamous cell carcinoma tissue [111]. While this is a different tissue 

of interest, it is noteworthy that this technique may potentially be used to attenuate the 

inflammatory response of OSM in vascular tissue. Indeed, we propose that OSM and OSMR 
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are potential therapeutic targets, through inhibition, to attenuate effects of ECM remodeling 

during the AVF maturation process. PAI-1 also has pro-coagulation and pro-fibrotic effects 

[20, 96, 97]. While the fibrotic effects of PAI-1 were studied in tissues other than vascular 

tissue, it is important to note that high levels of PAI-1 have been found in AVF tissues, 

thus highlighting PAI-1 as another potential therapeutic target for the attenuation of AVF 

maturation failure. Among the already known PAI-1 inhibitors, PAI-039 (Tiplaxtinin) is 

the most well-studied and effective inhibitor of PAI-1 but has side effects of provoking 

bleeding disorders during administration [112, 113] (Figure 2). Given these side effects, it 

would be desirable to develop therapeutic agents with the same mechanism as PAI-039 yet 

without adverse properties. Moreover, further studies must be done to assess how often a 

given treatment may be administered to maintain a patent AVF graft. The association of 

PAI-1 with overall cardiovascular disease underscores the importance of identifying other 

potential inhibitors that may attenuate processes that contribute to AVF maturation failure. 

Several studies have addressed the targeting of PAI-1 to control cardiovascular disease 

processes such as hypertension or pathological clotting [114, 115]. Additionally, previous 

studies have explored other inhibitors, such as RCL-mimicking peptides that would reduce 

PAI-1’s ability to trap the target proteinase (Figure 2). However, these peptides, as well as a 

variety of other low molecular weight inhibitors, had decreased efficacy in the presence of 

vitronectin [114]. These results highlight the structural plasticity of PAI-1 and the difficulty 

in attempts to identify an efficient inhibitor. Kairuz et al. demonstrated in vivo reduction 

of PAI-1, as well as inflammatory processes such as macrophage accumulation and intimal 

thickening via treatment with an intra-luminal C-type natriuretic peptide, a peptide known 

for its antiproliferative effects [116]. Furthermore, Tiplaxtinin (PAI-039) has been shown 

to antagonize the anti-fibrinolytic activity of PAI-1 [109]. Simone et al. [109] went further 

to assess the mechanism by which Tiplaxtinin operates. They found that elastase-cleaved 

PAI-1, a peptide structurally similar to Tiplaxtinin, promotes VSMC apoptosis in vitro and 

reduced neointimal formation in vivo. That a cleaved PAI-1 has effects like an already 

established molecule such as Tiplaxtinin suggests potential therapies that promote cleavage 

of PAI-1 and thereby induce anti-stenotic processes may be viable. Another potential target 

may be to look through a broader lens at the JAK/STAT3 motif that is integral to OSM 

cell signaling. Of particular interest may be modulators of STAT3 specific inhibitors such 

as Ochromycinone (STA-21) (Figure 2). STA-21 historically has been used in the treatment 

of idiopathic pulmonary fibrosis, with proven decreases in STAT3 activity, as well as IL-6 

attenuation after treatment [117]. While this therapeutic target may have other effects due 

to the widespread localization of STAT3 tyrosine kinase proteins, it is worth investigating 

the anti-inflammatory effects of Ochromycinone in relation to patency maintenance of 

arteriovenous fistulas.

6. Conclusion

Successful AVF maturation is a seemingly coordinated process that involves a balance 

of many different molecular mechanisms. Through tissue injury, inflammation is to be 

expected response. However, when this inflammatory response becomes dysregulated, 

proinflammatory mediators such as OSM potentiate failure of AVF maturation through a 

variety of mechanisms that are currently not well studied. With respect to cardiovascular 
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disease, PAI-1 is a key mediator of pathogenic processes such as atherosclerosis and 

hypertension, with high expression being noted in atherosclerotic lesions and vasculature 

endothelium [17]. Additional systematic reviews studying PAI-1 as a marker for major 

adverse cardiovascular events (MACE) showed elevated plasma PAI-1 antigen levels in 

association with MACE [118]. Furthermore, Morrow et al. [119] have shown a clear 

association between thrombotic diseases, inflammation, and a dramatic elevation of PAI-1. 

These associations have clear implications for our better understanding of the development 

of disease processes directly linked to AVF maturation failure. This further highlights 

the importance of investigating the OSM-PAI-1 pathway. The studies included in this 

review depict the potential mechanisms for AVF maturation failure within the milieu of 

inflammation, oxidative stress, and fibrotic changes through vascular smooth muscle cell 

remodeling. While there are very few studies connecting these concepts concerning OSM 

and AVF maturation failure, the existing literature allows for inferences that there are 

potential therapeutic targets involving the OSM-PAI-1HIF-1α axis and various mediators 

in-between that may attenuate mechanisms involved in AVF maturation failure or potentiate 

success of AVF maturation.
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Figure 1: 
Oncostatin-M (OSM) secretion, downstream signaling, and regulation of molecular 

functions. Vascular tissue manipulation through stenting or arteriovenous fistula (AVF) 

creation leads to endothelial injury and subsequent immune cell recruitment including 

monocytes, macrophages, and neutrophils. The recruited immune cells secrete OSM which 

on binding with OSM-receptor (OSMR) leads to activation of downstream signaling that 

involve signal transducers and activator of transcription (STAT)3, phosphatidylinositol 

3-kinases (PI3K), and protein kinase B (PKB/Akt). This regulates various molecular 

and cellular events including angiogenesis, extracellular matrix (ECM) remodeling, cell 

proliferation, migration, change in gene expression, and inflammation. Interleukin 6 receptor 

(IL6R), vascular endothelial growth factor (VEGF), and alpha-smooth muscle actin (α-

SMA).
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Figure 2: 
Schematics of possible targets in OSM-HIF1α-PAI-1 axis to enhance vascular remodeling 

and AVF maturation. Targeting circulating OSM in chronic inflammation may attenuate 

downstream signaling cascade and may enhance favorable vascular remodeling. Among 

downstream signals, targeting STAT3, oxidative stress, and PAI-1 may modulate cascade 

toward favorable ECM and vascular remodeling via inhibition of plasmin formation and 

overexpression of MMPs. Oncostatin-M (OSM), Oncostatin M receptor (OSMR), Janus 

kinase (JAK)/signal transducer and activator of transcription (STAT), hypoxia-inducible 

factor-1-alpha (HIF-1α), extra cellular matrix (ECM), vascular smooth muscle cells 

(VSMCs), matrix metalloproteinases (MMPs).
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Table 1:

Key findings of PAI-1 in vascular remodeling, thrombosis, and cardiovascular diseases.

Reference Aim of the study Experimental strategy Outcome

[81] To investigate the effects of 
recombinant PAI-1 on intimal 
hyperplasia after intimal injury

Rats with carotid artery injury were 
injected mutant form of PAI-1 
intraperitoneally and intimal hyperplasia 
was examined

Recombinant PAI-1 inhibits proteases and 
binding of VSMCs with vitronectin, thereby 
decreasing VSMCs migration.
Recombinant PAI-1 attenuates intimal 
hyperplasia after intimal injury

[82] To investigate the effects of PAI-1 
on the mural, adaptive response to 
hypertension

Patients with essential hypertension and 
gender-matched normotensive patients had 
brachial intima-media thickness (IMT), 
flow-mediated dilation (FMD), and PAI-1 
antigen in blood measured.

IMT and FMD correlated positively in 
hypertensive patients, FMD correlated 
inversely with wall stress, and IMT 
correlated inversely with PAI-1. This 
supports the hypothesis that PAI-1 
attenuates increases in neointimal vascular 
smooth muscle cellularity

[83] To investigate the hypothesis 
that PAI-1 inhibition prevents 
neointimal hyperplasia after 
arterial injury

A wire-injury model was made in WT 
and PAI-1 (−/−) mice. The mice were 
injected intraperitoneally with IMD-0354, 
an IKK inhibitor, and intimal hyperplasia 
was examined

Thickened intima was observed in WT 
arteries, while thickening was suppressed in 
PAI-1 (−/−) arteries. PAI-1 is an essential 
factor in the progression of vascular 
remodeling and its inhibition may prevent 
restenosis after arterial injury

[84] To determine the vein wall 
response when exposed to 
increased and decreased plasmin 
activity

Stasis thrombi were created in a mouse 
IVC ligation model in uPA (−/−) and PAI-1 
(−/−)

Thrombi were larger in uPA (−/−) mice 
and smaller in PAI-1 (−/−) mice with 
8-day plasmin levels increased three-fold 
compared with WT. Therefore, plasmin 
activity is critical for thrombus resolution 
and PAI-1 plays a role in the prolongation 
of thrombi.

[85] To investigate the role of the 
plasminogen activator system in 
coronary vascular remodeling 
during long-term nitric oxide 
synthase inhibition

WT, PAI-1 (−/−), and t-PA (−/−) mice were 
treated with N(omega)-nitro-L-arginine 
methyl ester (L-NAME)

PAI-1 deficiency protects against L-NAME-
induced hypertension and perivascular 
fibrosis

[86] To investigate the regulation of 
vein-graft (VG) thrombin activity 
by PAI-1

VGs from WT, PAI-1 (−/−), and PAI-1 
transgenic mice were implanted into WT, 
PAI-1 (−/−), and PAI-1 transgenic arteries. 
VG remodeling was then assessed 4 weeks 
after.

Thrombin activity and thrombin-induced 
proliferation of PAI-1 deficient venous 
smooth muscle cells (SMCs) were 
significantly greater than that of WT SMCs. 
Thus challenging the hypothesis that PAI-1 
drives non-thrombotic obstructive diseases.

[87] To investigate the role of 
PAI-1 in the progression of 
venous thromboembolism (VTE) 
in pancreatic cancer patients

Plasma levels of PAI-1 were measured 
via ELISA in pancreatic cancer patients 
and mice bearing human tumors. The 
resolution of an acquired VTE was 
measured in the mice.

Mice bearing PANC-1 tumors had the 
highest levels of PAI-1 and exhibited 
impaired venous thrombus resolution 8 
days after IVC stasis when compared with 
nontumor controls.

[88] To investigate the specific 
determinants of clot lysis time 
(CLT)

Plasma levels of PAI-1, plasminogen, 
thrombin-activatable fibrinolysis inhibitor 
(TAFI), prothrombin, and α2-antiplasmin 
were measured in thrombosis patients and 
healthy control subjects.

After adjusting for acute-phase proteins, 
TAFI and PAI-1 remained associated with 
thrombosis.
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