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Chronic kidney disease (CKD) and cardiac insufficiency often co-exist, particularly in uremic patients on hemodialysis (HD). The occurrence of abnormal renal function in patients with cardiac insufficiency is often indicative of a poor prognosis. It has long been established that in patients with cardiac insufficiency, poorer renal function tends to indicate poorer cardiac mechanics, including left atrial reserve strain, left ventricular longitudinal strain, and right ventricular free wall strain (Unger et al., Eur J Heart Fail, 2016, 18(1), 103–12). Similarly, patients with chronic kidney disease, particularly uremic patients on HD, often have cardiovascular complications in addition to abnormal endothelial function with volume overload, persistent inflammatory states, calcium overload, and imbalances in redox responses. Cardiac insufficiency due to uremia is therefore mainly due to multifaceted non-specific pathological changes rather than pure renal insufficiency. Several studies have shown that the risk of adverse cardiovascular events is greatly increased and persistent in all patients treated with HD, especially in those who have just started HD treatment. Inflammation, as an important intersection between CKD and cardiovascular disease, is involved in the development of cardiovascular complications in patients with CKD and is indicative of prognosis (Chan et al., Eur Heart J, 2021, 42(13), 1244–1253). Therefore, only by understanding the mechanisms underlying the sequential development of inflammation in CKD patients and breaking the vicious circle between inflammation-mediated renal and cardiac insufficiency is it possible to improve the prognosis of patients with end-stage renal disease (ESRD). This review highlights the mechanisms of inflammation and the oxidative stress that co-exists with inflammation in uremic patients on dialysis, as well as the mechanisms of cardiovascular complications in the inflammatory state, and provides clinical recommendations for the anti-inflammatory treatment of cardiovascular complications in such patients.
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INTRODUCTION
Chronic kidney disease progressing to the uremic stage requires maintenance dialysis therapy to manage complications, prolong patient survival and improve quality of life. Although dialysis treatment is necessary for such patients, the serious cardiovascular complications resulting from hemodialysis (HD) cannot be ignored. HD superimposes additional cardiovascular risks under the cardiac burden of fluid overload due to pre-existing renal disease. The Kidney Disease: Improving Global Outcomes (KDIGO) conference discussed and made clinical recommendations for volume control (Flythe et al., 2020), blood pressure management (Cheung et al., 2021), and pathophysiological changes occurring in the vasculature of CKD patients in the CKD setting (Johansen et al., 2021), and emphasized the necessity of timely hemodialysis for such patients. The guidelines also state that volume overload in patients with CKD leads to cardiac overload in these patients, making them more susceptible to cardiovascular disease, and therefore blood pressure and volume status are important modifiers of clinical outcomes in patients with CKD (Flythe et al., 2015; Zoccali et al., 2017; Assimon et al., 2018). Meanwhile the CKD environment accelerates the progression of central and peripheral arterial disease, especially the onset and progression of atherosclerosis (Johansen et al., 2021).In HD conditions, the microinflammatory state underlying chronic kidney disease can be exacerbated by abnormalities in the immune system, complement activation triggered by blood contact with the dialysis membrane, accumulation of urotoxins and endotoxin translocation, accumulation of inflammatory factors due to decreased renal filtration capacity and local injury due to arteriovenous fistula formation. Inflammation acts as a catalyst for the development of cardiac insufficiency and contributes significantly to the development of cardiovascular complications in these patients. After ischemic myocardium is reperfused by coronary artery, although there is no myocardial necrosis, but the systolic and diastolic depression persists for more than 1 week, and then gradually improves is myocardium stunned (Braunwald and Kloner, 1982; Kloner, 2020). The release of inflammatory mediators directly leads to hemodynamic overload, increases ventricular wall pressure, induces the onset of myocardium stunned, and long-term involvement leads to irreversible myocardial damage Zuidema and Dellsperger, 2012. Repeated circulatory stress leads to myocardium stunned, and the repeated myocardial injury caused by myocardium stunned leads to irreversible changes in the structure and function of the left heart. Also, vascular calcification progresses rapidly in dialysis patients, and vascular calcification, myocardial fibrosis, and reduced left ventricular compliance may make HD patients more susceptible to hypotension and acute pulmonary edema. Impaired autoregulation and the deposition of abnormal substances such as epicardial adipose tissue (EAT) may cause irreversible damage to the myocardium. This paper provides insight into the inflammatory mechanisms underlying the development of cardiac insufficiency in patients with advanced kidney disease on dialysis and provides more systematic theoretical support for clinical interventions for inflammation in these patients.
ABNORMALITIES OF BIOMARKERS IN DIALYSIS PATIENTS
Troponin
Increased troponin levels in CKD are attributed to a variety of mechanisms, including increased transmural pressure, small vessel coronary artery obstruction, endothelial dysfunction, intracellular edema, and the direct cytotoxicity of uremia (Arcari et al., 2021). Troponin levels are chronically elevated in patients with renal insufficiency in the absence of myocardial infarction (deFilippi et al., 2012). The pathological mechanisms by which this occurs are inconclusive, but the mechanism of occurrence must be multifactorial and include the development of CKD complications such as hypertension, left ventricular hypertrophy, heart failure, and coronary artery disease (Raber et al., 2021a). Dialysis patients are often monitored for elevated troponin during the dialysis process. This is due to the rapid exchange of fluid through the dialysis membrane, which reduces coronary perfusion and thus induces obstruction or microvascular damage. Troponin is metabolized by the kidneys, which may further elevate the peak troponin levels seen in dialysis-induced coronary artery disease (Chan et al., 2021). This elevated troponin level cannot be explained by ischaemic myocardial necrosis, even if the patient has concomitant coronary artery disease.
Dialysis-induced myocardium stunned also results in elevated troponin, but it is unclear whether the elevated troponin originates from cardiomyocytes with reversible or irreversible damage. What we can determine at this time is that myocardium stunned causes troponin elevation that is not entirely consistent with myocardial ischemic necrosis and that it may be associated with the onset of partial apoptosis.
The highly sensitive cardiac troponin (hs-cTn) assay can detect small troponin concentrations and address small changes in biomarker concentrations (Miller-Hodges et al., 2018; Raber et al., 2021b). However, since the specificity of hs-Tn for monitoring myocardial infarction is reduced in patients with CKD (Twerenbold et al., 2018), we propose to confirm the diagnosis of myocardial infarction by continuous monitoring of troponin and comparing the absolute changes in troponin. This can be interpreted as using the degree of change in troponin as a diagnostic indicator, i.e., it is considered more diagnostic when patients with CKD have a >280% increase in high-sensitivity troponin I (hs-cTnI) or a >250% increase in high-sensitivity troponin T (hs-cTnT), but this also reduces the sensitivity of the diagnosis (Kraus et al., 2018). hs-cTnI and N-terminal precursor B-type brain natriuretic peptide (NT-proBNP) were found to be associated with myocardial fibrosis and myocardial edema by Arcari et al. by comparing cardiac MRI and markers of myocardial injury in patients with different renal functions, and with deterioration. As renal function progressively declined, the serological biomarkers hs-cTnT and NT-pro BNP and imaging markers of structural remodeling correlated more closely with nature T1 (myocardial fibrosis) and T2 (myocardial edema) (Arcari et al., 2021).
BNPs
hs-cTnI and elevated NT-proBNP levels are associated with myocardial remodeling and its prognosis in patients with chronic kidney disease. Increased markers of myocardial injury in chronic kidney disease may be associated with persistent, non-ischaemic, subclinical myocardial injury (Arcari et al., 2021). Patients with CKD with complications of cardiac insufficiency usually present with preserved left ventricular systolic function and reduced ventricular diastolic function (Ponikowski et al., 20162016; Unger et al., 2016; Arcari et al., 2020).
B-type natriuretic peptide (BNP) and NT-proBNP are elevated due to reduced renal clearance, fluid retention, and abnormal left ventricular function. In particular, NT-proBNP is filtered through the kidneys and regulated by dialysis resulting in large fluctuations in patients with advanced kidney disease, making it impossible to define a threshold value to assess the patient’s cardiac function (Chan et al., 2021).
sST2
soluble suppression of tumorigenicity (sST2) has received much attention in recent years as a new biomarker for risk stratification in acute and chronic heart failure, for therapeutic assessment, and for predicting patient prognosis (Gaggin and Januzzi, 2013; Januzzi et al., 2015; Dalal et al., 2018; Mirna et al., 2020). A 2018 clinical study assessing the relationship between sST2 and renal function in 842 patients with CKD noted that sST2 was associated with progressive renal function, with higher sST2 suggesting lower estimated glomerular filtration rate (eGFR) (Alam et al., 2019). Subsequently, Mirna et al. 21studied five new biomarkers in 219 patients with CKD and found that all investigated biomarkers were significantly elevated in patients with CKD, inversely related to eGFR, except for sST2. sST2, as one of the biomarkers with the least impact on changes in renal function, could act independently of renal function. Therefore, sST2 is of great importance for clinical practice in CVD patients with combined CKD.
suPAR
The urokinase plasminogen activator receptor (uPAR) is a binding receptor expressed on the surface of immune cells (mainly neutrophils, activated T cells, and macrophages). Stimulation by inflammation causes cleavage of the uPAR on the cell surface, followed by the production of soluble uPAR, Soluble urokinase plasminogen activator receptor (suPAR) (Huai et al., 2006; Allison, 2016). Thus, elevated suPAR reflects inflammation and immune system activation and is an emerging marker of inflammation (Huttunen et al., 2011).
In 2010, Eugen-Olsen et al. evaluated the correlation between suPAR levels and the risk of cancer and CVD in 2602 general population and suggested that suPAR could be an independent risk factor for predicting the incidence of CVD and all-cause mortality (Eugen-Olsen et al., 2010). In 2014 Borné et al. followed 4,530 general population for a median time of 16.3 years and found that suPAR was associated with elevated NT-proBNP plasma levels and incidence of HF (Borné et al., 2014). Subsequently, Hodges et al. demonstrated that suPAR can outperform traditional inflammatory markers, such as C-reactive protein (CRP), as a biomarker for cardiovascular disease in the prediction of the risk of CVD development (Hodges et al., 2015).
In the kidney, suPAR can induce podocyte dysfunction and impair glomerular filtration function thus leading to the development of CKD (Hayek et al., 2015; Lv et al., 2020), a phenomenon mostly found in focal segmental glomerulosclerosis studies (Wei et al., 2011). 2019 a meta-analysis of the relationship between suPAR and kidney disease pointed out that suPAR was negatively correlated with eGFR, and in patients with CKD, especially ESRD patients suPAR levels were significantly higher than normal (Shuai et al., 2019). Several subsequent studies suggested that close monitoring of suPAR could help in the early diagnosis and treatment of CKD and that suPAR levels were associated with CKD prognosis (Rotbain Curovic et al., 2019; Shuai et al., 2019). 2021 Jhee et al. evaluated the relationship between disease progression and suPAR in 751 CKD patients and demonstrated that suPAR levels were also independently associated with CKD progression (Jhee et al., 2021).
INFLAMMATION
In its normal state, inflammation has a protective effect on infected and damaged tissues by dilating blood vessels and recruiting white blood cells and plasma proteins to abnormal tissues. However, when inflammation persists and is poorly controlled, it can lead to a range of complications. The pathophysiology of chronic inflammation in CKD is not fully understood, but the prognosis of such patients is closely related to their inflammation in vivo. The development of inflammation in ESRD patients is multifactorially induced, including 1) exposure of blood to exogenous substances such as dialysis membranes during HD that stimulate inflammation and activate the complement pathway; 2) immune dysfunction, including senescence and apoptosis of immune cells; 3) accumulation of urotoxins in vivo, secondary to intestinal dysregulation; and 4) unbalanced oxidative stress (Sun et al., 2016), all of which are discussed later. In addition, increased circulatory preload due to reduced renal function and the presence of metabolic acidosis can lead to increased production of pro-inflammatory factors. Therefore, many inflammatory factors (CRP, Interleukins, etc.) predict the prognosis of ESRD patients by effectively assessing the degree of inflammation in such patients.
Coexistence of Immunity With Inflammation and Ongoing Immune Stimulation
The persistence of immune abnormalities in ESRD patients is a dominant factor in the development and progression of inflammation and mediates inflammation in conjunction with reduced renal clearance due to deteriorating renal function (Stenvinkel et al., 2005). Among these, neutrophil- and monocyte-mediated innate immune responses and lymphocyte-mediated adaptive immune responses dominate the immune abnormalities in ESRD patients. In addition to this, patients on long-term maintenance dialysis (MHD) are also characterized by normal immunoglobulin levels, disrupted antigen-presenting cells (APCs), and upregulation of phagocyte supramastigote receptors (SRs) (Kato et al., 2008).
Innate Immune Response: Neutrophils and Monocytes
Neutrophils and monocytes, as the most important cells in the immune response to hemodialysis-mediated urotoxicosis and long-term contact with biologically incompatible membranes, coordinate the immune response through the production of cytokines and chemokines by recognizing pathogens or damaged tissues together with dendritic cells and natural killer (NK) cell (Losappio et al., 2020). Therefore, changes in the number of neutrophils and NK cells and changes in phagocytic activity in HD patients may indicate abnormalities in the body’s immune system, and such abnormalities are related to the type of biologically incompatible membrane and the dialysis method (Colì et al., 1999; Moore et al., 2001; Pappas et al., 2019). Premature cellular senescence in ESRD patients is caused by persistent DNA damage and epigenetic changes, usually in the form of cellular cessation of proliferation and apoptosis (Kooman et al., 2017; Crépin et al., 2020). This is accompanied by an excessive accumulation of senescent polymorphonuclear neutrophils due to neutrophil dysfunction (Martin et al., 2003). Neutrophils are important cells of the innate immune system and in the early stages of HD treatment, there is a transient decrease in neutrophils due to apoptosis. Anti-myeloperoxidase antibodies (MPO), a type of anti-neutrophil cytoplasmic antibody (ANCA), are a functional marker and activation marker of neutrophils, and changes in their levels and activity are representative of the functional and active status of neutrophilic polymorphonuclear leukocytes (PMN). The excessive apoptosis of neutrophils due to increased MPO release is thought to be the pathological mechanism underlying the development of microinflammation in HD patients (Fukushi et al., 2020), leading to an increased risk of infection and mortality from infection in patients starting HD. This mechanism also confirms the conclusion that plasma MPO is an independent risk factor for all-cause mortality in HD patients, as suggested by two clinical studies in recent years (Nakayama et al., 2018; Kim et al., 2020). Early studies attributed the decrease in neutrophils to their accumulation in the capillaries of the lungs. Recent studies have suggested that the contact of blood with the dialysis membrane leads to the recruitment and activation of neutrophils and monocytes, and that activated neutrophils attach to the endothelial wall of the lung capillaries, the first vascular surface they come into contact with after leaving the dialyzer, resulting in a transient decrease in neutrophils (Hoenich et al., 1986). Transient leukopenia is caused by the activation of the alternative pathway (AP) and the lectin pathway (LP) of complement after the blood comes into contact with the dialysis membrane (Yoon et al., 2007). Further immune dysfunction will result in the release of pro-inflammatory cytokines [e.g., interleukin (IL)-1β, IL-6, IL-8, tumor necrosis factor-alpha (TNF-α), monocyte chelator protein-1 (MCP-1), and gamma interferon (Hempel et al., 2017)] from activated neutrophils and monocytes, along with activation of the complement system (dell'Oglio et al., 2017). Activation of the complement system leads to increased expression of adhesion molecules [i.e., CD11b/CD18, also known as complement receptor 3 on leukocytes (CR3)]in vivo, which in turn binds to C3b on the dialysis membrane and further leads to neutropenia. The adhesion factors themselves can also induce leukocyte extravasation. CR3 can interact with platelets to cause thrombosis and release factors that stimulate thrombosis (e.g., Von Willebrand factor) (Losappio et al., 2020).
Adaptive Immune Response: Lymphocytes
Patients with ESRD have an abnormal body environment resulting in a chronic inflammatory state characterized by increased production of pro-inflammatory cytokines by T cells, high levels of circulating follicular helper T cells (TFH), and abnormal maturation of plasma cells and T helper (Th) lymphocytes (Losappio et al., 2020). High levels of cytokines are present in ESRD patients due to abnormal renal filtration and a persistent inflammatory state. Notably, IL-18 leads to the development of T cell-mediated adaptive immune changes by inducing the onset of Th1-mediated immune responses and activating Th2 immune responses through the production of IL-4 and IL-13 (Mühl et al., 1996). At the same time in ESKD patients, prolonged inflammatory signaling alters T-cell function and leads to T-cell failure (Wherry and Kurachi, 2015). In a sustained state of inflammation, the abnormal T-cell function changes are irreversible and eventually lead to cell death. A significant reduction in lymphocytes has been identified in several clinical studies of CKD, and the remaining T lymphocytes in such patients may exhibit a more sustained and active pro-inflammatory state (Hartzell et al., 2020). As a subset of CD4+ T cells, TFH helps B cells to produce high-affinity antibodies against pathogens that are potentially pathogenic in chronic inflammatory states (e.g., atherosclerosis, lymphoid tumors, autoimmune diseases) (Crotty, 2019; Hartzell et al., 2020). In addition, the production of IL-4 by TFH may also contribute to the differentiation of macrophages, which play an important pro-inflammatory role in ESRD patients, towards a subset of macrophages that are more capable of producing cytokines and chemokines (Guiteras et al., 2016).
During HD treatment, the body’s immune response is weakened due to a significant reduction in levels of B-cell activating factor (BAFF) and IL-17 receptors, followed by a significant reduction in B-lymphocytes. At the same time, the expression of the B-cell lymphoma-2 gene (Bcl-2, an oncogene that significantly inhibits apoptosis) decreases B lymphocytes that are more susceptible to apoptosis. In addition, CD40, a functionally relevant surface antigen for T and B lymphocytes, is essential for B cell growth and primarily promotes the proliferation of immature B cells (Ferraccioli and Gremese, 2017). In patients with CKD, particularly those receiving HD, serum levels of CD40 are elevated (Esposito et al., 2012). Clinical interventions for CD40, such as filtration of CD40 by dialysis membranes may therefore provide additional benefit to such patients.
Neutrophil-Lymphocyte Ratio
The neutrophil-lymphocyte ratio (NLR), the most sensitive and specific of the inflammatory biomarkers, is an effective indicator of inflammatory status in patients with ESRD (Ahbap et al., 2016). 2 clinical studies published in 2020 showed that NLR is a predictor of all-cause mortality and cardiovascular mortality in patients with chronic kidney disease and that higher NLR indicates higher mortality, so early clinical intervention is indicated in patients with high NLR and CKD (Zhao et al., 2020; Ao et al., 2021). The QRS-T angle is considered to be a response indicator for myocardial inhomogeneity and is the strongest predictor of cardiac death (Yamazaki et al., 2005). Boltuc et al. compared the difference in QRS-T angle between patients with advanced kidney disease on hemodialysis and those with normal eGFR and concluded that the QRS-T angle was significantly increased in HD patients and that NLR was strongly associated with all-cause and cardiac death were strongly associated (Boltuc et al., 2020). Several studies have shown that NLR has a higher sensitivity and a stronger cardiovascular prognostic association than CRP. Thus, NLR may provide additional clinical benefits to HD patients as a new indicator of inflammation.
Weakened immune function in patients with CKD, particularly in MHD, exacerbates pre-existing infections and activates immunity, which in turn leads to inflammation. Alterations in the body’s immune cells accelerate atherosclerosis (Fernandez et al., 2019) and weaken the body’s ability to clear pathogens and tumor cells, leading to a significantly increased risk of cardiovascular death, infection, and malignancy in patients with renal failure (George et al., 2017). Immune dysfunction is, therefore, an important reason for the reduced survival years of ESRD patients.
Blood Contact With Dialysis Membranes Activates the Complement System
Craddock et al. were the first to find a predisposition to acute cardiopulmonary insufficiency in the early stages of HD treatment. This is since in patients newly receiving HD, blood contact with dialysis membranes can stimulate innate immune activation and the body recognizes the exposed biological material as a non-self antigen that promotes inflammation through immune cell stimulation, inflammatory cell aggregation, complement activation, and cytokine production (Table 1) (Honkanen et al., 1991; Pertosa et al., 1993; Rousseau et al., 1999). Complement is one of the major components of the innate immune system and bridges the adaptive response of the body to abnormal stimuli. c3 acts as a sink for the complement activation pathway and plays a pivotal role in the activation of the complement system and is a key molecule in the activation of the alternative pathway. c5a acts directly on vascular endothelial cells to increase vascular permeability. It is also a chemotactic agent for neutrophils and monocytes at high concentrations, driving the directional movement of these cells, stimulating the oxidative metabolism of neutrophils and monocytes, stimulating neutrophil adhesion, and even increasing oxidative stress (Simone et al., 2014). In addition, C5a enhances the immune response and induces the secretion of cytokines such as IL-1, IL-6, IL-8, and TNF-α by monocytes, which promotes the proliferation of T cells and antibody production by B cells. Meanwhile, increased production of C3a and C5a and lecithin (C3b, iC3b) in HD patients leads to increased cytokine production, exacerbates cytotoxicity, and is mediated by the release of granzyme from neutrophils, promoting inflammation. However, we believe that this complement activation effect is only active in the early stages of HD and gradually decreases during long-term dialysis, and some studies have confirmed a negative correlation between C3 levels and dialysis duration (Girndt et al., 1999; Buraczynska et al., 2009; Mares et al., 2009; Mares et al., 2010; Inoshita et al., 2012; Kishida et al., 2013; Hornum et al., 2014; Poppelaars et al., 2018).
TABLE 1 | Complement is activated by three pathways: the alternative pathway (AP), the lectin pathway (LP), and the classical pathway (CP). Complement activation can be induced by adsorption of complement components to hemodialysis membranes, with AP and LP being the major activation pathways.AP activity is increased by spontaneous C3 hydrolysis that continuously applies minor stimuli to AP.C3b generated by C3 hydrolysis also enhances CP and LP.Under dialysis conditions, covalent binding of C3b to nucleophilic surfaces expressed on dialyzer membranes and adsorption of CHF by dialysis membranes promote activation of the complement substitution pathway, and complement factor B acts as an intermediate mediator involved in the continuous occurrence of complement activation (Flythe et al., 2015). LP is induced by the binding of MBL or Ficolin to carbohydrates and is activated by the adsorption of large amounts of Ficolin-2 and MBL on dialysis membranes during HD, and a significant decrease in Ficolin-2 levels can be found in these patients. CP is induced by the binding of C1q to molecules such as immune complexes or CRP and is activated in HD patients mainly by C1q binding to In HD patients, it is mainly activated by C1q binding to circulating IgG.
[image: Table 1]The presence of a procoagulant state during HD due to complement activation increases the risk of inflammatory and cardiovascular events and may result in a poor prognosis (Poppelaars et al., 2018). Complement effectors have a procoagulant effect. First, C3a can activate platelet aggregation and adhesion. Second, C5a can stimulate the expression of tissue factor and tissue-type fibrinogen activator inhibitors in vivo by centrophils and monocytes to promote thrombus formation. In turn, the coagulation component thrombin can cleave C3 into C3a and C3b and C5 into C5a and C5b, thereby amplifying the activation of complement. For the treatment of coronary vascular lesions presenting on dialysis, invasive therapy has not been beneficial in most studies due to the risk of contrast nephropathy occurring, and Bangalore et al. even suggested that invasive therapy may increase the risk of stroke in patients with advanced CKD (Figure 1). Not only that, with coronary revascularization, but reperfusion to the myocardium may also lead to more severe myocardial injury, i.e., myocardial ischemia-reperfusion injury, due to mechanisms such as oxidative stress, calcium overload, apoptosis, and leukocyte accumulation (Bangalore et al., 2020).
[image: Figure 1]FIGURE 1 | Complement activation promotes coagulation. C3, the initiator of the complement activation pathway, can be cleaved into effector components, namely C3a and C3b. In CKD-induced complement activation, C3a directly promotes coagulation by enhancing platelet aggregation and adhesion. Meanwhile, C3b promotes the synthesis of C5 convertase to induce C5 cleavage to produce C5a and C5b. C5a directly stimulates neutrophils and monocytes to increase the expression of TF and thus induce thrombosis. In renal replacement therapy, C5b comes into contact with the dialysis membrane and, together with multiple complements (C6–C9), mediates the production of MAC and induces coagulation. In turn, coagulation secondary to complement activation can amplify complement and coagulation activation through positive feedback from thrombin on C3 cleavage. TF, tissue factor; MAC, membrane attack complex; AP, alternative pathway; LP, lectin pathway; CP, classical pathway.
Uremic Toxin Involvement With Endotoxemia
The development of endotoxemia and the accumulation of uremic toxins contribute to the specific pattern of inflammation in ESRD patients (Crépin et al., 2020). Bacterial endotoxin is a lipopolysaccharide of the outer membrane of Gram-negative rods, which accounts for 70% of the total intestinal bacteria in the healthy population. Endotoxin is broken down by the bacterial cell wall inside and outside the intestinal lumen and is released through host defense and self-integration mechanisms. It has a strong stimulatory effect on the development of inflammation, increasing pro-inflammatory cytokine release by stimulating monocytes/macrophages and circulating lipopolysaccharide receptors to bind to systemic immunoreceptor cells (Yang et al., 1998). Endotoxin translocation by crossing the intestinal barrier into the circulation, i.e., endotoxemia, occurs, which is dependent on abnormal intestinal permeability, and this occurs mainly in cases of intestinal edema and intestinal hypoperfusion. Endotoxemia is associated with systemic inflammation, oxidative stress, malnutrition, cardiac injury, and poor prognosis in cardiovascular disease (Krack et al., 2005; Kotanko et al., 2006).
Uremic toxins are substances that are significantly elevated in patients with renal failure that are toxic, such as urea, creatinine, peptides, potassium ions, and indole sulfate (IS). Gastrointestinal stasis due to excess fluid and reduced clearance of uremic toxins in patients with renal insufficiency results in altered gastrointestinal permeability and loss of intestinal epithelial barrier integrity resulting in exposure to significant endotoxemia, which is characteristic of every patient with CKD (Rysz et al., 2021a; Rysz et al., 2021b). When dialysis is started in CKD patients, the body undergoes significant hemodynamic disturbances, and HD-induced systemic circulatory stress and repeated local ischemia of important organs (here mainly the mesentery) lead to damage of the intestinal mucosa, which subsequently leads to increased translocation of intestinal endotoxins. In normal subjects, endotoxins in the intestine enter the liver through the portal vein and are then removed (Yu et al., 1997; McIntyre et al., 2011). Hemodialysis alters hepatic blood flow and diminishes liver function, leading to endotoxemia and thus increased inflammation (Marants et al., 2021). As a major structural component of the outer membrane of the cell wall of Gram-negative bacteria, the shift of LPS to the inflammatory isoform and the decrease in LPS function is strongly associated with the development of severe inflammation in ESRD patients. Regulation of the gut microbiota may prevent the development of endotoxin-induced inflammation in such patients (Adda-Rezig et al., 2021).
At the same time, uremic toxins mediate abnormal endothelial function in CKD patients. is directly contributes to cardiovascular complications by reducing NO synthesis in endothelial cells and successively impairing endothelial cell proliferation is also indirectly contributes to cardiotoxicity through pro-inflammatory effects and altered immune processes (Düsing et al., 2021; Rapa et al., 2021). Uremic toxin as an intermediate mediator of cardiac and renal damage reflects the complex relationship between heart and kidney, highlighting a potential target for prevention of cardiovascular complications in CKD patients.
Endotoxemia is associated with the occurrence of cardiovascular events in HD patients, highlighting the potential toxicity inherent in HD and providing a clearer therapeutic strategy for improved clinical management.
Hemodialysis Access
Hemodialysis access is usually performed using either an autologous arteriovenous fistula (AVF) or a central venous catheter (CVC). Among them, AVF is the first choice of arteriovenous access for hemodialysis, which can ensure the adequacy of dialysis and maximize the prognosis of patients (Ethier et al., 2008). The risk of sepsis in HD patients is significantly associated with hemodialysis access and is associated with a dramatic increase in mortality (Locham et al., 2021). 2021 Valtuille et al. noted that patients on dialysis with AVF had less oxidative stress or lower severity of oxidative stress relative to patients on long-term central venous catheter dialysis (CVC) (Valtuille et al., 2021). In maintenance hemodialysis (MHD) patients, AVF has a protective effect against unbalanced peroxidation-oxidation. In contrast, patients on dialysis with CVC had a more pronounced inflammatory state (e.g., elevated CRP and IL-6) and higher mortality (Banerjee et al., 2014; Chan et al., 2019). Nevertheless, AVF induces inflammation in HD patients, firstly by stimulating the production of oxidative stress markers during endovascular fistula formation, inducing intimal hyperplasia, and exacerbating local inflammation. Second, AVF for hemodialysis can lead to a hyperdynamic state of circulating blood, stimulating left ventricular hypertrophy and leading to a poor cardiac prognosis (Lee et al., 2021).
High Levels of Inflammatory Mediators
The kidney, as an important organ, receives 1/4 of the total blood flow. Under conditions of impaired renal function, the kidney becomes a target of persistent chronic inflammation due to impaired antioxidant and anti-inflammatory defenses and detoxification. In turn, due to increased inflammatory factor production and impaired proximal tubular clearance, blood concentrations of acute-phase proteins (CRP and fibrinogen) and pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) increase progressively as renal function deteriorates (Gupta et al., 2012; Hartzell et al., 2020). Pro-inflammatory cytokines alter the adhesion molecules on the surface of endothelial cells and leukocytes in the renal vasculature and disrupt the glycocalyx layer (a negatively charged villi-like structure covering the vascular endothelium that is involved in regulating vascular permeability, regulating leukocyte adhesion and flow, responding to vascular mechanical shear, and inhibiting intravascular coagulation), leading to changes in endothelial barrier function, vascular reactivity, and the coagulation system, and even disrupting renal physiology. This alteration also explains the mechanism of cardiovascular complications in CKD patients (Gupta et al., 2012; Hartzell et al., 2020).
Although a small study in 2021 noted that long-term maintenance hemodialysis reduces blood levels of inflammatory factors (including IL-2, IL-6), and high-sensitivity C-reactive protein (hs-CRP)] in patients with renal failure, inflammation remains the dominant factor for cardiac insufficiency that occurs at the start of dialysis (Zhou et al., 2021). In 2016 Sun et al. first compared multiple biomarkers in patients with advanced kidney disease on hemodialysis, and the study suggested that most inflammation-related biomarkers are elevated in such patients, and all of them play a predictive role in the occurrence and prognosis of cardiovascular events in such patients (Mun and Golper, 2000; Sun et al., 2016). There is a correlation between most biomarkers, led by IL-6 and hs-CRP. Multiple biomarkers are collectively involved in the occurrence of cardiovascular events in patients with advanced kidney disease, and the degree of change in biomarkers reflects some extent the possible concurrent diseases in patients with chronic kidney disease, suggesting a general alteration in the signaling pathways of inflammation and apoptosis in uremic and dialysis patients with the uremic disease (Sun et al., 2016). We listed the inflammatory mediators that are closely associated with inflammation and cardiovascular disease development in HD patients and explored the adaptive changes that occur in the organism (Table 2).
TABLE 2 | A recent study of common inflammatory factors associated with cardiovascular complications in hemodialysis patients.
[image: Table 2]IL-1
Interleukin 1 (IL-1), also known as a lymphocyte-stimulating factor, is produced by activated monocytes-macrophages. The physiological functions of IL-1 include 1) stimulating the activation of T lymphocytes, 2) stimulating B cell proliferation and antibody secretion, 3) enhancing NK cell activity in concert with IL-2 or interferon, and 4) inducing the release of inflammatory mediators from neutrophils, thus participating in immune regulation. Due to the specific role of IL-1 on the immune system, therapy to inhibit IL-1 function has emerged as a potential therapeutic target to weaken inflammation in CKD patients, especially in HD patients (Barreto et al., 2010; Ridker et al., 2018; Düsing et al., 2021). Inhibition of IL-1β offers a broader prospect for the treatment and prevention of cardiovascular complications in CKD patients (Ridker et al., 2018).
IL-6
Interleukin 6 (IL-6) is an intermediate mediator of the acute response and enhances defense mechanisms against external stimuli by triggering the body’s alarm signals through timely expression. IL-6 can stimulate inflammatory and autoimmune processes by stimulating acute phase protein synthesis and neutrophil production (Babaei et al., 2014). IL-6 concentrations are high in CKD patients, especially in maintenance hemodialysis patients, due to the accumulation of uremic toxins, failure of renal filtration capacity, volume overload, and stimulation by oxidative stress (Babaei et al., 2014; Cao et al., 2014). Likewise, the dialysis process helps stimulate an inflammatory response that further increases IL-6 production.
IL-6 is the only independent predictor of the risk of cardiovascular comorbidity, cardiac mortality, and all-cause mortality in patients with CKD, better reflects the relationship between inflammation and cardiovascular complications than other cytokines (Kisic et al., 2016) and is the most reliable predictor of cardiovascular mortality and total mortality found in patients with CKD (Barreto et al., 2010; Sun et al., 2016).
IL-18
Interleukin 18 (IL-18) acts as a potent pro-inflammatory cytokine, triggering the production of a series of pro-inflammatory cytokines by producing immediate inflammatory factors (i.e., TNF-α and IL-1β), among others.
IL-18 is involved in the development of atherosclerosis and contributes to plaque instability through an immune response that increases the synthesis of endothelial adhesion molecules by inducing the synthesis of interferon-gamma (IFN-γ) and reduces the size of the fibrous plaque cap by promoting the expression of major histocompatibility complex II (MHC II) on macrophages and vascular cells. On this basis, IL-18 regulated matrix metalloproteinase upward expression thereby inhibiting collagen synthesis. Combining several clinical studies, we propose that IL-18 not only accelerates the progression of atherosclerosis in CKD patients but also has a predictive value for cardiovascular prognosis in CKD patients (Sasaki et al., 2021).
In addition, IL-18 is involved in the overall progression of inflammation by mediating the production and activation of various cytokines. in addition to the aforementioned alteration of the Th1/Th2 ratio leading to an altered T-cell adaptive response (Mühl et al., 1996), IL-18 can also synergistically activate Th17 cells with IL-23 to promote the production of the cytokine IL-17 and thus induce the recruitment of neutrophils and monocytes to the site of inflammation (Poulianiti et al., 2016).
C-Reactive Protein
Several previous studies have shown high levels of CRP in patients with intermediate to advanced CKD, with higher levels in ESRD and dialysis patients (Spoto et al., 2015).
It was found that CRP >3 mg/L in dialysis patients may indicate the occurrence of adverse events and a doubling of the risk of cardiovascular disease but has no significant effect on all-cause mortality. Inflammation plays a more important role than oxidative stress in the mechanism of cardiovascular disease in HD patients (Sasaki et al., 2021).
Serum Albumin
Serum albumin (sAlb) is an important biomarker synthesized by the liver and its production is associated with the nutritional status of the body and inflammation (Kim et al., 2013). Patients with CKD often have low sAlb levels, which are associated with lower quality of life and higher rates of hospitalization and mortality due to the imbalance in serum albumin synthesis and consumption caused by the chronic inflammatory state and the susceptibility to other co-morbidities (Friedman and Fadem, 2010; Kato et al., 2010). Serum albumin levels are determined by the rate of hepatic synthesis and catabolism, protein intake, and blood volume distribution, so changes in its concentration can assess the treatment outcome and prognosis of patients receiving renal replacement therapy (Herselman et al., 2010). Not only that, but CKD patients with hypoalbuminemia who develop ESRD are more likely to develop comorbidities such as diabetes mellitus and congestive heart failure (Hsiung et al., 2019). Inflammation interacts with sAlb. Protein-energy wastage (PEW) is often seen in patients with CKD and is an important reason for the poor prognosis of such patients (especially hemodialysis patients). When the body is in a situation of protein and energy depletion, it stimulates inflammation, which in turn leads to PEW, the main indicator of PEW, namely serum albumin (Kovesdy and Kalantar-Zadeh, 2009). On the other hand, lower sAlb is associated with higher validation markers (CRP and leukocytes/neutrophils) (Hsiung et al., 2019). The increased concentration of uremic toxins that occurs due to dietary restrictions in CKD patients leads to altered gut microbiology in such patients stimulating inflammation and a decrease in sAlb (Rothschild et al., 1973). Dietary restrictions in patients with CKD lead to alterations in the gut microbiology of such patients, and the resulting increase in uremic toxin concentrations that occur stimulates inflammation and a decrease in sAlb (Pecoits-Filho et al., 2002; Johansen et al., 2010; Shahzad et al., 2015; Ridker et al., 2017; Thang et al., 2020). In addition, sAlb also decreases due to reduced physical activity in HD patients. In patients on maintenance hemodialysis, the dynamics of serum albumin concentration is an independent predictor of all-cause mortality and cardiac mortality, and in 2010 it was shown that lower serum albumin predicted higher all-cause mortality and cardiovascular mortality (Herselman et al., 2010).
OXIDATIVE STRESS MECHANISMS PARALLEL TO INFLAMMATION
Oxidative stress (OS), which refers to an imbalance between the two antagonistic systems of oxidation and antioxidation in the body, tends to oxidize, causing abnormalities in the biochemical and physiological processes of the body and damage to endothelial tissues (Formanowicz et al., 2015; Kalantar-Zadeh et al., 2016; Kalantar-Zadeh et al., 2017; Ko et al., 2017; Brown-Tortorici et al., 2020; Rocha et al., 2021; Valga et al., 2021). Oxidants of oxidative stress refer to reactive oxygen or nitrogen species (ROS or RNS, respectively) as well as free radicals. Centrophages and monocytes/macrophages are the main sources of ROS, and oxidative stress increases the production of chemokines (MCP-1, CSF-1) and adhesion molecules (ICAM-1), tending the redox balance towards a peroxidized state by promoting the aggregation of these cells (Vaziri et al., 2003). The constant pathological stimulation of macrophages in the inflammatory state can promote oxidative stress and lead to excessive production of ROS, while ROS-induced activation of transcription factors and pro-inflammatory genes can in turn increase inflammation (Chu et al., 2020; Podkowinska and Formanowicz, 2020).
Oxidative stress in chronic kidney disease is mediated by multiple factors, mainly due to impaired antioxidant mechanisms and increased production of reactive oxygen species (ROS) (Düsing et al., 2021). To achieve redox homeostasis under physiological conditions, highly active antioxidant mediators [including catalase (CAT), glutathione peroxidase (GPX), and the free radical scavenger superoxide dismutase (SOD)] are present in the glomerulus (Siems et al., 2002; Jagiela et al., 2020). The excessive production of ROS negatively affects various components of the renal unit, impairing the glomerular microcirculation and leading to glomerular ischemia in the long term (Luczak et al., 2011). Oxidative stress leads to apoptosis and necrosis of tubular epithelial cells, increased synthesis of collagen and fibronectin by endothelial and thylakoid cells, leading to tubular atrophy and interstitial fibrosis. With the loss of renal function and destruction of a tubular structure, renal regulatory mechanisms, such as the Renin-Angiotensin-Aldosterone system (RAAS), are affected, rendering the kidney unable to compensate for electrolyte and acid-base homeostasis disturbances. OS is more severe in HD patients, and investigators have attributed the oxidative stress state in HD patients to 4 main causes, including urotoxicosis, dialyzer interaction, dialysate contamination, and peripheral blood cell-dialysis membrane interaction (Valtuille et al., 2021).
Reactive oxygen metabolites (d-ROM) are a comprehensive marker of biological oxidative modifications in serum. 2021 A prospective study of 517 hemodialysis patients prospectively studied with d-ROM as a marker of oxidative stress, adjusted for the inflammatory marker CRP, found that CRP and d-ROM had predictive value for cardiovascular event occurrence and all-cause mortality, but in HD inflammation appears to be more important in the occurrence of cardiovascular events in patients. This study demonstrates that there appears to be a common causal pathway between inflammation and oxidative stress and that they can contribute to each other (Sasaki et al., 2021).
Oxidative Stress Under HD Conditions is Associated With Cardiovascular Disease Development
Occurrence of Cardiovascular Disease
Inflammation, an unconventional cardiovascular risk factor, primarily accelerates the onset and progression of atherosclerosis. Long-term maintenance hemodialysis was first proposed to accelerate the progression of atherosclerosis by Lindner et al., in 1974 (Lindner et al., 1974). Subsequently, Gerrity et al. suggested that inflammation mediates the formation and progression of atherosclerosis (Gerrity, 1981). Patients with ESRD have a characteristic accelerated atherosclerotic process in which chronic inflammation is critical to the progression of atherosclerosis, and the coronary arteries are the most severely hit in this pathological process (Papagianni et al., 2003; Pencak et al., 2013). CKD is associated with the development of early atherosclerosis and the degree of atherosclerosis increases with the progression of CKD (Valdivielso et al., 2019). The incidence of atherosclerosis and the rate of disease progression were more significant in CKD patients treated with HD (Ma et al., 1992; Fujisawa et al., 2000).
Lipid Alterations due to Inflammation and Oxidative Stress
Patients receiving HD have abnormalities in certain lipoproteins (including very low density lipoproteins, low density lipoproteins, and intermediate density lipoproteins), which are associated with changes in the arterial wall (Shoji et al., 1998; Nishizawa et al., 2003). 2017 Echida et al. found that higher serum non-HDL cholesterol levels were significantly associated with cardiovascular mortality (Echida et al., 2012). Oxidative modification of low-density lipoprotein cholesterol (LDL-C) affects the onset and progression of atherosclerosis and may lead to cardiovascular disease (Varan et al., 2010; Hopkins, 2013). Oxidatively modified low-density lipoprotein (Ox-LDL) recruits mononuclear macrophages, and scavenger receptors on the cell surface increase macrophage and vascular smooth muscle cell production through uptake of Ox-LDL, ultimately leading to atherogenic plaque formation (increased foam cell formation) and damage to the endothelium. The presence of more significant lipid oxidation due to increased oxidative stress in HD conditions explains the extremely high risk of cardiovascular disease and poor prognosis in HD patients (Kronenberg et al., 2003).
In addition, as the most abundantly expressed protein product in adipose tissue, lipocalin (ADPN) is involved in the regulation of the neuroendocrine system, can regulate lipid disorders, and is positively correlated with the level of inflammation in the body. In hemodialysis patients, abnormal oxidative stress decreases ADPN secretion. In turn, reduced ADPN levels reduce the clearance of ROS, further exacerbating oxidative stress, causing kidney damage, and increasing the incidence of cardiovascular disease (Yu et al., 2015).
Tissue Damage and Endothelial Dysfunction
Atherosclerosis occurs first by macrophages invading the vascular endothelium and transforming into foam cells to form atheromatous material. At the same time, the invading leukocytes release inflammatory mediators that lead to endothelial damage and, in some cases, induce atherosclerotic plaque rupture leading to fatal disease (Liberale et al., 2021). Inflammation and oxidative stress are directly related to the development of cardiovascular disease (CVD) in patients with CKD. Abnormal oxidative stress in ESRD patients can oxidize lipids, proteins and carbohydrates, leading to tissue damage and endothelial dysfunction, exacerbated by the effects of uremic toxins (Dummer et al., 2007; Westerweel et al., 2007).
Serum malondialdehyde (MDA) levels are an important indicator of lipid peroxidation and a strong indicator of cardiovascular disease. Circulating malondialdehyde modified low-density lipoprotein (MDA-LDL) is the main end product of LDL oxidation, negatively correlates with endothelial function, and predicts the onset and progression of atherosclerosis (atherosclerosis and arterial calcification) in the population (Ito et al., 2018). Calcium and phosphorus metabolism is deranged in uremic patients, leading to activated oxidation of fats and proteins and increased MDA production, exacerbating the risk of cardiovascular disease (Hou et al., 2020). Zhang et al. investigated the factors associated with promoting the development of cardiac insufficiency in uremic patients and evaluated CRP and MDA as markers of inflammatory and oxidative stress mechanisms, respectively, and found that CRP and MDA were negatively correlated with left ventricular ejection fraction (LVEF) (Zhang et al., 2021). Second, elevated serum inorganic phosphorus is often observed in CKD patients. The high phosphate environment leads to increased angiogenesis, endothelial cell senescence, apoptosis, and translocation, thereby disrupting endothelial function and promoting the development of vascular calcification in CKD patients (Di Marco et al., 2008; Rapa et al., 2021).
Zinc (Zn), a biological antioxidant, increases oxidative stress in vivo in HD patients due to low plasma zinc levels (mainly due to reduced renal function, diminished intestinal absorption of zinc, and exogenous factors such as diet and medications), causing LDL to differentiate toward electronegative LDL [LDL(-)]. the presence of LDL(-) stimulates the production of many of the inflammatory mediators mentioned previously and promotes cardiovascular disease by recruiting leukocytes to cause pathological changes in the vascular endothelium promoting cardiovascular disease.
Excessive ROS Generation
Patients with chronic kidney disease are constantly exposed to oxidative stress, especially those with ESRD (Witko-Sarsat et al., 1998; Oberg et al., 2004; Tsuchikura et al., 2010). Oxidative stress mechanisms play a more important role in the occurrence of adverse events in HD patients compared to biologic incompatibilities, therefore in uremic patients with HD, increased oxidative stress mechanisms appear to be a more important target for drug and biologic incompatibility therapy in such patients.
Long-term use of AVG and CVC for dialysis in HD patients promotes inflammation and OS due to the metabolic abnormalities associated with uremia and the biologically incompatible system of hemodialysis (Himmelfarb et al., 2002). Biological incompatibility depends on the type of dialysis membrane and the endotoxin dissemination caused by the contaminated dialysate, which activates phagocytes in the blood and leads to the progression of inflammation. At the same time, activated neutrophils and monocytes in the blood produce reactive intermediates that exacerbate oxidative imbalances and further promote inflammation (Tetta et al., 1999; Varan et al., 2010). Hemodialysis activates the complement system, recruiting small molecules such as immunoglobulins (IgG) and complement to attach to the dialysis membrane, thereby promoting the release of ROS (Liakopoulos et al., 2017; Liakopoulos et al., 2019). The above multiple mechanisms explain the induction of oxidative stress and inflammation by biologic incompatibilities, further promoting the development of coronary sclerosis in HD patients (Schettler et al., 1998; Fumeron et al., 2005).
Varan et al. compared the effects of different dialysis membranes on oxidative stress in HD patients and found that all antioxidant enzymes were significantly increased in patients receiving HD treatment. In patients included in the study, even a single dialysis session with a biocompatible membrane (e.g., polysulfone) resulted in a lesser degree of oxidant/antioxidant imbalance in vivo than dialysis with a biologically incompatible membrane (e.g, copperane) (Varan et al., 2010).
Angiotensin II, an effector mediating vascular cell hypertrophy, fibrosis, inflammation, and cellular senescence, increases ROS production, and activation of oxidative stress-sensitive transcription factors through activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Nox) activity and promotes inflammation (Griendling et al., 1994). Nox isoforms (especially Nox1, Nox2, Nox4, and Nox5) are involved in intrarenal oxidative stress and stimulate oxidative stress. Nox2, Nox4, and Nox5) are involved in intrarenal oxidative stress and stimulate oxidative stress, which is common in CKD patients (Madero et al., 2009; Bobulescu, 2010; Liesa and Shirihai, 2013; Sedeek et al., 2013; Gondouin et al., 2015; Ziegler et al., 2015; Gamboa et al., 2016; Wan et al., 2016; Ge et al., 2020; Martínez-Klimova et al., 2020; Rayego-Mateos and Valdivielso, 2020; Aranda-Rivera et al., 2021). Physiological doses of Nox4 are involved in cell proliferation, metabolism, and apoptosis (Sedeek et al., 2013), but excessive concentrations of Nox4 can lead to cellular inflammation, fibrosis, and even cellular damage, which subsequently affects renal excretory function. Many studies have suggested that uric acid can be used as a prognostic indicator for cardiovascular disease and CKD, possibly due to increased xanthine oxidase (XO) activity in patients with hyperuricemia, which leads to oxidative stress and endothelial dysfunction. XO is a pro-oxidant enzyme that promotes ROS production and is involved in the uric acid synthesis (Madero et al., 2009). XO activity is increased in HD patients, which is associated with abnormal oxidative stress in HD patients. Because of the pro-oxidant effect of XO, XO activity can be used as a predictor of cardiovascular events in patients with CKD (Gondouin et al., 2015).
Under physiological conditions, mitochondria maintain normal cellular signaling pathways through fatty acid (FA) β-oxidation, tricarboxylic acid cycle (TCA cycle), oxidative phosphorylation (OXPHOS) to produce adenosine triphosphate (ATP), and small doses of ROS, and ATP is also involved in active transport in the renal tubules to maintain normal physiological functions. Abnormalities in many genes related to protein production and mitochondrial activity can be observed in patients on renal replacement therapy (Rayego-Mateos and Valdivielso, 2020; Gamboa et al., 2016). In addition to this, impaired FA β-oxidation and OXPHOS reduce ATP synthesis and increase NOX, hydrogen peroxide (H2O2), and CD36 levels in the body, inducing excessive ROS production and stimulating the onset of oxidative stress. The pathological increase of oxidative stress induces the occurrence of mitochondrial autophagy and weakens mitochondrial protein synthesis, further deteriorating mitochondrial function and destroying renal compensatory function (Ziegler et al., 2015). In turn, a pathological increase in ROS further inhibits ATP synthesis, while a decrease in ATP synthesis positively increases ROS production, leading to increased oxidative stress and destruction of cellular components resulting in cell necrosis (Figure 2) (Aranda-Rivera et al., 2021). Therefore, balancing the redox process can improve mitochondrial function and optimize mitochondrial dynamics by applying antioxidants that target mitochondria.
[image: Figure 2]FIGURE 2 | The occurrence of renal oxidative stress affects mitochondrial structure and function. (A). In normal humans, oxidative phosphorylation, tricarboxylic acid cycle, and FA-β-oxidation provide energy to the kidney and induce the production of low doses of ROS. OXPHOS mainly provide ATP to the proximal tubule to maintain the normal physiological function of the kidney. A decrease in OXPHOS capacity during kidney damage leads to an increase in NOX levels. Abnormal NOX levels lead to excessive ROS production exacerbating oxidative stress and inflammation and inducing the development of renal fibrosis. Meanwhile, renal disease impairs mitochondrial function during OXPHOS due to reduced renal degradation of H2O2 a FA-βnd disrupts FA-β oxidation. overexpression of CD36 leads to reduced lipid metabolism resulting in involvement and causes impaired FA-β oxidation, leading to excessive ROS production (Ge et al., 2020; Martínez-Klimova et al., 2020). Excess ROS leads to growth mitochondrial damage, 1) decreased mitochondrial protein synthesis, and increased catabolism (Liesa and Shirihai, 2013). 2) Increased mitochondrial autophagy, which occurs mainly through degradation of proteasomes by the PINK1-Parkin pathway and phagocytic receptor interactions. (B). Excess ROS impair FA-β-oxidation by impairing TCA cycle function. reduced FA-β-oxidation leads to lipid accumulation and aggravates renal function. In turn, impaired FA β-oxidation leads to a decrease in acetyl coenzyme A, further diminishing TCA capacity (Bobulescu, 2010). ROS, reactive oxygen species; OS, oxidative stress; OXPHOS, oxidative phosphorylation; TCA, tricarboxylic acid cycle; NOX, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase; H2O2, hydrogen peroxide; CD36, long-chain FA fractionation cluster36.
Anti-Oxidative Stress
Under physiological conditions, free oxygen radicals act as a non-specific defense mechanism against stimuli such as infections. However, when overproduced, they are harmful to the body, affecting lipids, proteins, DNA, and cell membranes, including membrane carbohydrates, leading to membrane damage and cell disintegration. To prevent or mitigate the adverse effects of ROS, antioxidant mechanisms play an important role (Aiello et al., 1999). Uremic patients have a significant disruption of the extracellular redox system, with a tendency toward increased oxidative status and antioxidant depletion, which is exacerbated by HD. ESRD patients treated with HD, therefore, require a more active antioxidant system, yet the available clinical evidence suggests that such patients have an antioxidant dysfunction (Varan et al., 2010). Therefore, the appropriate use of antioxidants in ESRD patients may prevent renal injury and disease progression and reduce the incidence of adverse events by modulating oxidative stress.
Multiple antioxidant stress substances are affected in CKD, especially in HD patients. SOD isomers are important internal enzymes against oxidative stress, and SOD-1, an important isomer of SOD in the kidney, is associated with impaired renal function and reduced renal excretion capacity, so increased SOD-1 synthesis is observed in HD patients (Pawlak et al., 2007; Pawlak et al., 2013). In addition, SOD-1 can be used as a marker of atherosclerosis, vascular abnormalities, and inflammation. However, due to its influence by various factors such as immune status and enzyme activity, the current studies have not reached consistent conclusions about SOD-1. Renal glutathione peroxidase 1 (GPx1) can prevent some damage to the kidney caused by oxidative stress and enhance the kidney’s ability to cope with oxidative stress, so proper induction of such enzyme activity and promotion of its gene expression may be clinically beneficial for ESRD patients (Chu et al., 2020). In addition, patients with advanced kidney disease suffer from micronutrient dysregulation due to dietary restrictions, poor appetite, and dialysis depletion, resulting in antioxidant deficiency and insufficient activity. A meta-analysis evaluating the effect of multiple oxidants on all-cause mortality and cardiovascular event rates showed that antioxidants reduced the incidence of cardiovascular events in HD patients without a significant effect on non-dialysis patients (Jun et al., 2012; Baldi et al., 2013; Sepe et al., 2019).
Several studies have confirmed that active components involved in oxidative stress can improve the poor prognosis of HD patients (Table 3). In addition, quercetin, amino acids, tea-lipoic acid, and lipocalin are involved in the regulation of oxidative stress.
TABLE 3 | Protective effects of common antioxidant substances on cardiac function in dialysis patients.
[image: Table 3]Medications for Inflammation Control
Drugs commonly used to treat cardiovascular disease may have a higher cardiovascular benefit for ESRD patients due to their potential anti-inflammatory effects (Fiorillo et al., 1998; Helmke and von Vietinghoff, 2016). We have listed the commonly used cardiovascular drugs with anti-inflammatory effects, but there are a variety of drugs with anti-inflammatory effects including colchicine, methotrexate, and interleukin receptor antagonists, and their association with CKD has been little studied and not discussed.
Statins
There is no clear evidence to support the benefit of anti-inflammatory therapy in the dialysis population with cardiac insufficiency, and statins may provide a benefit in the treatment and prevention of cardiovascular disease due to their LDL-lowering and anti-inflammatory effects, but there is no clear evidence for patients on dialysis. The study by Baigent et al. concluded that the use of statins and ezetimibe in combination with lipid-lowering therapy did not result in a better prognosis for dialysis patients compared to non-users. It was also suggested that there was no significant correlation between LDL and cardiovascular prognosis in dialysis patients (Baigent and Landry, 2003). Antibodies to pro-inflammatory cytokines may reduce the risk of adverse cardiovascular events, particularly in patients with CRP <2 mg/L, and anti-inflammatory therapy may be indicated at the start of dialysis, but more clinical findings are needed to support this (Dhorepatil et al., 2019). A 2021 study of a population with coronary heart disease using statins for more than 2 years showed that statins caused a gradual shift to higher density calcification of coronary atherosclerotic plaques while attenuating the progression of coronary atherosclerotic plaque size, but the explanation for the acceleration of coronary atherosclerotic plaque calcification by statins remains controversial (van Rosendael et al., 2021).
PCSK9 Inhibitor
Proprotein convertase subtilisin-kexin type 9 (PCSK9) is the main carrier of LDL-C and causes elevated LDL-C levels, which are associated with inflammation and immunity. Therefore, PCSK9 inhibitors not only reduce LDL-C, but also modulate inflammation and autoimmunity (Zhang et al., 2007). Therefore, PCSK9 inhibitors not only lower LDL-C, but also regulate inflammation and autoimmunity (Frostegård, 2021).
In a study of 9,738 people at high cardiovascular risk receiving statins and PCSK9 inhibitors, Pradhan et al. found that PCSK9 inhibitors significantly lowered LDL-C while reducing hs-CRP by 6.6%. hs-CRP >3 mg/L suggests a high risk of cardiovascular disease and kidney disease (Adejumo et al., 2016). Notably, despite the maximal reduction of LDL in this study, the presence of residual inflammatory risk (hsCRP ≥ 2 mg/L) still put the risk of future cardiovascular disease at a higher risk, whereas the use of PCSK9 inhibitors significantly reduced the risk of cardiovascular events in the high-risk population. This phenomenon cannot be explained by lipid-lowering effects alone, which may be due to the effect of PCSK9 inhibitors on inflammatory regulation in high-risk populations in vivo (Pradhan et al., 2018). The FOURIER trial then investigated the efficacy of PCSK9 inhibition in patients with stable coronary artery disease in different hs-CRP strata and found that the positive cardiovascular effects of PCSK9 inhibition were certain regardless of baseline hs-CRP, with patients with higher baseline hs-CRP showing the greatest benefit with PCSK9 inhibition (Bohula et al., 2018).
PSCK9 may serve as a novel cardiovascular risk marker in ESRD patients.2019 Strålberg et al. found that PCSK-9 levels were independently associated with all-cause mortality in 265 ESRD patients receiving long-term HD at a 3-year follow-up (Strålberg et al., 2019). 2021 Vlad et al. found no significant difference in PCSK9 levels in patients with different CKD stages, but PCSK9 > 220 ng/ml was a predictor of cardiovascular events, and PCSK9 > 220 ng/ml and hsCRP >3 mg/L together suggested an increased risk of kidney disease and cardiovascular disease (Vlad et al., 2021). However, PCSK9 inhibitors are less commonly used in patients with ESRD, and their efficacy in such patients is unclear.
Aspirin
The role of aspirin, a drug that provides great benefit for the treatment and prevention of cardiovascular disease, is not promising in patients with CKD. A cross-sectional study of 116 long-term aspirin users in the general population found that CKD patients were more likely to have impaired antiplatelet effects, and that such impaired effects were associated with increased mortality (Mayer et al., 2014; Polzin et al., 2016). A 2016 meta-analysis by Major et al. noted that aspirin did not provide benefit for cardiovascular events as well as prevention in CKD patients, nor did it improve survival in CKD patients, and may also carry a higher risk of major bleeding (Major et al., 2016). A controlled study of 17,762 subjects using aspirin or placebo in 2020 found a significantly increased risk of CVD in 4,768 participants with CKD and that the use of aspirin did not reduce the incidence of CVD in patients with CKD (Wolfe et al., 2021). 2021 et al. studied 91,744 ESRD patients who were not on dialysis and showed that aspirin caused disease progression and increased mortality in these patients (Tsai et al., 2021). Overall, aspirin does more harm than good in patients with ESRD. The ongoing ATTACK trial is the first trial to evaluate aspirin for the prevention of primary CVD in adults with CKD, and this large study may bring more reliable evidence for the use of aspirin in patients with CKD.
CONCLUSION
Cardiovascular complications in patients with HD are a fatal factor in patients with ESRD. Inflammation is involved in and mediates the development of cardiovascular complications. While hemodialysis benefits the kidney, it exacerbates an already inflammatory state, altering the body’s already tolerated microinflammation and volume overload, leading to a “cardiovascular spike”. At the same time, the oxidative stress that accompanies inflammation during HD treatment damages renal structures, leading to further deterioration of renal function and increasing the risk of cardiovascular disease. Disturbances in electrolyte and acid-base balance secondary to the deterioration of renal function feedback into the oxidative stress mechanism, leading to a vicious circle between oxidative stress and the kidney. This review details the mechanisms of inflammation in ESRD patients treated with HD, the impact of different processes in the inflammatory cascade on cardiovascular complications, the mechanisms of oxidative stress, and the correlation between oxidative stress and cardiovascular disease. Although the mechanisms of inflammation are vast and complex, as a key factor in the development and prognosis of cardiovascular complications in ESRD patients, interventions that address key targets in the inflammatory cascade (e.g., immune mechanisms, complement activation, etc.) may improve compliance with HD therapy in ESRD patients and provide additional clinical benefits.
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Renal protection mechanism

Scavenges ROS, reduces inflammatory response, plays a role in phagocytosis and reduces inflammation, and protects
against hemodialyss, ischemia, and various renal diseases

Reducing the production of acetyl coenzyme a and thus the production of free radicals reduces the production of pro-
inflammatory factors in dialysis patients and is benefidial to the kidney

In dialysis patients, oxidative stress is associated with reduced vitamin C (Mima et al., 2020). Infusion of vitamin C and use of
vitain E coated dialyzers in HD patients attenuates oxidative stress by reducing IDO' activity and NO formation, weakening
inflammation and cellular senescence (Januzzi et al., 2015). Vitamin E supplementation may reduce the risk of coronary
artery disease by making LDL less susceptible to oxidation (Gaggin and Januzzi, 2013)

Reduces the production of many cytokines associated with the pathogenesis of cardiac insufficiencies, such as IL-1, IL-6,
IL-8, and tumor necrosis factor
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"MBL, mannose-binding lectin;
“Ficolins-2: specific pathogen recognition receptor for LP that acts simiarly to MBL;
SCHF. camplement factar H, inhibits €3 convartase and C3b activily widle acting negatively on alfemative patfways.

Mechanism of complement
activation occurring in
hemodialysis

Reduced expression of complement inhibitors
leads to AP dysregulation: polysulfone dialyzers
can absorb “CHF (an important inhibitor of C3
convertase and C3b) and clusterin (blocks
activation of the terminal pathway) (Unger et al.,
2016)

“Ficolins-2 initiates complement cascade
reactions (including C5a production) and
dialysis-induced leukopenia by adsorption to
polysulfone dialyzers and leads to substantial
depletion of Ficolins2. MBL also activates
complement reactions by contact with dialyzers
(Unger et al., 2016; Fiythe et al., 2020)

C1q binds to immunoglobuiin IgG adsorbed by
the membrane dialyzer to activate the
complement response

Mediating the development
of cardiovascular disease

The Y402H genotype in GFH increases the risk
of cardiovascular disease in HD patients (Chan

et al., 2021)

MBL is involved in the consumption of
atherogenic particles and is beneficial for
atherosclerosis in uremic patients. Thus a
decrease in MBL (adsorbed to the dialyzer) in
HD patients is associated with an increased risk
of cardiovascular disease (Cheung et al., 2021)
Csais involved in thromboss. activation of the
LP pathway is significantly associated with
increased production of C5a, especially during
thefirst hour of HD onset (Johansen etal., 2021)

Caq, the largest molecular weight gamma
globulin among complement components, can
promote the release of inflammatory mediators
from eosinophils and mast cells under HD
condiions, leading to vascular endothelial
damage and subsequently atherosclerosis
(Zoccali et al,, 2017)
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Clinical studies related
to cardiovascular complications

Several animal studies have shown additional clinical benefits to the kidney with IL-1p inhibitors (Assimon et al., 2018)
A 2017 randomized, double-blind, placebo-controlled trial of more than 10,000 patients with CKD by Ridker et al. showed
that the use of a human monoclonal antibody targeting IL-1p was associated with a significant reduction inthe recurrence of
cardiovascular events in such patients (Kloner, 2020)

Ina 5-year follow-up study of 45 patients on long-term hemodialysis, Thang et al. demonstrated that IL-6) had a more
powerful predictive prognostic significance for cardiovascular disease than CRP in HD patients (Braunwald and Kioner,
1982)

This was corroborated in a 2015 case study of multiple biomarker levels in 543 ESRD patients, confirming that IL-6 is a
strong independent predictor of clinical outcome in patients with CKD (Zuidema and Dellsperger, 2012; Arcari et al., 2021)
A case study in 2021 evaluated the genetic phenotypic differences in IL-6 and its predictive value for all-cause mortality in
289 ESRD patients and found that the IL6 (174G > C) (r1800795) polymorphism regulates the inflammatory response in
ESRD patients. The CC genotype, a less common IL6 genotype, causes more severe inflammation and suggests a poorer
prognosis in ESRD patients (deFilippi et al., 2012)

A 2015 study of the prognosis of patients with CKD who had an acute myocardial infarction 1 year earlier concluded tha
1L18 was a signiicant predictor of cardiogenic death at 2-year follow-up (Raber et al., 2021a)

A 2021 study assessing the correlation between dialysis adequacy and inflammation in 536 HD patients using CRP as an
indicator of inflammation noted that inadequate dialysis doses may lead to higher levels of inflammation in chronic
hemodialysis patients. And high levels of CRP were directly correlated with neutrophil-lymphocyte ratio and serum albumin
(Raber et al., 2021b)

‘The relationship between changes in albumin and sAlb and prognosis in patients transitioning from CKD to ESRD stage was
studied for the first time in 2019. Patients just transitioning from CKD to ESRD have a high short-term mortality rate, so
improving the nutritional status of pre-ESRD patients, including sAlb levels, is important for the prognosis of such patients
(Miller-Hodges et al., 2018). lower pre-ESRD sAlb is significantly associated with higher all-cause, cardiovascular and
infection-related mortality and hospitalization rates after ESRD (Twerenbold et al., 2018)

In 2020 Amanda et al. compared sAlb and its prognosis across renal function and found that despite the apparent
correlation between sAlb and eGFR, a significant correlation between sAlb and mortality in patients with CKD was observed
in multiple subgroups classified by renal function (Kraus et al., 2018). It was also noted that sAlb <4.6 g/dl suggested higher
mortality and that maintaining sAlb between 4.6 and 4.8 g/dl may be more beneficial in CKD patients with e€GFR <60 ml/min/
1.73 m?. Therefore, we suggest that dietary protein intake should be moderate for patients with CKD and that high sAlb
should not be the therapeutic goal (Ponikowski et al., 20162016; Arcari et al., 2020)
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