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Abstract

:

Cardiovascular disease and infections are major causes for the high incidence of morbidity and mortality of patients with chronic kidney disease. Both complications are directly or indirectly associated with disturbed functions or altered apoptotic rates of polymorphonuclear leukocytes, monocytes, lymphocytes, and dendritic cells. Normal responses of immune cells can be reduced, leading to infectious diseases or pre-activated/primed, giving rise to inflammation and subsequently to cardiovascular disease. This review summarizes the impact of kidney dysfunction on the immune system. Renal failure results in disturbed renal metabolic activities with reduced renin, erythropoietin, and vitamin D production, which adversely affects the immune system. Decreased kidney function also leads to reduced glomerular filtration and the retention of uremic toxins. A large number of uremic toxins with detrimental effects on immune cells have been identified. Besides small water-soluble and protein-bound compounds originating from the intestinal microbiome, several molecules in the middle molecular range, e.g., immunoglobulin light chains, retinol-binding protein, the neuropeptides Met-enkephalin and neuropeptide Y, endothelin-1, and the adipokines leptin and resistin, adversely affect immune cells. Posttranslational modifications such as carbamoylation, advanced glycation products, and oxidative modifications contribute to uremic toxicity. Furthermore, high-density lipoprotein from uremic patients has an altered protein profile and thereby loses its anti-inflammatory properties.






Keywords:


cardiovascular disease; infections; oxidative stress; inflammation; immune cells; autophagy; uremic toxins; renin-angiotensin- system; erythropoietin; vitamin D




Key Contribution: Impaired glomerular filtration resulting in the accumulation of uremic toxins and defective renal metabolic activities contribute to the increased risk of cardiovascular disease and infections by directly or indirectly interfering with functions of immune cells.










1. Cardiovascular Disease and Infections as the Main Causes of Death in Uremia


Uremia literally means “urea in the blood” and is characteristic for chronic kidney disease (CKD) and end-stage renal disease (ESRD), but may also occur as a consequence of acute kidney injury [1]. CKD is one of the most severe health problems worldwide, leading to high economic costs to the health system [2,3]. CKD is defined by current international guidelines as reduced kidney function characterized by a glomerular filtration rate (GFR) of less than 60 mL/min per 1.73 m2 or markers of kidney damage, or both, of at least 3 months duration [4]. In CKD patients, the health-associated quality of life gradually declines with disease progression. In 2016, an estimated global incidence of between 11% and 13%, with the majority CKD stage 3, was reported [3]. The global all-age mortality rate from CKD increased 41.5% between 1990 and 2017 [5]. The permanently decreased glomerular filtration rate and proteinuria in CKD patients are associated with an increased risk of morbidity and mortality, mainly caused by cardiovascular disease (CVD) and infections [6,7,8].



Besides the risk of death due to vascular diseases and infections, neoplastic diseases contribute to the increased mortality of CKD patients [9]. The manifestation of cancer is a major comorbidity factor leading to the establishment of “onconephrology” as a new specialty in nephrology [10]. Among the hematopoietic tumors associated with CKD, multiple myeloma, and non-Hodgkin lymphoma, diseases related to alterations in the immune system have the highest incidence [11]. However, a Canadian study showed that there is an inverse association between the estimated glomerular filtration rate (eGFR) and the individual causes of death [12]. Whereas below an eGFR of 60 mL/min per 1.73 m2 the most common cause of death was CVD, cancer was the most common reason of death above an eGFR of 60 mL/min per 1.73 m2.



The morbidity and mortality profiles of CKD patients are remarkably similar to those of the geriatric population, especially with regard to alterations in their vascular and immune systems [13]. In uremic patients, immune dysfunction and low-grade inflammation leading to increased susceptibility for both cardiovascular and infectious diseases have parallels with the general aging process [14].



CVD can be observed in all stages of CKD [15]. However, the occurrence of cardiac events markedly rises during the progression of kidney damage and reaches its maximum at ESRD [6,15]. At an estimated GFR < 45 mL/min/1.73 m2, the risk of cardiovascular mortality increases distinctly with decreasing GFR [16].



The majority of hemodialysis (HD) patients have CVD and their mortality rate caused by CVD is 20 times higher than in the general population [17]. Furthermore, dialysis patients have increased annual mortality rates caused by sepsis, also after stratification for age, race, and diabetes mellitus [18]. In general, preexisting medical conditions affect the clinical course of sepsis. Of note, CKD is associated with higher 90-day mortality than any other chronic medical conditions in patients with sepsis [19].



Infection is the second main cause of death in patients with reduced renal function. The incidence of mortality varies between 12% and 22% [20]. Patients with CKD not undergoing dialysis treatment have a higher risk of bloodstream infection, which is associated with an estimated GFR less than 30 mL/min/1.73 m2 [21]. Another cause for infections is an insufficient response to vaccinations as a consequence of a deficient T-lymphocyte-dependent immune response [22].



On one hand, kidney failure affects the general immunity, resulting in intestinal barrier dysfunction, systemic inflammation, and immunodeficiency; conversely, kidneys may be targets of pathogenic immune responses against renal autoantigens and of local effects of systemic autoimmunity [23].



In uremia, the increased risk for both cardiovascular events and infections is associated with a disturbed immune response. Whereas an attenuated immune defense contributes to the high occurrence of infections, pre-activation and priming of immune cells leads to inflammation and consequently to CVD (Figure 1).




2. Immune Cells in Uremia


2.1. Polymorphonuclear Leukocytes (PMNLs)


Polymorphonuclear leukocytes (PMNLs) are crucial elements of the non-specific cellular immune defense and participate in the primary immune reaction. They have a short circulating half-life of 4 to 18 h [24]. PMNLs, named after their lobulated nuclei, contain multiple granules in their cytoplasm. Therefore, they are also commonly referred to as granulocytes. According to the staining behaviors of their granules, three groups are distinguished: eosinophilic, basophilic, and neutrophilic granulocytes. Neutrophils make up the largest group of white blood cells and play an essential role in the defense against bacterial and fungal infections. The recruitment of neutrophils and their function in health and under inflammatory conditions has been previously reviewed [25].



Disturbed functions of PMNLs lead to an enhanced risk of bacterial infections and represent a main cause for the increased risk of morbidity and mortality among CKD patients [26]. After chemotactic movement to the source of infection, PMNLs take up the invading microorganisms by phagocytosis and kill them with toxic oxygen radicals formed during the oxidative burst and proteolytic enzymes intracellularly released from granula. Disturbances of any of those crucial PMNL functions increase the risk for bacterial infections. The proneness of CKD patients to infections resulting from decreased phagocytosis is caused by factors such as uremic toxins, iron overload, anemia of renal disease, and dialyzer bioincompatibility [27].



Neutrophils from HD patients show significantly elevated levels of reactive oxygen species (ROS) production, degranulation, and basal neutrophil extracellular trap (NET) formation, indicating spontaneous activation [28]. Furthermore, similar to PMNLs from patients with acute infections, PMNLs from HD patients show the expression pattern CD16(bright)/CD62L(dim), whereas cells from healthy subjects were normal CD16(bright)/CD62L(bright) [28].



The coordinated elimination of activated PMNLs is essential for the resolution of inflammation [29]. Increased apoptosis leads to a reduced immune response, whereas delayed apoptosis of PMNLs or compromised clearance of apoptotic PMNLs by macrophages causes inflammation [30].



A rise in the concentration of intracellular calcium ([Ca2+]i) is a key second messenger in PMNLs [31,32] and modulates essential PMNL functions and apoptotic cell death [33,34,35]. PMNLs from HD patients have an augmented basal [Ca2+]i [36], which is associated with reduced reactivity upon stimulation [37]. Besides the regulation of pro-inflammatory responses, Ca2+ -signaling plays an important role in cytokine secretion and the formation of NETs [38].



2.1.1. Neutrophil Extracellular Traps


Beside microbial uptake and the secretion of antimicrobials, neutrophils release NETs to eliminate invading microbes including bacteria, fungi, and parasites. NETs are networks of extracellular fibers, mainly composed of neutrophil DNA and granular antimicrobial proteins. The process of NET generation, called NETosis, is a specific type of cell death and is different from apoptosis and necrosis. Neutrophils form NETs upon contact with various bacteria, fungi, and activated platelets as well as under the influence of inflammatory stimuli. Pathogens trapped in NETs are killed by oxidative and non-oxidative mechanisms [39]. NETs also represent a physical barrier and a framework enhancing antimicrobial synergy and reducing harm to host tissues [40]. Beside this suicidal NETosis, a different type of NETosis—termed vital NETosis—has been described [41]. DNA- containing vesicles are released without the disruption of the plasma membrane, leaving the PMNLs viable and still able to phagocytose and migrate.



Increased circulating nucleosome levels in HD patients are closely associated with concentrations of myeloperoxidase (MPO), a lysosomal protein stored in neutrophil granules, indicating elevated levels of NETs in vivo [42]. Patients with the highest NETs levels had a significantly increased all-cause and cardiovascular mortality, even after adjusting traditional risk factors [42]. Associations between elevated cell-free DNA levels in dialyzed patients and the process of NETosis have been recently reviewed [43]. NETs are involved in the development of comorbidities in HD patients, e.g., by stimulation of thrombosis and endothelial damage. Therefore, NETosis may be considered as a link between neutrophil activation during the HD procedure and comorbidities in dialyzed patients [43].



The DNA-complexed granular proteins and other proteins released by neutrophils during NETosis may lead to autoimmunity syndromes such as systemic lupus erythematosus, small-vessel vasculitis, or autoimmune diseases associated with the formation of autoantibodies against chromatin and neutrophil components [44].




2.1.2. PMNL Priming


Priming of immune cells is the amplification of a reaction to a stimulus caused by preceding contact with a priming agent, whereas the elevation of basal activation states is called pre-activation [45]. The activation status of neutrophils can cycle from basal through primed to fully activated [46]. The ability of primed cells to revert to a basal state gives them functional flexibility in the modulation of PMNL activities at sites of inflammation [46]. In the presence of normal plasma, the oxidative burst of uremic PMNL can return from a primed to a non-primed state, indicating the presence of priming factors in uremic plasma [47]. Furthermore, priming of PMNLs attenuates their constitutive apoptosis [48].



Whereas controlled neutrophil priming has a beneficial role in host defense, excessive neutrophil priming in inflammatory diseases has harmful effects [49]. Primed and activated cells show significantly increased bactericidal capacity such as augmented respiratory burst activity and degranulation [46]. Inappropriate PMNL priming is a central mediator of low-grade inflammation and oxidative stress in CKD patients [50]. Furthermore, primed neutrophils can lead to increased NETs formation under uremic conditions and are associated with endothelial dysfunction [42].





2.2. Monocytes


Monocytes are bone marrow derived cells that circulate in the blood for 1-3 days before differentiating into tissue macrophages or dendritic cells. In a review in this special issue, Girndt et al. [51] focuses on the differences of uremic monocytes in the expression of surface molecules, the production of cytokines and mediators, and in their function as compared to monocytes of healthy persons. Based on their CD14/CD16 expression profile, three distinct populations of monocytes can be distinguished: Mo1 (“classical monocytes” expressing CD14 only), Mo2 (“intermediate monocytes”, CD14++/CD16+), and Mo3 (“non-classical monocytes”, CD14+/CD16++). The Mo2 population has pronounced pro-inflammatory properties. Their proportion is an important predictor of mortality risk in HD patients [52]. The contribution of monocytes to the dysregulated immune response in uremia can be based on altered features of the individual cells or on a change in the relative numbers of the three different populations.




2.3. Dendritic Cells


The functions of dendritic cells, which link innate and adaptive immunity by presenting antigens, are disturbed in HD patients. The terminal differentiation of monocyte-derived dendritic cells is compromised in advanced CKD and independent of HD treatment [53]. An antigen-presenting dendritic cell dysfunction, beside a T-cell defect, can cause a diminished response to vaccination in ESRD patients [54]. Dendritic cells are also present in the kidney and contribute to the progression of renal failure by binding to glomerular antigens [55]. Their presentation to infiltrating T cells leads to the production of pro-inflammatory cytokines and activation of additional immune effector cells, which are key components of the tubulointerstitial mononuclear infiltrate that is typical for progressive renal disease [56].




2.4. Lymphocytes


Similar to innate immunity, acquired immune deficiency contributes to the high morbidity and mortality of ESRD patients [57]. In a review in this special issue, Betjes et al. [58] summarize the current data about uremia-associated ageing of the thymus and its role in dysfunctional adaptive immune responses. Of note, kidney transplantation is not able to restore the compromised thymus function. The main characteristic of immunological ageing is naïve T cell lymphopenia combined with the expansion of highly differentiated memory T cells, which have a pro-inflammatory phenotype destabilizing atherosclerotic plaques and contributing to an inflammatory state. In ESRD, the decreased number of naïve B cells in the entire B cell population contributes to the compromised adaptive immune response [59].





3. Oxidative Stress and Inflammation


Various clinical models of CKD, including diabetic nephropathy, IgA nephropathy, polycystic kidney disease, and the cardio-renal syndrome, are associated with oxidative stress [60]. Oxidative stress increases in parallel with the development of CKD [61]. Markers of oxidative stress predict the survival of HD patients [62]. Moreover, antioxidant systems are compromised in CKD patients and deteriorate gradually with the degree of renal failure [63]. Oxidative stress evokes inflammation via the formation of pro-inflammatory oxidized lipids or advanced oxidation protein products (AOPPs), while stimulation of NFκB in the pro-oxidant environment promotes the expression of pro-inflammatory cytokines and recruitment of pro-inflammatory cells [60]. Whereas oxidative stress and inflammation are normally protective against infections and physiological responses to harmful stimuli, several deleterious effects are induced if they become uncontrolled, maladaptive, and persistent in ESRD [64]. Uremic toxins such as methylglyoxal (MGO) enhance the oxidative burst of PMNLs [65].



Nuclear factor erythroid 2-related factor 2 (Nrf2), a basic leucine zipper protein, regulates the expression of antioxidant proteins that protect against oxidative damage. An integrative biology approach based on single-nucleotide polymorphisms (SNPs) generated a molecular map of CKD. Nrf2-mediated oxidative stress represented a link between inflammation and metabolism-related pathways associated with CKD [66]. Considering that genetic features play an important role in the development and prognosis of CKD, Jerotic et al. [67] investigated the association between the polymorphism in Nrf2, superoxide dismutase, and glutathione peroxidase and showed that polymorphisms in these genes are associated with the development of ESRD and can predict survival.



Inflammation can be caused by oxidative stress and infections (Figure 1) and by factors related to HD treatment such as biocompatibility and dialysate quality [68]. Bacterial DNA in the dialysate leads to increased oxidative stress and higher serum levels of hsCRP and IL-6. Furthermore, a lower concentration of pre-dialysis plasma bicarbonate and the resulting decreased intracellular pH value in HD patients contribute to oxidative stress [69].



Chronic renal and vascular oxidative stress in association with an increased inflammatory burden contribute to the development and progression of diabetic complications including CVD, atherosclerosis, and diabetic kidney disease (DKD) [70]. Worldwide, diabetes mellitus is the most common cause of CKD [71,72].



Besides CVD, inflammation is also associated with protein-energy wasting and malnutrition, inflammation, and atherosclerosis syndrome [73]. Malnutrition itself is an essential risk factor for the development of CVD [74] (Figure 1). The development of CVD among CKD patients is associated with metabolic changes, i.a. in lipid profile and serum concentrations of CRP and homocysteine [75].




4. Toll-Like Receptors and Inflammasomes


Toll-like receptors (TLRs) are pattern recognition receptors that, together with inflammasomes, detect and react to highly conserved motifs on pathogens (pathogen-associated molecular patterns; PAMPs) and to substances released upon cell damage or stress (damage-associated molecular patterns; DAMPs) [76]. In CKD, TLRs regulate inflammatory and tissue-repair responses to infection and injury. Aberrant stimulation of pattern recognition receptors may result in immunodeficiency, septic shock, and autoimmunity [77]. Upon recognition of pathogens via TLRs, monocytes and PMNL induce cellular activation and secretion of inflammatory cytokines. In HD patients, the expression of TLR2 and TLR4 on monocytes and TLR4 on PMNLs is increased, leading to an elevated production of cytokines after TLR4 stimulation by endotoxin [78]. However, Baj et al. found that despite chronic inflammation in ESRD patients, the expression of TLR4 and TLR9 on PMNLs was not significantly different from controls [79]. In sterile inflammatory and immune-mediated kidney diseases, TLRs can increase and self-perpetuate tissue injury [76]. Sterile inflammation mediated by DAMPs is a physiological response of the immune system to tissue injury in the absence of infection. Most innate immune pathways that detect infection are involved in sterile inflammation [80]. Triggers of sterile inflammation are nuclear proteins or mitochondrial components such as formylated proteins, DNA, and ATP.



Inflammasomes are multiprotein complexes involved in innate immunity and regulate caspase-dependent inflammation and cell death [81]. After detection of pathogens or danger signals in host cells, they are assembled by pattern recognition receptors. Dysregulated inflammasome activity is associated with hereditary and acquired inflammatory disorders [82]. By affecting inflammation, pyroptosis, apoptosis, and fibrosis, the NLRP3 inflammasome contributes to a variety of acute and chronic microbial and non-microbial kidney diseases [81].



Hypervolemia (fluid overload) correlates with cardiovascular risk factors in patients with CKD [83] and is a main cause of hypertension, heart failure, and mortality in HD patients [84]. Inflammation is usually higher in hypervolemic HD patients compared to normovolemic patients. The combination of hypervolemia and inflammation, both independent risk factors for mortality, can lead to a cumulative risk profile [85]. Ulrich et al. [86] assessed the hypervolemic activation of peripheral blood mononuclear cells of HD patients with special emphasis on the NLRP3 inflammasome response. They found that the NLRP3 inflammasome is not activated by hypervolemia, suggesting that endotoxemia is not a main driver for inflammation in hypervolemic HD patients.




5. Autophagy


Autophagy is a controlled mechanism of cells, leading to a systematic degradation and recycling of defective and unnecessary cell components [87]. It has both anti- and pro-inflammatory effects. After autophagy inhibition, NETs were significantly more abundant, indicating a protective role of autophagy in excessive NET formation [88]. Autophagy supports productive and inhibits over-exuberant inflammatory responses to avoid excessive tissue damage and ensure adequate responses [89].



Autophagy has a role in both innate and adaptive immunity and can interfere with bacterial pathogens at several steps of invasion and directly eliminate intracellular microorganisms. In innate immunity, autophagy reduces inflammation by suppressing the activation of inflammasomes via the removal of protein aggregates, degradation of damaged mitochondria, and elimination of inflammasome components [90,91]. Autophagy affects the maturation, homeostasis, function, and polarization of T cells. Furthermore, autophagy controls autoimmune responses by modulating innate immune functions and lymphocyte homeostasis [92]. Autophagy is also important in innate recognition of viral pathogens and IFN-α production in plasmacytoid dendritic cells and the transport of cytosolic viral replication intermediates into the lysosome [93].



Autophagy plays a prominent role in renal physiology and homeostasis [94] and is renoprotective in epithelial renal cells and podocytes in various models of acute kidney injury, glomerular disease, and ageing [95]. Inflammation and mitochondrial dysfunction in kidney diseases can lead to disturbed cellular recycling by affecting autophagy activation and inhibition. Autophagy is a general response to oxidative stress in cells and tissues [96].



In CKD, the activation of leukocyte autophagy is impaired and cannot be restored by HD treatment [97]. On the other hand, autophagy is increased early after sepsis and protects organs from pathogen by regulating macrophage, dendritic cells, B cells, CD4+, and CD8+ T cells functions [98].




6. Complement System


The complement system is an important part of the immune defense and a link between innate and adaptive immunity. It boosts the clearance of microorganisms and damaged cells by phagocytes and antibodies. Uncontrolled activation of the complement pathways can cause indirect immune-mediated renal disease [99]. Complement over-activation is involved in the pathogenesis of C3 glomerulopathy and atypical hemolytic uremic syndrome (aHUS) [100]. Neutrophils may adhere to complement-activated endothelial cells, form aggregates with platelets on endothelial cells, and thereby contribute to the manifestation of aHUS [101]. In both C3 glomerulopathy and aHUS, defective regulatory factors of the alternative pathway are observed [102]. The complement system is also involved in the development of acute kidney injury (AKI) [103] as well as increased risk for the development of CKD after the occurrence of AKI (AKI-to-CKD transition) [104]. Furthermore, complement activation can also contribute to systemic inflammation, leading to remote organ injury [103].




7. Metabolic Functions of the Kidney


Besides elimination of toxic uremic retention solutes, the kidney has several crucial metabolic functions related to the immune system, such as the production of renin, calcitriol, and erythropoietin (EPO).



7.1. Renin-Angiotensin-System (RAS)


The kidney secretes renin when blood pressure is low and thereby stimulates the production of angiotensin. The renin-angiotensin system (RAS) regulates blood pressure by modulating the vascular tone and is involved in the pathogenesis of inflammation and CKD progression. RAS activation leads to high levels of angiotensin II and aldosterone and contributes to further worsening of kidney injury via TGF-β and promotes CVD through sodium retention and vasoconstriction, which lead to hypertension (reviewed in [105]). Besides angiotensin II, several other RAS enzymes, such as angiotensin-converting enzyme 2 (ACE2), affect immune homeostasis. Via Ang1–7 generation, ACE2 reduces AngII levels and thereby blunts inflammatory responses caused by AngII. The immunological effects of the RAS are thoroughly described in a recent review [106].



Monocytes of HD and not-dialyzed CKD stage 3–5 patients have an increased ACE and a reduced ACE2 expression and therefore may accelerate the development of atherosclerosis [107]. The increased ACE expression on monocytes of dialysis patients with CVD provides a link between monocytes and the activated RAS [108]. Of note, circulating miR-421 targeting leukocytic ACE2 are increased in CKD patients [109].



T and natural killer cells express all RAS elements, implying that they can bring angiotensin II to sites of inflammation [110]. Angiotensin II stimulates PMNL oxidative burst and increases [Ca2+]i [111]. However, RAS stimulation in hematopoietic cells may have other immunologic effects than RAS activation in the kidney and vasculature. Activation of type 1 angiotensin (AT1) receptors in T lymphocytes and myeloid cells reduces the polarization toward pro-inflammatory phenotypes and thereby protects the kidney from hypertensive damage and fibrosis [106].




7.2. Erythropoietin and Iron


Decreased systemic and local oxygen tension causes the production of EPO by the kidney. EPO triggers the formation of red blood cells in the bone marrow and is under the transcriptional control of the hypoxia-inducible factor-2α, which mediates a reduced degradation of EPO by proteasomes in hypoxia. During hypoxic stress, the levels of EPO are elevated 1000-fold. Its naturally short half-life of 5 to 8 h is controlled by glycosylation [112].



The decreased serum level of EPO is a main cause of CKD-associated anemia. In addition to the reduced EPO production by the diseased kidney, the presence of erythropoiesis inhibitory substances in uremic sera is supported by the observation that sera from dialysis patients are able to inhibit the growth of the human leukemic cell line UT-7, whereas sera from healthy controls showed no effect [113].



Ever since clinical trials in 1987 proved the efficacy of recombinant human EPO (rhEPO) for the treatment of anemia in CKD, EPO therapy has been established [114]. However, a pronounced variability in the response to rhEPO has been noticed. Absolute and functional iron deficiency as well as chronic inflammation, which affects erythropoiesis via pro-inflammatory cytokines—for example, IL-1, TNFα, and interferon-γ [115]—can lead to rhEPO resistance. Iron is required for the formation of hemoglobin and is an essential nutrient. Intravenous iron therapy preserves iron stores and lowers the need for EPO in HD patients. However, iron therapy affects leukocyte functions and cytokine production, stimulates oxidative stress, and promotes bacterial growth. Furthermore, iron therapy of CKD patients adversely affects essential functions of phagocytes and T and B lymphocytes [116]. However, in a recent nationwide cohort-based case-crossover study in Taiwan, intravenous iron supplementation did not increase the short-term infection risk among HD patients [117].



Besides its erythropoietic function, EPO possesses immunomodulatory properties. The positive effect of rhEPO therapy on the immune defense is not only a consequence of anemia correction, but also has a direct effect on immunological responses [118]. The EPO-receptor is expressed on PMNLs [119], lymphocytes, and monocytes [120]. EPO up-regulates TLR4 in differentiating dendritic cells, making them more susceptible to stimulation by the TLR4 ligand lipopolysaccharide [121]. In kidney transplant patients, the improved outcomes associated with the correction of anemia with EPO is erythropoiesis-independent and caused by inhibition of T-cell immunity via the EPO-receptor on T cells [122].



Hepcidin


Hepcidin, a 25 amino acid peptide synthesized by the liver, is a main regulator of iron homeostasis. By binding to the cellular iron exporter ferroportin, it controls the distribution of iron in the body. Inflammation increases the hepcidin level, resulting in serum hypoferremia and tissue hyperferritinemia [123]. In CKD, hepcidin may be considered as a link between inflammation and anemia in CKD [124]. The excessive production of hepcidin causes relative deficiency of iron during inflammatory states, resulting in functional iron deficiency in anemia of inflammation [125]. Under those conditions, hepcidin levels may increase up to 100-fold [126]. However, elevated hepcidin levels in CKD can be attenuated by EPO therapy [127]. In patients with CKD (3b-5) from a prospective study in Korea (2011-2016), serum hepcidin concentrations were inversely associated with eGFR [128]. In contrast, markers of inflammation and iron status were positively associated with serum hepcidin level, irrespective of CKD stage [128].





7.3. Vitamin D, Fibroblast Growth Factor 23, and Parathyroid Hormone


The active vitamin D metabolite calcitriol (1,25-dihydroxy-vitamin D, 1,25-dihydroxy-cholecalciferol) is produced in the kidney and in extra-renal tissues such as activated monocytes/macrophages [129] and endothelial cells. In patients with CKD, hyperphosphatemia, the main inhibitory signal, and parathyroid hormone (PTH), the main stimulatory signal for 1alpha-hydroxylase, the rate-limiting enzyme of calcitriol synthesis, are modified and contribute to the reduced calcitriol production resulting in calcitriol deficiency [130]. The production of vitamin D may be inhibited by uremic retention solutes [131]. Furthermore, calcitriol is less effective in uremia.



Besides its influence on the regulation of calcium, phosphate, and parathyroid hormone, vitamin D regulates cell differentiation/proliferation and the immune system [132]. The modulation of the immune system, controlling of inflammatory responses, and suppression of the RAS can delay the development of CVD [133]. The suppression of the local RAS in mice via macrophage vitamin D receptor signaling can inhibit atherosclerosis [134]. In an in vitro study with B and T lymphocytes from healthy subjects, uremic serum increased the intracellular expression of IL-6 and TLR9. This effect could be reduced by 25-hydroxy- or 1,25-dihydroxy-vitamin D, showing that cholecalciferol repletion has an anti-inflammatory effect and improves vitamin D intracellular regulatory enzymes in lymphocytes from dialysis patients [135]. However, no convincing evidence for the use of vitamin D therapy in improving cardiovascular outcomes could be shown in several meta-analyses and randomized clinical trials [136].



With decreasing kidney function, rising serum phosphate levels induce the production of the bone-derived phosphaturic hormone fibroblast growth factor 23 (FGF23), which is crucial for the regulation of vitamin D and phosphate homeostasis [137]. Serum FGF23 increases early in the progression of CKD and can reach extremely high levels in HD patients. FGF23 concentrations rise 1000-fold above normal values in order to keep the phosphate levels within the normal range and are associated with disease progression [137]. In ESRD, FGF23 fails to sustain phosphate homeostasis and hyperphosphatemia and increased FGF23 levels stimulate the development of hypertension, vascular calcification, and left ventricular hypertrophy [138]. In CKD patients, there is a dose-dependent association between circulating FGF23 levels and an increased risk of premature mortality [139,140].



In both HD patients and kidney transplant recipients, FGF23 is a strong predictor of all-cause and cardiovascular mortality [141]. However, in Japanese HD patients, no association between FGF23 levels and with parameters of cardiac dysfunction, atherosclerosis, infection, and systemic inflammation could be found, not supporting the hypothesis that high FGF23 in dialysis patients is the cause of cardiac dysfunction, atherosclerosis, infection, or systemic inflammation [142].



The transmembrane protein klotho is a co-receptor for FGF-23, with a clinical impact on mineral metabolism. Low klotho levels are associated with cardiovascular events in HD patients, independently from factors associated with mineral-bone disease [143]. In CKD–mineral and bone disorder, dysregulated FGF23, klotho, vitamin D, and PTH cause progressive hyperphosphatemia, hypercalcemia, and hyperparathyroidism and contribute to the increased cardiovascular risk in patients with renal failure [144].



Parathyroid hormone levels are increased in CKD patients. In a recent review, Duque et al. [145] describe the significance of parathyroid hormone as a uremic toxin contributing to the manifestations of the uremic syndrome. In CKD, secondary hyperparathyroidism leads to elevated FGF-23 serum levels, decreased calcitriol production in the kidney, reduced intestinal calcium absorption, and hyperphosphatemia. Chronic excess of parathyroid hormone in uremia also disturbs PMNL functions through continuous elevation of their [Ca2+]i [37]. Parathyroidectomy lowers but does not lead to a normal range of PMNL [Ca2+]i of CKD patients [146]. This suggests that other factors such as uremic retention solutes affect [Ca2+]i and PMNL functions. Elevated parathyroid hormone concentrations in CKD also affect functions of B cells [147] and T-lymphocyte functions and thereby contribute to altered cellular immunity [148].





8. Uremic Toxins


The development of the uremic syndrome is initiated by the retention of substances normally filtered by the healthy kidneys. Retention solutes that exert a detrimental effect on biologic functions are called uremic toxins [149].



In 2003, the European Uremic Toxin Work Group (EUTox) compiled a comprehensive list of 90 uremic retention solutes known at that time [150]. Uremic retention solutes have been categorized according to their physicochemical properties into small water-soluble molecules, middle molecules, and protein-bound molecules [150]. In 2012, this classification of normal and pathologic levels of uremic retention solutes was extended [151]. An updated database of “uremic toxins and solutes that accumulate in the plasma during the later stages of CKD” can be found at the homepage of EUTox (https://www.uremic-toxins.org/).



Because uremic toxins that lead to vascular complications are also produced in the intestine [152], Meijers et al. suggested another classification considering the source of metabolites, originating, therefore, from the diet, the mammalian, or the microbial metabolism [153].



In a review in this special issue, Glorieux et al. [154] describe the pathophysiological effects of intestinally generated end-products of the bacterial metabolism such as p-cresol, trimethylamine, and hydrogen sulfide (H2S). The role of the intestinal microbiota in the accumulation of sulfur compounds has been recently reviewed by Perna et al. [155]. The human immune system is crucial in preserving homeostasis with the resident microbiota, whereas in return, resident microbial populations affect the human immune defense [156]. Under inflammatory conditions in CKD, uremic toxins of bacterial origin disturb the intestinal barrier function. In the circulation, those uremic toxins stimulate immune cells. The abnormal gut microbiota in ESRD patients shapes a harmful metabolome, worsening clinical outcomes. Therefore, the intestinal microbiome represents a promising target to reduce uremic toxin levels [157,158].



Recently, mitochondria have been described as a source of and contributors to the production of uremic toxins [159]. The functioning of mitochondria can directly affect the synthesis of uremic toxins, such as products of oxidation or of peroxidation of cell components. Because uremic toxins can lead to damage of mitochondria, which gives rise to further uremic toxins, a positive feedback loop develops, leading to increased production of uremic toxins.



Uremic toxins that have inhibitory and/or pro-apoptotic effects on immune cells contribute to the increased risk of infections, whereas baseline activation, priming, and/or anti-apoptotic features lead to inflammation and as a consequence, to CVD. Examples of uremic toxins with known cardiovascular effects are the protein-bound solutes indoxylsulfate (IS) and the conjugates of p-cresol, p-cresyl sulfate (pCS), and p-cresyl glucuronide, the small water-soluble solutes guanidines, such as asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA), and the middle molecules beta-2-microglobulin, interleukin-6, TNF-alpha, and FGF-23 [160]. Recently, Vanholder et al. published a comprehensive update on the biochemical and clinical impact of organic uremic retention solutes [161].



Noteworthy, Rroji et al. found that uremic solute concentrations [blood, urea, nitrogen (BUN), uric acid, creatinine, ADMA and SDMA, beta2-microglobulin, and a large array of protein-bound solutes] in CKD patients with advanced age are not significantly associated with their calendar age [162].



8.1. Protein-Bound Solutes


In this special issue, Espi et al. [163] reviews the role of protein-bound uremic retention solutes in CKD-associated immune dysfunctions with a special focus on tryptophan catabolites such as indoxyl-sulfate (IS) and cresol derivatives such as pCS.



IS-mediated dysfunction of monocytes and T cells provokes endothelial damage in ESRD [164]. Pletnick et al. provided in vivo evidence that IS, pCS, and p-cresyl glucuronide have pro-inflammatory effects, contributing to vascular damage by stimulating a crosstalk between leukocytes and vessels [165]. pCS, the main in vivo metabolite of p-cresol, has a pro-inflammatory effect on unstimulated leukocytes by activating free radical production [166]. pCS induces the activation of macrophage, but interferes in antigen processing, resulting in a dysfunctional adaptive immune response in CKD patients [167].



The uremic retention solute para-hydroxy-hippuric acid reduces apoptosis of PMNLs from healthy subjects but has no effect on cells from hemodialysis patients, which may be desensitized by the uremic milieu [36]. Kynurenines, which belong to the group of indoles, are associated with oxidative stress, inflammation, and the occurrence of CVD in ESRD patients [168]. Under flow conditions, kynurenic acid initiates the stable arrest of leukocytes on the vascular endothelium. Therefore, it could be an important early mediator of leukocyte recruitment [169].




8.2. Small Water-Soluble Compounds


In vitro, the guanidino compounds SDMA, creatine, and guanidinobutyric acid (GBA) have a stimulatory effect on monocytes and granulocytes and may therefore contribute to the cardiovascular damage in CKD [170]. The post-translationally formed non-proteinogenic amino acids ADMA and SDMA are uremic toxins that inhibit the production of nitric oxide (NO) and are strong predictors of cardiovascular risk and mortality hemodialysis patients [171,172].



The purines uric acid, xanthine, and hypoxanthine suppress basal and calcitriol-induced CD14 expression of monocytes and are potentially relevant for impaired macrophage activation in renal failure [173]. The uremic toxin phenylacetic acid increases the activation of essential PMNL functions, reduces PMNL apoptosis, and may therefore account for the inflammatory state in uremic patients by priming PMNLs [174]. The uremic retention solutes dinucleoside polyphosphates (Np(n)N) stimulate the oxidative burst of PMNLs, monocytes, and lymphocytes and thereby account for the development of atherosclerosis in CKD [175].



The concentration of plasma MGO significantly increases with decreasing kidney function. MGO induces apoptosis of monocytes [176] and accelerates the spontaneous apoptosis and oxidative burst of PMNLs [177].




8.3. Middle Molecules


8.3.1. Immunoglobulin Light Chains


Immunoglobulin light chains (IgLCs) are produced by B cells slightly in excess of Ig heavy chains in parallel to intact immunoglobulins [178]. As a result, they exist in their free, unbound form in the plasma of healthy people at low concentrations. Serum levels of free IgLCs are augmented either by reduced elimination, e.g., in patients with diminished kidney function, or as consequence of increased synthesis, e.g., in B-cell lymphoproliferative disorders such as multiple myeloma. In CKD patients, the concentrations of polyclonal free IgLCs increases gradually with CKD stage [179]. Whereas standard HD and HDF cannot normalize their serum concentration [180], extended HD with a protein-leaking dialyzer can remove large amounts of free IgLCs from the plasma of patients with myeloma and renal failure [181]. The novel medium cut-off (MCO) membranes are more efficient in removing IgLCs than classical high-flux membranes in hemodiafiltration and have a lower albumin loss [182].



IgLCs can interfere with several essential PMNL functions. Monomers and dimers of free polyclonal IgLCs isolated from HD and CAPD patients significantly inhibit PMNL chemotaxis in vitro [183]. IgLCs attenuate the stimulation of the PMNL glucose uptake, but increase its basal level. Since the uptake of glucose is a quantitative measurement of the activation state of phagocytic cells, these results suggest that free IgLCs are involved in the pre-activation of PMNLs and delay with the normal resolution of inflammation. In agreement with these findings, we previously showed that free IgLCs inhibit spontaneous apoptosis of PMNLs [184].




8.3.2. Retinol-Binding Protein


The concentration of retinol-binding protein 4 (RBP4), the only specific vitamin A (retinol) transporter in blood, is increased in CKD [185]. In human umbilical vein endothelial cells, RBP4 induces apoptosis through receptor-mediated signaling [186] and inflammation by an NADPH oxidase- and nuclear factor kappa B-dependent and retinol-independent mechanism [187]. RBP isolated from the ultrafiltrate of patients with acute renal failure inhibits PMNL chemotaxis, oxidative burst, and apoptosis and as a result, contributes to a disturbed immune defense [188].




8.3.3. Neuropeptides


Immune cells release opioid peptides and express the corresponding receptors. Therefore, opioids mediate the communication between immune and neuroendocrine systems. In vitro and in vivo studies have shown that opiate abuse impairs innate immunity and is responsible for increased susceptibility to bacterial infections [189]. In CKD, Met-enkephalin (Met-enk) levels are significantly increased in uremic serum and correlate with creatinine and urea concentrations [190]. Met-enk induces an up-regulation of CD11b and CD18 molecules on neutrophils in vitro [191]. Preliminary data from our laboratory suggest that Met-enk attenuates PMNL apoptosis and enhances PMNL chemotaxis in vitro [192]. We only observed these effects at concentrations higher than those reported in uremic serum. However, these effects could have in vivo relevance considering the autocrine action of Met-enk on PMNLs.



The levels of neuropeptide Y (NPY) are increased in CKD [193]. Plasma NPY concentrations predict incident CV complications in ESRD patients [194]. NPY, the most abundant peptide in the central and peripheral nervous system, acts as a signaling molecule at the interface of the immune system with the brain [195]. Human neutrophils express specific NPY receptors, which modulate essential neutrophil functions such as phagocytosis and oxidative burst [196]. NPY can be produced by immune cells upon stimulation and therefore regulate immune cell functions in an autocrine/paracrine manner [197].




8.3.4. Endothelin-1


In CKD patients, especially those undergoing HD or CAPD treatment, plasma levels of endothelin-1 (ET-1), a potent coronary vasoconstrictor, are increased [198]. ET-1 is an important mediator for PMNL recruitment in adaptive inflammation via a TNFα and chemokine (CXCL1/CXCR2)-dependent mechanism [199]. ET-1 causes enhanced expression of leukocyte adhesion molecules and the synthesis of inflammatory mediators, leading to vascular dysfunction [200]. ET-1 promotes neutrophil adhesion to human coronary artery endothelial cells via ET(A) receptors [201]. PMNLs can produce ET-1 by proteolytic cleavage from human big endothelin (bET) [202]. PMNLs and macrophages express ET receptors. Therefore, considering the overproduction of ET-1 following endothelial dysfunction and inflammation, they may contribute to vascular dysfunctions by formation of an autocrine loop between ET-1 and the ET(A) receptor [203]. Furthermore, ET-1 enhances superoxide generation of human PMNLs stimulated by the chemotactic peptide N-formyl-methionyl-leucyl-phenylalanine [204].




8.3.5. Adipokines


Adipose tissue has pleiotropic functions far beyond energy storage [205]. It plays a key role in cytokine, adipokine, and chemokine secretion as well as in the innate immune response [206]. As stated in the recent literature, adipokines have the highest association with CKD and ESRD [207]. Interactions of the adipose tissue with the kidney (adipo-renal axis) are important for normal kidney function and response to injury [208]. Adipocytes can behave in an immune-like way and sense inflammatory signals that consequently modify adipocyte functions and modulate immune responses [209]. The serum concentration of adipokines, such as leptin and resistin, are elevated in CKD [150] as a result of declined renal elimination, but also as a result of increased production by stimulated adipocytes in the uremic milieu [210].



High leptin levels and the associated inflammation contribute to the initiation and development of renal disease [211,212]. Leptin inhibits PMNL chemotaxis in a reversible manner and attenuates the activation of PMNL oxidative burst [213]. In humans, resistin is expressed mainly by macrophages in the visceral white adipose tissue [214] as well as in PMNLs and monocytes [215]. Resistin directly inhibits bacterial killing in neutrophils [216]. It inhibits PMNL chemotaxis and attenuates the stimulation of PMNL oxidative burst [217]. Resistin is stored in PMNL granules and released after stimulation with inflammatory mediators [218]. Because resistin stimulates the chemotaxis of CD4-positve lymphocytes [219], PMNLs may attract lymphocytes to the site of inflammation while they attenuate their own functions.





8.4. Posttranslational Modifications


The posttranslational modifications in the uremic milieu may result in changed functions of enzymes, cofactors, hormones, low-density lipoproteins, antibodies, receptors, and transport proteins.



8.4.1. Carbamoylation


Protein carbamoylation is a non-enzymatic post-translational modification resulting from the binding of free amino groups of proteins to isocyanic acid originating from the dissociation of urea or from the catabolism of thiocyanate catalyzed by MPO. Of note, in the literature, the term “carbamylation” is often used instead of “carbamoylation”. However, carbamylation refers to a different chemical reaction, namely the reversible interaction of CO2 with α and ε-amino groups of proteins.



The mechanisms and consequences of carbamoylation have recently been reviewed by Delanghe et al. [220]. Carbamoylated proteins are associated with atherosclerosis, lipid metabolism, and renal fibrosis. They also contribute to several aspects of immune system dysfunction, e.g., inhibition of the classical complement pathway, reduced oxidative PMNL burst, and formation of anti-carbamoylated protein antibodies. In ESRD, protein carbamoylation is associated with mortality [221]. PMNLs from peritoneal dialysis patients express carbamoylated proteins in their cytoplasm and on their cell surface, suggesting that posttranslational modifications of proteins by urea-derived cyanate may contribute to PMNL dysfunction in patients with renal disease [222]. Carbamoylation of collagen leads to the activation of PMNLs and disturbs the remodeling of the extracellular matrix, contributing to the pathophysiology of renal failure [223]. Carbamoylation may result in homocitrulline bound to serum proteins, predicting the increased risk for CVD in ESRD patients, indicating a link between uremia, inflammation, and atherosclerosis [221].



In contrast to carbamoylation and carbamylation, carbonylation is the irreversible modification of proteins with carbonyl derivatives, i.e., aldehydes and ketones, and occurs in chronic uremia because of “carbonyl stress”. Carbonyl reactive species mainly modify albumin. Carbonylated albumin may cause a significant rise of adhesion molecule expression in endothelial cells and thereby contribute to uremic atherosclerosis [224].




8.4.2. Advanced Glycation End Products (AGEs)


AGEs are formed by non-enzymatic glycation between reducing sugars and amino acids, lipids, or DNA. They arise not only in the presence of hyperglycemia, but also in diseases with high levels of inflammation, such as CKD, where increased AGE concentrations result from increased formation as well as from decreased renal clearance. AGE levels are twice as high in patients with ESRD, compared with those in patients with diabetes mellitus without renal disease [225]. Stinghen et al. have previously reviewed the role of AGEs as uremic toxins [226]. AGEs exert their harmful effects by binding to their cell surface receptor, RAGE [227].



Compared to unmodified proteins, proteins modified with glucose in vitro increase PMNL chemotaxis and the stimulation of glucose uptake by PMNLs [228]. PMNL apoptosis is enhanced in the presence of glucose-modified serum proteins. Albumin modified with specific AGE compounds has an activating, potentially pro- atherogenic effect on leukocyte responses [229]. AGEs are chemotactic for human monocytes. Monocyte migration across intact endothelial cell monolayers can be triggered by sub-endothelial AGEs [230]. AGEs activate TNFα and IL-1β secretion by peritoneal macrophages in peritoneal dialysis patients and thereby contribute to the disturbed permeability of the peritoneal membrane in long-term PD patients [231]. Glycation of collagen in uremia may contribute to the disturbed host defense in CKD patients by increasing PMNL adhesion to collagen surfaces via the AGE receptor [232].




8.4.3. Oxidative Modifications


AOPPs are markers of phagocyte-derived oxidative stress. AOPPs also interact with RAGE, suggesting that different oxidation products exert their biological effects via common signal transduction pathways [233]. As uremic toxins with pro-inflammatory effects, they activate the oxidative burst in PMNLs and monocytes [234]. In pre-dialysis patients, AOPPs are generally formed by MPO-independent oxidation mechanisms, whereas in HD patients, AOPPs are primarily produced from MPO released by activated PMNLs [235]. ROS produced by activated PMNLs can modify serum proteins. In turn, these modified proteins activate PMNLs [236]. Therefore, the local PMNL-initiated oxidative alterations of serum proteins may be a general autocrine and paracrine pro-inflammatory mechanism enhancing PMNL activation and accumulation at the site of inflammation [236].



High levels of oxidized low-density lipoproteins contribute to the increased risk for atherosclerosis in patients with renal failure. Oxidized low-density lipoprotein is associated with activated monocytes and macrophages [237] and may directly activate T cells and induce apoptosis [238].



Albumin is the most important antioxidant in human serum. As a result of the higher susceptibility to proteases induced by oxidative stress in diabetic and ESRD patients, albumin can be fragmented [239]. On the other hand, oxidation of albumin contributes to the development of oxidative stress in HD patients [240].





8.5. High-Density Lipoprotein (HDL)


High-density lipoprotein (HDL) exerts a variety of essential biological functions [241]. Besides the classical role in reverse cholesterol transport [242], HDL has strong anti-oxidative, anti-inflammatory, and anti-thrombotic effects [243], contributing to both cardio-protection [244] and immuno-regulation [245,246]. PMNLs have binding sites for HDL [247] and their major apolipoprotein constituent ApoA-I [248]. HDL and Apo A-I significantly reduce CD11b surface expression on activated PMNLs [249] and monocytes [250] and decrease PMNL chemotactic movement [249]. Apo A-I inhibits PMNL adhesion, oxidative burst, and degranulation [251]. Inflammasome activation, which promotes NET formation in atherosclerotic plaques and enhances atherogenesis, is suppressed by cholesterol efflux to HDL [252]. Furthermore, reconstituted HDL inhibits the activation of human leukocytes in a whole blood assay as well as on monocyte-derived human dendritic cells [253].



In inflammatory diseases such as CKD, diabetes, and rheumatoid arthritis, HDL is qualitatively altered and loses its anti-inflammatory properties [254,255,256]. In CKD, these changes are primarily caused by uremic toxicity. The accumulation of the uremic toxin SDMA in HDL of CKD patients adds to its adverse effects [257]. The amount of serum amyloid A in the HDL particle from uremic patients inversely correlates with its anti-inflammatory effect [258]. Post-translational modifications such as glycation and carbamoylation give rise to modified HDL, which by itself contributes to uremic toxicity [259].



Studies on the effect of HDL from HD patients on vascular smooth muscle cells [260] and monocytes and dendritic cells [258] found decreased or eradicated anti-inflammatory features. Whereas HDL from healthy subjects reduces the production of inflammatory cytokines by peripheral monocytes, HDL isolated from CKD patients had no such effect [258]. We have shown that HDL from CKD and HD patients significantly attenuated PMNL apoptosis, whereas HDL from healthy subjects had no effect [261]. HDL isolated from healthy subjects diminished the activation of CD11b surface expression, whilst HDL from CKD and HD patients had no such impact, indicating that HDL may contribute to the systemic inflammation in uremic patients by modulating PMNL functions [261].




8.6. Hydrogen Sulfide (H2S)


Hydrogen sulfide (H2S) is a toxic gas. However, it is also endogenously produced in very small amounts. Therefore, it belongs to the family of gasotransmitters together with nitric oxide and carbon monoxide. H2S has several protective effects on the physiology of the kidney, increases GFR, and shows anti-inflammatory, anti-oxidative, and anti-apoptotic properties [262]. The role of H2S on important renal functions has been previously reviewed [263]. H2S affects the renin secretion from juxtaglomerular cells and consequently regulates blood pressure. When the RAS is over-activated, H2S downregulates cAMP, a modulator of renin release, by inhibiting adenylate cyclase. In diabetic nephropathy, H2S attenuates ROS production, activates AMP-activated protein kinase, and stimulates NO-formation.



In patients with a reduced kidney function, H2S levels are decreased [264]. This is frequently associated with atherosclerosis, hypertension, myocardial infarction, and diabetes. After a single HD session, H2S concentration increases, implying that uremic toxins that inhibit H2S -producing enzymes are removed [265]. The levels of lanthionine, a side-product of H2S biosynthesis, are significantly elevated in uremia. Vigorito et al. recently showed that lanthionine inhibits H2S release by reducing protein content and glutathionylation of the transsulfuration enzyme cystathionine-beta-synthase [266].



There are diverging findings regarding the effects of H2S on the immune system [267]. In several models of inflammation (sepsis, endotoxic, and hemorrhagic shock), H2S levels were increased, indicating that H2S has pro-inflammatory effects [268,269,270]. Rinaldi et al. [271] found decreased PMNL apoptosis under the effect of H2S, released by NaHS, in vitro. Furthermore, Spiller et al. [272] showed that NaHS stimulates PMNL migration to the side of infection in septic mice.



However, other studies suggested anti-inflammatory features of H2S. H2S has a prominent role in the resolution of inflammation (reviewed in [273]). H2S modulates inflammatory reactions at the level of leukocytes and endothelium [274]. H2S, released by the H2S donor GYY41137, decreased PMNL chemotaxis and attenuated the production of ROS in a mice model of lipopolysaccharide-induced acute lung injury [275]. The opposite and apparently contradictory results of in vitro studies might be explained by different kinetics of H2S release from the various H2S donors and the resulting different local H2S concentrations.





9. Conclusions


CVD and infections are directly or indirectly linked to a disturbed immune defense and contribute to the high incidence of morbidity and mortality of patients with reduced kidney function. In uremia, both defective renal metabolic activities and impaired glomerular filtration resulting in the accumulation of uremic toxins interfere with the immune system.
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Figure 1. Immune dysfunction and risk factors in chronic kidney disease. 
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