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Abstract

:

Chronic kidney disease (CKD) is a global health problem characterized by progressive kidney failure due to uremic toxicity and the complications that arise from it. Anemia consecutive to CKD is one of its most common complications affecting nearly all patients with end-stage renal disease. Anemia is a potential cause of cardiovascular disease, faster deterioration of renal failure and mortality. Erythropoietin (produced by the kidney) and iron (provided from recycled senescent red cells) deficiencies are the main reasons that contribute to CKD-associated anemia. Indeed, accumulation of uremic toxins in blood impairs erythropoietin synthesis, compromising the growth and differentiation of red blood cells in the bone marrow, leading to a subsequent impairment of erythropoiesis. In this review, we mainly focus on the most representative uremic toxins and their effects on the molecular mechanisms underlying anemia of CKD that have been studied so far. Understanding molecular mechanisms leading to anemia due to uremic toxins could lead to the development of new treatments that will specifically target the pathophysiologic processes of anemia consecutive to CKD, such as the newly marketed erythropoiesis-stimulating agents.
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1. Introduction


Chronic kidney disease (CKD) is a global public health problem characterized by a progressive loss of kidney function through the accumulation of uremic toxins leading to inflammation and endothelial dysfunction [1,2]. The European Uremic Toxin (EUTox) Work Group has compiled an authoritative list of 146 compounds as known uremic toxins and classified them into 3 groups based on their physicochemical characteristics such as the molecular weight, protein-binding capacity and removal pattern by dialysis [3,4,5,6,7]. Twenty-five solutes (27.8%) extracted from the sum of these uremic compounds are protein bound and are difficult to remove by dialysis, due to their protein binding capacity [8]. Furthermore, uremic toxins interact negatively with biologic functions when they are not eliminated by the kidneys. This interaction will be described more exhaustively in a further part of the manuscript.



Instead of being filtered and excreted by kidney, those uremic toxins accumulate in blood and lead to a deficient erythropoietin (EPO) production by the kidney interstitial fibroblasts (peritubular cells of kidneys), resulting in a defective erythropoiesis due to a decrease in erythrocyte production [9,10]. EPO deficiency and iron deficiency are the main reasons contributing to anemia, a well-known consequence of CKD. In this disease, the best available indicator of kidney function is the glomerular filtration rate (GFR), which estimates the total amount of blood filtered by the kidney that passes through the glomeruli per unit of time. Patients with CKD are defined with a GFR inferior to 60 mL/min/1.73 m2 in the span of at least 3 months while the normal GFR of a healthy person is more than 90 mL/min/1.73 m2 [11,12,13]. End-stage renal disease (ESRD) occurs when the kidney function is below 15% of its normal capacity. Some of the risk factors that lead to common complications for CKD are shown in Figure 1 [14,15,16].



Among them, anemia, heart disease, mineral and bone disease (e.g., osteoporosis and uremic vascular calcification), high potassium (hyperkalemia) and fluid buildup (when extra fluid from the blood are not removed by the kidneys) constitute common complications of ESRD [17]. In some cases, the complications could be the consequence of a strategy treatment of a risk factor. It is the case of the development of hyperkalemia that is common in patients with heart and kidney disease. Because of the increasing use of drugs that antagonize the renin-angiotensin-aldosterone system (RAAS), hyperkalemia is encountered frequently in patients with established cardiovascular diseases (CVD) [18].



In this review, we mainly focus on CKD-associated anemia as it affects nearly all patients with ESRD [19]. Anemia is defined by the World Health Organization (WHO) as a hemoglobin concentration inferior to 13 g/dL in men and less than 12 g/dL in women [20]. Numerous studies have reported that a high percentage, approximately half of patients with ESRD in the United States, suffer from anemia due to EPO deficiency [11,21,22]. As shown in Figure 2, accumulation of uremic toxins impairs renal EPO synthesis, compromising the growth and differentiation of red blood cells (RBCs) in the bone marrow.



This in turn results in a decrease of RBCs production leading to CKD–associated anemia. This exposes patients to a high-risk for CVD (patients with hypertension and heart failure), which are the main cause of death for those patients [23,24]. Among them, we note the development and progression of a heart failure and of a left ventricular hypertrophy (LVH) that is commonly associated with CKD and anemia [25] (Figure 2).



The most common form of anemia classically seen in CKD is typically normocytic, normochromic, and hypoproliferative. Actually, anemia in CKD is a multifactorial condition, and aside from EPO deficiency, iron is also recognized as a major contributor in this disease [26]. Understanding erythropoiesis and its relationship with EPO and iron, leads to understand in part the pathophysiologic processes of anemia consecutive to CKD.



In this review, we discuss current knowledge of the uremic toxin’s effects, focusing on the molecular mechanisms underlying anemia of CKD that are not completely understood and evaluating the new treatments designed to control anemia.




2. Uremic Toxins Are Central Players of the CKD Clinical Course


Uremia is attributed to the retention of several solutes, called uremic solutes or uremic toxins. When they are not removed by the kidneys, uremic toxins interact negatively with biologic functions. There is an evident association between increased concentration of uremic solutes and mortality or morbidity in the epidemiologic studies of CKD patients [27,28,29,30,31]. A first work in 2003 by the EuTox Work Group compiled an exhaustive list of uremic retention solutes, containing their mean normal concentration, their mean/median uremic concentration, their highest uremic concentration reported in patients, and their molecular weight (Table 1) [32].



In 2012, an update of uremic retention solutes by the same group extended the classification to new uremic toxins in continuation of the work published in 2003 [6,32]. Based on their protein binding property and molecular weight, they are classified intro three groups: small water-soluble molecules (<500 kDa), middle molecules (≥500 kDa), and protein-bound solutes. This collaborative group focused on measuring the normal and pathologic serum concentrations.



Compared to the small water-soluble molecules, which are easily removed during a standard dialysis, the middle molecules are removed through dialyzer membranes with a larger pore size [38,39]. Protein-bound molecules, on the other hand, are not easily removed with the current dialytic procedure due to the resistance induced by protein binding [40,41]. Even increasing pore size does not improve the removal [41].



2.1. Representative Uremic Toxins: Indoxyl Sulfate and P-Cresyl Sulfate


Of the large group of protein-bound solutes, indoxyl sulfate (IS) and P-cresyl sulfate (PCS), poorly removed by conventional dialysis, are the most studied and representative toxins [42,43,44,45,46].



Indoxyl sulfate is a metabolite derived from tryptophan via indole by colon microbes [47]. Briefly, indole is produced by bacterial degradation of tryptophan that is conjugated by the liver and converted into indoxyl sulfate. PCS is generated from the metabolism of tyrosine and phenylalanine by the intestinal flora and sulfated in the liver [47,48]. Both IS and PCS are small molecules, which are bound to plasma proteins at the extant of 90% (e.g., albumin [49]). Importantly, most of the studies have investigated IS and PCS at the same time. It has been shown that PCS is positively related with IS and its increase is correlated with renal function decline in CKD patients [50].



The following section will thus focus on IS, as it is known to be associated with numerous toxic effects, rather than the whole list of toxins. We summarize in Table 2 the most relevant pathophysiologic roles of IS as found in the literature.



It is now well documented that IS contributes to the progression of kidney failure [34,46,50,51,52,53,54]. Experimental work on uremic rats has demonstrated that administration of either indole (precursor of IS) or IS administration stimulates the progression of glomerular sclerosis [34,51]. Also, IS could be a valuable indicator in estimating the progression of renal function deterioration of renal function in advanced CKD patients [53,54]. Another study demonstrated that serum IS level increased gradually as renal function declined in CKD patients [50]. Furthermore, kidney fibrosis could be induced by IS by activating the intrarenal RAAS [52]. In CKD patients, IS-induced renal toxicity mainly occurs following induction of oxidative stress in endothelial cells due to an increase of NADPH oxidase activity and a decrease in antioxidant defense mechanisms [55]. In addition, IS decreases endothelial cell proliferation and wound repair in an in vitro model of human umbilical vein endothelial cells (HUVECs) [2]. Another in vitro study has shown that IS increases endothelial microparticles (EMPs) release and suggests that measuring EMPs levels could be a new marker of endothelial dysfunction in uremic patients [56]. Moreover, IS is also positively correlated with circulating tissue factor (TF) levels induced by the aryl hydrocarbon receptor (AhR) activation in endothelial cells and peripheral blood mononuclear cells (PBMCs) [57]. The increased TF production could participate in the acceleration of atherogenesis in CKD patients, but the authors suggest that this hypothesis has to be confirmed by relevant clinical studies [57]. Also, another study suggests that IS could modify the efflux transporter P-glycoprotein (P-gp) known to be involved in the nonrenal clearance of drugs through the AhR pathway [58]. Identifying the altered transporters may improve the use of drugs associated with CKD for these patients.



To summarize, IS is associated with the progressive deterioration of renal function, the development of uremic symptoms, alongside the pathogenesis of atherosclerosis, CVD, vascular damage, and mortality [34,46,50,51,52,53,54,59,60,61,62,63,64,65].




2.2. IS Effects in Renal Anemia


As described above, the toxic effects of IS are numerous. In this review, we will focus on the pathophysiological roles of IS that lead to the induction of renal anemia. Many of the IS effects in renal anemia are related to an impairment of renal EPO synthesis due to a suppression of transcription of the EPO gene in a hypoxia-inducted factor (HIF)-dependent manner, aggravating the hypoxia on the kidney [43] (discussed later in this review). Although renal anemia is predominantly caused by an impaired EPO production, several other factors (e.g., iron deficiency) can worsen erythropoiesis in renal patients. Furthermore, IS contributes to the suicide of erythrocyte, known as eryptosis, characterized by erythrocyte shrinkage due to extracellular Ca2+ entry [66].



Another possible mechanism, described in a study by Adelibieke et al., to explain IS-induced anemia is the suppression of the EPO receptor (EPOR)-AKT pathway (intracellular signal transduction pathway that promotes survival and growth in response to extracellular signals) [67]. They speculated that IS suppresses EPO-induced phosphorylation of EPOR in HUVECs. The same study focuses on an additional mechanism that EPO induces the production of Thrombospondin-1 (TSP-1), an erythroid-stimulating factor. TSP-1 is known to stimulate erythroblast proliferation under EPO [68,69]. This is interesting as IS has been described to diminish EPO-induced TSP-1 expression in HUVECs by suppressing AKT phosphorylation [67].



Asai et al. provided in a recent study a putative molecular mechanism that could cause the progression of renal anemia. They provide evidence that AhR activation plays an important rule on the suppressive effect of IS on HIF activation in HepG2 cells. When AhR is inactivated with a pharmacological AhR antagonist or an AhR-siRNA, they observe an abolishment of the suppressive effect of IS on HIF activation [70]. Moreover, IS might increase phosphatidylserine (PS) exposure and microparticles (MPs) release of RBCs due to the increase of cytosolic (Ca2+) [71]. PS is a component of the cell membrane found preferentially in the inner leaflet. It is externalized in the outer membrane in combination with MPs release during apoptosis, providing early detection of apoptotic cells [72]. In the same study, the authors demonstrate that the Procoagulant Activity (PCA), promoting the coagulation of blood, is due to the PS exposure and MPs release that might explain the cardiovascular events in CKD [71].



Another report demonstrated that IS is negatively and significantly associated with the EPO expression in CKD patients [73]. In the same study, using animal models, the inhibitory role of IS in the EPO expression has been indirectly confirmed. In fact, when they treated the CKD rats with AST-120 (oral administered intestinal sorbent that can absorb IS), they observed a decrease in seric IS levels and an increase in EPO expression. In contrast, an observational multicentric study including more patients did not show any link between IS and anemia [74]. A study of a larger cohort of patients suffering from CKD is needed in the future to determine whether or not uremic toxins play an important role in renal anemia.



A recent study, comparing healthy controls (CON-RBC) and hemodialyzed patients (HD-RBC) respectively, investigated the mechanism by which IS induces oxidative stress and eryptosis in RBCs [75]. In this paper, Dias et al. suggests that IS increases reactive oxygen species (ROS) generation and eryptosis in CON-RBC. This happens through the organic anion transporter 2 (OAT2) (present in the RBCs surface) and in both NADPH oxidase activity-dependent and glutathione (GSH)-independent mechanism. These findings lend support to an important role of IS in the development of renal anemia.



To conclude, these findings globally support the role of IS in the regulation and development of renal anemia and are summarized in Table 3.




2.3. Other Uremic Toxins Implicated in Erythropoiesis


Apart from IS, some other protein-bound uremic toxins have been reported to play a role in renal anemia process by mechanisms independent of EPO production.



In patients with ESRD, polyamines have been reported to reduce proliferation and maturation of erythroid precursor cells (CFU-E) by acting as inhibitors of erythropoiesis [76]. Some studies about polyamines confirm the hypothesis that polyamines are intimately involved in the development and progression of anemia pathogenesis in ESRD [76,77,78]. For example, acrolein stimulates the formation of ceramide that in turn induces eryptosis by triggering cell membrane scrambling and cell shrinkage when exposed to cytosolic Ca2+ [79]. All those studies suggest an important role, not only of IS but also of other uremic toxins, in the development of renal anemia. Further studies will however have to be undertaken to understand an eventual cumulative mechanism of these toxins.



In the field, it is also possible to cultivate cell cultures with serum from uremic patients to see the effect of the sum of uremic toxins accumulated in the blood of CKD patients. To our knowledge, only one study published in 1983 suggests a potential mechanism of uremic sera on erythropoiesis inhibition [80]. This study has shown an inhibitory effect of uremic serum from CKD patients on the proliferation in vitro of erythroid progenitor cells. To date, however, the toxic and inhibitory effects of uremic toxins on erythropoiesis are not totally understood.





3. Physiopathology of Anemia in CKD


HIF is activated in order to stimulate the production of EPO in response to a decreased oxygen delivery [81]. In a pathological context, this is the case during the course of anemia. HIF is a heterodimer with a hypoxia-inducible factor alpha-subunit (HIF-α), and a constitutively expressed beta-subunit (HIF-β). The two isoforms of HIF-α (HIF-1α and HIF-2α) are strictly dependent on hypoxia. Moreover, it has been demonstrated that HIF-2α is the most important isoform in mediating the response of anemia as a key regulator of erythropoiesis and iron metabolism [82,83,84,85,86,87].



3.1. Regulation of HIF in Kidney Disease


The expression of HIF-α is mainly regulated by proteosomal degradation [88,89] (Figure 3).



Under normoxic conditions, HIF-α is hydroxylated by prolyl hydroxylase domain (PHD) protein [90]. The proline-hydroxylated HIF-1α is then recognized by von Hippel-Lindau (VHL)-E3-ubiquitin ligase complex, polyubiquitinated and degraded in the proteasome. In contrast, under hypoxic conditions, HIF-α escapes from hydroxylation mediated by PHD [90]. HIF-α forms a heterodimer with HIF-β. Therefore, the HIF heterodimer binds to the hypoxia response element (HRE) in the regulatory region of target genes (e.g., EPO) and promotes transcription of these genes.



A study of Bernhardt et al. suggests that PHD inhibitors (FG-2216) can stabilize HIF levels by preventing hydroxylation, promoting dimerization and stimulating endogenous EPO production in the kidneys of hemodialyzed patients, suggesting a new therapeutic approach for CKD [91]. In other words, pharmacologic PHD inhibitors could offer a new approach for the treatment of anemia (discussed later in the review).



Under normoxia, HIF-α is hydroxylated by PHD protein, then recognized by VHL-E3-ubiquitin ligase complex, and directed to the proteasome for degradation. Under hypoxia, HIF-α accumulates in the nucleus and dimerizes with HIF-β, and together they lead to transcription of EPO. Under CKD, the mechanism is similar to the hypoxic condition except that IS activates the AhR receptor that in turn inhibits HIF leading to a decrease of EPO production.




3.2. Impairment of IS-Induced HIF Activation


In CKD, both HIF-1 and HIF-2 are activated, so it is difficult to determine their individual effects on anemia [92]. However, HIF-2α is a key regulator of hypoxic EPO induction [93] and could induce a severe anemia when deleted from renal tissue [94]. As revealed in the study of Chiang et al., IS potentially suppresses EPO expression in a HIF-dependent manner both in vitro and in vivo [43]. In hypoxic condition, IS is able to impair erythropoiesis by suppressing the EPO gene transcription via inhibition of HIF activation. These relationships between HIF and IS were confirmed in an independent study in which IS inhibits the hypoxic induction of HIF-1 target genes causing functional impairment of the HIF-1α C-terminal transactivation domain (CTAD) in human kidney (HK-2) proximal tubular cells [95]. Furthermore, as previously seen, IS activates the transcription factor AhR in HUVECs [57]. In addition, AhR activation plays an indispensable role on the suppressive effect of IS on HIF activation and subsequent EPO production in hepatocellular cells (HepG2) [70]. That could be one of the molecular mechanisms by which renal anemia is caused.




3.3. EPO and Regulation of Erythropoeisis


Erythropoiesis is a multistep process in which mature RBCs are generated from hematopoietic stem cells (HSCs) in bone marrow (BM). It is a highly regulated process in which HSCs proliferate and differentiate consecutively into burst-forming unit-erythroid (BFU-E), colony-forming unit-erythroid (CFU-E), proerythroblasts (Pro-EB), erythroblasts (EB), reticulocytes (Retic), and mature RBCs (or erythrocytes) in the circulation, consecutively (Figure 4).



It is known that a defect in erythropoiesis could lead to hematological diseases [96].



EPO is the key hormone that regulates erythropoiesis. In the bone marrow, erythroid cells expressing EPOR are found mainly at later stages, erythroid progenitor CFU-E and proerythroblasts [97]. Furthermore, EPO acts synergistically with other cytokines (e.g., SCF) in the bone marrow to cause maturation and proliferation from the stage CFU-E and Pro-EB (both EPO-dependent) to the erythroblast stage of erythropoiesis [98,99].



The interaction between EPO and its receptor is the main trigger involved in erythropoiesis regulation. The binding of EPO to EPOR stimulates erythroid cell division and proliferation and inhibits erythroid progenitor apoptosis [97]. Upon binding to EPO, EPOR homodimerizes at the cell surface and the signal transduction cascade is initiated [100,101]. An intracellular signaling occurs by the induction of tyrosine phosphorylation of JAK2 kinase, that in turn phosphorylates other proteins to transduce a growth signal [102].



EPO binds to the receptor and generates intracellular signals to rescue the late CFU-E cells from apoptosis and increase their survival and proliferation [99]. During this process, the transcription factor HIF-2α promotes erythropoiesis, by regulating EPO synthesis and enhancing iron uptake [103].




3.4. The Role of Iron in the Regulation of Erythropoeisis


Iron is an essential mineral required for hemoglobin synthesis in maturing erythroblasts. Although the progenitors CFU-E and Pro-EB are EPO-dependent, the differentiation process from proerythroblasts to red blood cells (or erythrocytes) is strongly iron-dependent (Figure 4) [104]. Erythropoiesis requires 25–30 mg of iron to produce almost 200 billion red blood cells in the bone marrow each day. This iron is provided primarily from recycling hemoglobin-derived iron of old and senescent red cells. Indeed, less than <1–2 mg of new iron daily derives daily from intestinal absorption [105]. A study revealed that eryptosis could be associated with iron deficiency [106].




3.5. Hepcidin and Regulation of Serum Iron Levels


The main hormone that regulates iron levels is hepcidin, a peptide hormone produced in the liver [107]. In turn, hepcidin production is homeostatically modulated by iron concentrations and thereby iron availability for erythropoiesis [108]. During erythropoiesis, hepcidin production is suppressed, thus increasing iron availability for hemoglobin synthesis [109]. In CKD patient’s blood, hepcidin levels are elevated, in part due to inadequate kidney clearance [110]. Therefore, abnormal elevated hepcidin production may contribute to the development of anemia in CKD [111]. There are three identified erythroid modulators of hepcidin expression in ineffective erythropoiesis: Erythroferrone (ERFE), Growth differentiation factor 15 (GDF15), and Twisted gastrulation protein homolog 1 (TWSG1) [105]. In this review, we decided to focus specifically on erythroferrone because it is closely related to EPO [112].



The most recently discovered regulator of hepcidin expression is ERFE, a member of the C1q-tumor necrosis factor-related family of proteins [113]. ERFE is an EPO-responsive gene produced by erythroblasts in response to EPO (Figure 5). During stress erythropoiesis, defined as the rapid production of new erythrocytes, ERFE suppresses hepcidin expression to respond to an increased erythropoietic demand [114]. In Kautz et al. study, EPO injections into mice (within 4 h) resulted in an increase of ERFE mRNA expression by erythroid precursors in the erythropoietic organs (bone marrow and spleen) [113]. In response to anemia, hypoxia induces an increase of EPO production by the kidney, which stimulates erythroblasts to increase ERFE production and thereby suppress hepcidin [115].



As previously shown, IS accumulation suppresses EPO production by inhibiting HIF [43]. A recent study tried to clarify how IS is involved in iron metabolism in CKD [116]. Their in vitro experiments showed that IS enhances hepcidin expression via both AhR and oxidative stress-mediated pathways. Therefore, IS seems to be involved in iron metabolism by impairing iron utilization and promoting an inadequate erythropoiesis in the CKD context.



Also, it is to be noted that even if uremic toxins such as IS and PCS strongly aggravate anemia in advanced CKD and ESRD, renal anemia in this setting is primarily related to a decreased production of EPO by diseased kidneys (with interstitial fibrosis and reduced renal mass of cells producing EPO with the exception of genetic polycystic disease; cases of enlarged kidneys in diabetic and amyloid nephropathies with deposits of amorphous specific material have also a reduction of EPO-producing cells), together with a lowered set point for EPO production in case of hemorrhage. This decrease in EPO production is associated with true iron deficiency related to blood loss due to uremic enteropathy and hemodialysis treatment aggravated by iron-restricted anemia (linked to high levels of hepcidin).





4. Current Strategies of Renal Anemia Treatment


Small water-soluble compounds are easily withdrawn by dialysis while other compounds need more specific removal strategies [40]. Indeed, middle molecules can be better removed by dialysis membranes with a larger pore to allow their passage, but this is not the case for the protein-bound compounds [40]. Therefore, at present, a development of new elimination strategies and innovative pharmacological procedures is necessary to prevent the related complications of CKD (Table 4).



The anemia associated with CKD can be managed effectively by the erythropoiesis-stimulating agents (ESA), based on recombinant human erythropoietin (rHU EPO) such as epoetin alfa, or intravenous iron supplementation [117,118]. Most patients with CKD that respond to ESA administration experience correction of anemia, improving quality of life and maintaining hemoglobin concentrations within the recommended target range [119,120]. However, paradoxically, although correcting anemia, some patients seem to be resistant to such treatments [121]. An increase of adverse effects was noted such as worsening hypertension, left ventricular hypertrophy, progression of kidney disease, and higher mortality rate [118,122,123]. In fact, approximately 10% of patients with anemia due to CKD are hyporesponsive to ESA therapy [120]. For a better ESA response in long-term HD patients, the Kidney Disease Outcomes Quality Initiative (KDOQI) guidelines recommend an iron saturation ratio (ISAT) above 20% and a serum ferritin above 200 ng/mL [124]. When those two predictors are less than the recommended values, ESA becomes hyporesponsive [125].



Optimization of ESA therapy may require iron supplementation for treatment of anemia in patients with CKD [126]. Studies in patients with CKD under dialysis demonstrate that the use of iron supplementation can lower ESA dose requirements and might reduce the risks associated with ESA therapy [127,128]. In fact, an inadequate amounts of iron supply commonly causes an unsuccessful ESA treatment [126]. It is now considered that, for an effective anemia treatment in patient with CKD to be effective, requirement of combined ESA therapy and iron administration is needed [138].



Nevertheless, some patients with CKD do not adequately respond to recommended ESA or iron doses. A potential novel therapeutic approach for anemia treatment consists of the stimulation of endogenous erythropoietin secretion through HIF stabilization using orally active HIF prolyl-hydroxylase domain inhibitors (PHIs) [91,129,130,139]. Among them, Roxadustat (FG-4592) is an oral PHI that stimulates erythropoiesis and regulates iron metabolism in ESRD patients. A study has demonstrated the effect of Roxadustat treatment on anemia in patients undergoing dialysis [140]. In the present trial, they compared Roxadustat therapy with epoetin alfa therapy for 26 weeks. This study showed that Roxadustat led to a greater increase of hemoglobin level than epoetin alfa in the treatment of anemia. A complementary study by the same team compared Roxadustat and placebo for the treatment of anemia on patients with CKD who were not undergoing dialysis for an 18-week period [131]. Over week 8, patients administered with Roxadustat treatment had a hemoglobin level increased compared to those with placebo. During the subsequent 18-week open-label treatment period, Roxadustat maintained hemoglobin levels. PHIs are currently being tested in humans and have shown several advantages compared to the ESA currently available: they are simpler and cheaper to produce, can be orally administered, induce more stimulating intrinsic EPO production and decrease cardiovascular risks [132].



Finally, we will discuss the oral absorbent AST-120, which specifically plays a role in the removal of IS from CKD patients. In fact, AST-120 decreases the serum levels of IS by absorbing indole in the intestines and thereby stimulating its excretion into feces [133,134,135,136]. It was shown that AST-120 slowed the progression of CKD but also the appearance of CVD [46]. Another study has reported that AST-120 administration, when associated with an EPO stimulating agent, is associated with an improvement of hemoglobin levels [137]. This study suggests that AST-120 may improve the EPO production by lowering serum IS levels in an animal model [73]. These findings offer new insights to the development of novel therapeutic strategies to manage anemia in late-stage CKD patients.




5. Conclusions


In conclusion, anemia associated with CKD is a multifactorial condition that can be induced by EPO and/or iron deficiency. The knowledge of the uremic toxin’s effects demonstrated by the in vivo and in vitro studies allows us to better understand the current molecular mechanisms. This review underlies the physiopathology of anemia in CKD focusing on a potential mechanism of EPO on iron regulation in uremic condition. Therefore, the understanding of the pathophysiological mechanisms gives an overview of the current strategies of treatment to manage renal anemia.







Author Contributions


Conceptualization, E.H., V.M.-L.M. and L.M.; Writing—original draft preparation, E.H.; Writing—review and editing, V.M.-L.M. and L.M.; Funding acquisition, V.M.-L.M. and L.M. All authors have read and agreed to the published version of the manuscript.




Funding


The authors acknowledge the Société Francophone de Néphrologie, Dialyse et Thérapeutique (SFNDT) for funding and the French Ministry of Research (MESRI) (E.H. PhD grant).




Acknowledgments


We thank Loïc Garçon for critical reviewing of the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Stam, F.; Van Guldener, C.; Schalkwijk, C.G.; Ter Wee, P.M.; Donker, A.J.M.; Stehouwer, C.D.A. Impaired renal function is associated with markers of endothelial dysfunction and increased inflammatory activity. Nephrol. Dial. Transplant. 2003, 18, 892–898. [Google Scholar] [CrossRef] [PubMed]

	



Dou, L.; Bertrand, E.; Cerini, C.; Faure, V.; Sampol, J.; Vanholder, R.; Berland, Y.; Brunet, P. The uremic solutes p-cresol and indoxyl sulfate inhibit endothelial proliferation and wound repair. Kidney Int. 2004, 65, 442–451. [Google Scholar] [CrossRef] [PubMed]

	



Vanholder, R.C.; Glorieux, G.; De Smet, R.; Lameire, N. New insights in uremic toxins. Kidney Int. 2003, 63, S6–S10. [Google Scholar] [CrossRef] [PubMed]

	



Vanholder, R.; Baurmeister, U.; Brunet, P.; Cohen, G.; Glorieux, G.; Jankowski, J. A Bench to Bedside View of Uremic Toxins. J. Am. Soc. Nephrol. 2008, 19, 863–870. [Google Scholar] [CrossRef]

	



Yavuz, A.; Tetta, C.; Ersoy, F.F.; D’Intini, V.; Ratanarat, R.; De Cal, M.; Bonello, M.; Bordoni, V.; Salvatori, G.; Andrikos, E.; et al. Reviews: Uremic Toxins: A New Focus on an Old Subject. Semin. Dial. 2005, 18, 203–211. [Google Scholar] [CrossRef] [PubMed]

	



Duranton, F.; Cohen, G.; De Smet, R.; Rodriguez, M.; Jankowski, J.; Vanholder, R.; Argilés, À. Normal and Pathologic Concentrations of Uremic Toxins. J. Am. Soc. Nephrol. 2012, 23, 1258–1270. [Google Scholar] [CrossRef]

	



Neirynck, N.; Vanholder, R.; Schepers, E.; Eloot, S.; Pletinck, A.; Glorieux, G. An update on uremic toxins. Int. Urol. Nephrol. 2012, 45, 139–150. [Google Scholar] [CrossRef]

	



Lisowska-Myjak, B. Uremic Toxins and Their Effects on Multiple Organ Systems. Nephron Clin. Pr. 2014, 128, 303–311. [Google Scholar] [CrossRef]

	



MacDougall, I.C. Role of uremic toxins in exacerbating anemia in renal failure. Kidney Int. 2001, 59, S67–S72. [Google Scholar] [CrossRef]

	



Ratcliffe, P.J. Molecular biology of erythropoietin. Kidney Int. 1993, 44, 887–904. [Google Scholar] [CrossRef]

	



Hsu, C.-Y.; Mcculloch, C.; Curhan, G.C. Epidemiology of anemia associated with chronic renal insufficiency among adults in the United States: Results from the Third National Health and Nutrition Examination Survey. J. Am. Soc. Nephrol. 2002, 13, 7. [Google Scholar]

	



Nangaku, M.; Eckardt, K.-U. Pathogenesis of Renal Anemia. Semin. Nephrol. 2006, 26, 261–268. [Google Scholar] [CrossRef] [PubMed]

	



Astor, B.C.; Muntner, P.; Levin, A.; Eustace, J.A.; Coresh, J. Association of Kidney Function With Anemia. Arch. Intern. Med. 2002, 162, 1401–1408. [Google Scholar] [CrossRef] [PubMed]

	



Bello, A.K.; Alrukhaimi, M.; Ashuntantang, G.E.; Basnet, S.; Rotter, R.C.; Douthat, W.G.; Kazancioglu, R.; Köttgen, A.; Nangaku, M.; Powe, N.R.; et al. Complications of chronic kidney disease: Current state, knowledge gaps, and strategy for action. Kidney Int. Suppl. 2017, 7, 122–129. [Google Scholar] [CrossRef] [PubMed]

	



Chauhan, V. The 3 Most Common Causes of Chronic Kidney Disease, Verywell Health, Posted July 24, 2019. Available online: https://www.verywellhealth.com/common-causes-of-chronic-kidney-disease-2085786 (accessed on 22 February 2020).

	



Kazancioğlu, R. Risk factors for chronic kidney disease: An update. Kidney Int. Suppl. 2013, 3, 368–371. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, R.; Kanso, A.; Sedor, J.R. Chronic Kidney Disease and Its Complications. Prim. Care: Clin. Off. Pr. 2008, 35, 329–344. [Google Scholar] [CrossRef]

	



Khanna, A.; White, W.B. The Management of Hyperkalemia in Patients with Cardiovascular Disease. Am. J. Med. 2009, 122, 215–221. [Google Scholar] [CrossRef] [PubMed]

	



NKF-K, I.V. Clinical Practice Guidelines for Anemia of Chronic Kidney Disease: Update. Am. J. Kidney Dis. 2001, 37, S182–S238. [Google Scholar] [CrossRef]

	



WHO Scientific Group. Nutritional Anemias; Technical Report Series No. 405; World Health Organization: Geneva, Switzerland, 1968; Available online: https://apps.who.int/iris/bitstream/handle/10665/40707/WHO_TRS_405.pdf (accessed on 27 March 2020).

	



McClellan, W.M.; Aronoff, S.L.; Bolton, W.K.; Hood, S.; Lorber, D.L.; Tang, K.L.; Tse, T.F.; Wasserman, B.; Leiserowitz, M. The prevalence of anemia in patients with chronic kidney disease. Curr. Med Res. Opin. 2004, 20, 1501–1510. [Google Scholar] [CrossRef] [PubMed]

	



Patel, K.V. Epidemiology of Anemia in Older Adults. Semin. Hematol. 2008, 45, 210–217. [Google Scholar] [CrossRef]

	



Weiner, D.E.; Tighiouart, H.; Vlagopoulos, P.T.; Griffith, J.L.; Salem, D.N.; Levey, A.S.; Sarnak, M.J. Effects of Anemia and Left Ventricular Hypertrophy on Cardiovascular Disease in Patients with Chronic Kidney Disease. J. Am. Soc. Nephrol. 2005, 16, 1803–1810. [Google Scholar] [CrossRef] [PubMed]

	



Sarnak, M.J.; Levey, A.S.; Schoolwerth, A.C.; Coresh, J.; Culleton, B.; Hamm, L.L.; McCullough, P.A.; Kasiske, B.L.; Kelepouris, E.; Klag, M.J.; et al. Kidney Disease as a Risk Factor for Development of Cardiovascular Disease. Hypertens. 2003, 42, 1050–1065. [Google Scholar] [CrossRef]

	



Cases, A.; Coll, E.; Collado, S. Anemia en la insuficiencia renal crónica y sus implicaciones cardiovasculares. Med. Clínica 2009, 132, 38–42. [Google Scholar] [CrossRef]

	



Agarwal, A.K. Practical Approach to the Diagnosis and Treatment of Anemia Associated With CKD in Elderly. J. Am. Med. Dir. Assoc. 2006, 7, S7–S12. [Google Scholar] [CrossRef] [PubMed]

	



Wagner, Z.; Molnár, M.; Molnár, G.A.; Tamaskó, M.; Laczy, B.; Wagner, L.; Csiky, B.; Heidland, A.; Nagy, J.; Wittmann, I. Serum Carboxymethyllysine Predicts Mortality in Hemodialysis Patients. Am. J. Kidney Dis. 2006, 47, 294–300. [Google Scholar] [CrossRef]

	



Liabeuf, S.; Barreto, D.V.; Barreto, F.C.; Meert, N.; Glorieux, G.; Schepers, E.; Temmar, M.; Choukroun, G.; Vanholder, R.; Massy, Z.A.; et al. Free p-cresylsulphate is a predictor of mortality in patients at different stages of chronic kidney disease. Nephrol. Dial. Transplant. 2009, 25, 1183–1191. [Google Scholar] [CrossRef] [PubMed]

	



Block, G.A.; Klassen, P.S.; Lazarus, J.M.; Ofsthun, N.; Lowrie, E.G.; Chertow, G.M. Mineral Metabolism, Mortality, and Morbidity in Maintenance Hemodialysis. J. Am. Soc. Nephrol. 2004, 15, 2208–2218. [Google Scholar] [CrossRef]

	



Bammens, B.; Evenepoel, P.; Keuleers, H.; Verbeke, K.; Vanrenterghem, Y. Free serum concentrations of the protein-bound retention solute p-cresol predict mortality in hemodialysis patients. Kidney Int. 2006, 69, 1081–1087. [Google Scholar] [CrossRef]

	



Cheung, A.K.; Rocco, M.V.; Yan, G.; Leypoldt, J.K.; Levin, N.W.; Greene, T.; Agodoa, L.; Bailey, J.; Beck, G.J.; Clark, W.; et al. Serum β-2 Microglobulin Levels Predict Mortality in Dialysis Patients: Results of the HEMO Study. J. Am. Soc. Nephrol. 2005, 17, 546–555. [Google Scholar] [CrossRef]

	



Vanholder, R.C.; De Smet, R.; Glorieux, G.; Argilés, A.; Baurmeister, U.; Brunet, P.; Clark, W.; Cohen, G.; De Deyn, P.P.; Deppisch, R.; et al. Review on uremic toxins: Classification, concentration, and interindividual variability. Kidney Int. 2003, 63, 1934–1943. [Google Scholar] [CrossRef]

	



Wengle, B.; Hellström, K. Volatile Phenols in Serum of Uraemic Patients. Clin. Sci. 1972, 43, 493–498. [Google Scholar] [CrossRef] [PubMed]

	



Niwa, T.; Ise, M. Indoxyl sulfate, a circulating uremic toxin, stimulates the progression of glomerular sclerosis. J. Lab. Clin. Med. 1994, 124, 96–104. [Google Scholar] [CrossRef]

	



Hida, M.; Aiba, Y.; Sawamura, S.; Suzuki, N.; Satoh, T.; Koga, Y. Inhibition of the Accumulation of Uremic Toxins in the Blood and Their Precursors in the Feces after Oral Administration of Lebenin®, a Lactic Acid Bacteria Preparation, to Uremic Patients Undergoing Hemodialysis. Nephron 1996, 74, 349–355. [Google Scholar] [CrossRef]

	



Kabanda, A.; Jadoul, M.; Pochet, J.M.; Lauwerys, R.; Strihou, C.V.Y.D.; Bernard, A. Determinants of the serum concentrations of low molecular weight proteins in patients on maintenance hemodialysis. Kidney Int. 1994, 45, 1689–1696. [Google Scholar] [CrossRef] [PubMed]

	



Stein, G.; Franke, S.; Mahiout, A.; Schneider, S.; Sperschneider, H.; Borst, S.; Vienken, J. Influence of dialysis modalities on serum AGE levels in end-stage renal disease patients. Nephrol. Dial. Transplant. 2001, 16, 999–1008. [Google Scholar] [CrossRef]

	



Vanholder, R.C.; Ringoir, S.M. Adequacy of dialysis: A critical analysis. Kidney Int. 1992, 42, 540–558. [Google Scholar] [CrossRef] [PubMed]

	



Owen, W.F.; Lew, N.L.; Liu, Y.; Lowrie, E.G.; Lazarus, J.M. The Urea Reduction Ratio and Serum Albumin Concentration as Predictors of Mortality in Patients Undergoing Hemodialysis. N. Engl. J. Med. 1993, 329, 1001–1006. [Google Scholar] [CrossRef]

	



Dhondt, A.; Vanholder, R.; Van Biesen, W.; Lameire, N. The removal of uremic toxins. Kidney Int. 2000, 58, S47–S59. [Google Scholar] [CrossRef]

	



Lesaffer, G.; De Smet, R.; Lameire, N.; Dhondt, A.; Duym, P.; Vanholder, R.C. Intradialytic removal of protein-bound uraemic toxins: Role of solute characteristics and of dialyser membrane. Nephrol. Dial. Transplant. 2000, 15, 50–57. [Google Scholar] [CrossRef]

	



Liabeuf, S.; Drüeke, T.B.; Massy, Z.A. Protein-Bound Uremic Toxins: New Insight from Clinical Studies. Toxins 2011, 3, 911–919. [Google Scholar] [CrossRef]

	



Chiang, C.-K.; Tanaka, T.; Inagi, R.; Fujita, T.; Nangaku, M. Indoxyl sulfate, a representative uremic toxin, suppresses erythropoietin production in a HIF-dependent manner. Lab. Investig. 2011, 91, 1564–1571. [Google Scholar] [CrossRef] [PubMed]

	



Chiang, C.-K.; Tanaka, T.; Nangaku, M. Dysregulated Oxygen Metabolism of the Kidney by Uremic Toxins: Review. J. Ren. Nutr. 2012, 22, 77–80. [Google Scholar] [CrossRef] [PubMed]

	



Vanholder, R.; Van Laecke, S.; Glorieux, G. What is new in uremic toxicity? Pediatr. Nephrol. 2008, 23, 1211–1221. [Google Scholar] [CrossRef] [PubMed]

	



Niwa, T. Uremic toxicity of indoxyl sulfate. Nagoya J. Med. Sci. 2010, 72, 1–11. [Google Scholar]

	



Vanholder, R.; Smet, R.D. Pathophysiologic Effects of Uremic Retention Solutes. JASN 1999, 10, 1815–1823. [Google Scholar]

	



Vanholder, R.; Bammens, B.; De Loor, H.; Glorieux, G.; Meijers, B.; Schepers, E.; Massy, Z.; Evenepoel, P. Warning: The unfortunate end of p-cresol as a uraemic toxin. Nephrol. Dial. Transplant. 2011, 26, 1464–1467. [Google Scholar] [CrossRef]

	



Viaene, L.; Annaert, P.; Loor, H.D.; Poesen, R.; Evenepoel, P.; Meijers, B. Albumin is the main plasma binding protein for indoxyl sulfate and p -cresyl sulfate: Albumin is main carrier of indoxyl sulfate and p -cresyl sulfate. Biopharm. Drug Dispos. 2013, 34, 165–175. [Google Scholar] [CrossRef]

	



Lin, C.-J.; Chen, H.-H.; Pan, C.-F.; Chuang, C.-K.; Wang, T.-J.; Sun, F.-J.; Wu, C.-J. p-cresylsulfate and indoxyl sulfate level at different stages of chronic kidney disease. J. Clin. Lab. Anal. 2011, 25, 191–197. [Google Scholar] [CrossRef]

	



Niwa, T.; Ise, M.; Miyazaki, T. Progression of Glomerular Sclerosis in Experimental Uremic Rats by Administration of Indole, a Precursor of Indoxyl Sulfate. Am. J. Nephrol. 1994, 14, 207–212. [Google Scholar] [CrossRef]

	



Sun, C.-Y.; Chang, S.-C.; Wu, M.-S. Uremic Toxins Induce Kidney Fibrosis by Activating Intrarenal Renin–Angiotensin–Aldosterone System Associated Epithelial-to-Mesenchymal Transition. PLoS ONE 2012, 7, e34026. [Google Scholar] [CrossRef]

	



Wu, I.-W.; Hsu, K.-H.; Lee, C.-C.; Sun, C.-Y.; Hsu, H.-J.; Tsai, C.-J.; Tzen, C.-Y.; Wang, Y.-C.; Lin, C.-Y.; Wu, M.-S. p-Cresyl sulphate and indoxyl sulphate predict progression of chronic kidney disease. Nephrol. Dial. Transplant. 2010, 26, 938–947. [Google Scholar] [CrossRef] [PubMed]

	



Lin, C.-J.; Liu, H.-L.; Pan, C.-F.; Chuang, C.-K.; Jayakumar, T.; Wang, T.-J.; Chen, H.-H.; Wu, C.-J. Indoxyl Sulfate Predicts Cardiovascular Disease and Renal Function Deterioration in Advanced Chronic Kidney Disease. Arch. Med. Res. 2012, 43, 451–456. [Google Scholar] [CrossRef] [PubMed]

	



Dou, L.; Jourde-Chiche, N.; Faure, V.; Cerini, C.; Berland, Y.; Dignat-George, F.; Brunet, P. The uremic solute indoxyl sulfate induces oxidative stress in endothelial cells. J. Thromb. Haemost. 2007, 5, 1302–1308. [Google Scholar] [CrossRef] [PubMed]

	



Faure, V.; Dou, L.; Sabatier, F.; Cerini, C.; Sampol, J.; Berland, Y.; Brunet, P.; Dignat-George, F. Elevation of circulating endothelial microparticles in patients with chronic renal failure. J. Thromb. Haemost. 2006, 4, 566–573. [Google Scholar] [CrossRef] [PubMed]

	



Gondouin, B.; Cerini, C.; Dou, L.; Sallée, M.; Duval-Sabatier, A.; Pletinck, A.; Calaf, R.; Lacroix, R.; Jourde-Chiche, N.; Poitevin, S.; et al. Indolic uremic solutes increase tissue factor production in endothelial cells by the aryl hydrocarbon receptor pathway. Kidney Int. 2013, 84, 733–744. [Google Scholar] [CrossRef] [PubMed]

	



Machado, T.S.; Poitevin, S.; Paul, P.; McKay, N.; Jourde-Chiche, N.; Legris, T.; Mouly-Bandini, A.; Dignat-George, F.; Brunet, P.; Masereeuw, R.; et al. Indoxyl Sulfate Upregulates Liver P-Glycoprotein Expression and Activity through Aryl Hydrocarbon Receptor Signaling. J. Am. Soc. Nephrol. 2018, 29, 906–918. [Google Scholar]

	



Vanholder, R.; Schepers, E.; Pletinck, A.; Nagler, E.V.; Glorieux, G. The Uremic Toxicity of Indoxyl Sulfate and p-Cresyl Sulfate: A Systematic Review. J. Am. Soc. Nephrol. 2014, 25, 1897–1907. [Google Scholar] [CrossRef]

	



Taki, K.; Tsuruta, Y.; Niwa, T. Indoxyl Sulfate and Atherosclerotic Risk Factors in Hemodialysis Patients. Am. J. Nephrol. 2007, 27, 30–35. [Google Scholar] [CrossRef]

	



Barreto, F.C.; Barreto, D.V.; Liabeuf, S.; Meert, N.; Glorieux, G.; Temmar, M.; Choukroun, G.; Vanholder, R.; Massy, Z.A.; on behalf of the European Uremic Toxin Work Group (EUTox). Serum Indoxyl Sulfate Is Associated with Vascular Disease and Mortality in Chronic Kidney Disease Patients. Clin. J. Am. Soc. Nephrol. 2009, 4, 1551–1558. [Google Scholar] [CrossRef]

	



Motojima, M.; Hosokawa, A.; Yamato, H.; Muraki, T.; Yoshioka, T. Uremic toxins of organic anions up-regulate PAI-1 expression by induction of NF-κB and free radical in proximal tubular cells. Kidney Int. 2003, 63, 1671–1680. [Google Scholar] [CrossRef]

	



Lekawanvijit, S.; Adrahtas, A.; Kelly, D.J.; Kompa, A.R.; Wang, B.H.; Krum, H. Does indoxyl sulfate, a uraemic toxin, have direct effects on cardiac fibroblasts and myocytes? Eur. Hear. J. 2010, 31, 1771–1779. [Google Scholar] [CrossRef]

	



Lin, C.-J.; Pan, C.-F.; Liu, H.-L.; Chuang, C.-K.; Jayakumar, T.; Wang, T.-J.; Chen, H.-H.; Wu, C.-J. The role of protein-bound uremic toxins on peripheral artery disease and vascular access failure in patients on hemodialysis. Atheroscler. 2012, 225, 173–179. [Google Scholar] [CrossRef] [PubMed]

	



Chiu, C.-A.; Lu, L.-F.; Yu, T.-H.; Hung, W.-C.; Chung, F.-M.; Tsai, I.-T.; Yang, C.-Y.; Hsu, C.-C.; Lu, Y.-C.; Wang, C.-P.; et al. Increased Levels of Total P-Cresylsulphate and Indoxyl Sulphate are Associated with Coronary Artery Disease in Patients with Diabetic Nephropathy. Rev. Diabet. Stud. 2011, 7, 275–284. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, M.S.E.; Abed, M.; Voelkl, J.; Lang, F. Triggering of suicidal erythrocyte death by uremic toxin indoxyl sulfate. Bmc Nephrol. 2013, 14, 244. [Google Scholar] [CrossRef] [PubMed]

	



Adelibieke, Y.; Shimizu, H.; Saito, S.; Mironova, R.; Niwa, T. Indoxyl sulfate counteracts endothelial effects of erythropoietin through suppression of Akt phosphorylation. Circ. J. 2013, 77, 1326–1336. [Google Scholar] [CrossRef]

	



Congote, L.F.; Sadvakassova, G.; Dobocan, M.C.; Difalco, M.R.; Li, Q. Erythropoietin-dependent endothelial proteins: Potential use against erythropoietin resistance. Cytokine 2010, 51, 113–118. [Google Scholar] [CrossRef]

	



Congote, L.F.; Difalco, M.R.; Gibbs, B.F. Thrombospondin 1, produced by endothelial cells under the action of erythropoietin, stimulates thymidine incorporation into erythroid cells and counteracts the inhibitory action of insulin-like growth factor binding protein. Cytokine 2005, 30, 248–253. [Google Scholar] [CrossRef]

	



Asai, H.; Hirata, J.; Hirano, A.; Hirai, K.; Seki, S.; Watanabe-Akanuma, M. Activation of aryl hydrocarbon receptor mediates suppression of hypoxia-inducible factor-dependent erythropoietin expression by indoxyl sulfate. Am. J. Physiol. Physiol. 2016, 310, C142–C150. [Google Scholar] [CrossRef]

	



Gao, C.; Ji, S.; Dong, W.; Qi, Y.; Song, W.; Cui, D.; Shi, J. Indolic Uremic Solutes Enhance Procoagulant Activity of Red Blood Cells through Phosphatidylserine Exposure and Microparticle Release. Toxins 2015, 7, 4390–4403. [Google Scholar] [CrossRef]

	



Lee, S.-H.; Meng, X.W.; Flatten, K.S.; Loegering, D.K.S.; Kaufmann, S.H. Phosphatidylserine exposure during apoptosis reflects bidirectional trafficking between plasma membrane and cytoplasm. Cell Death Differ. 2012, 20, 64–76. [Google Scholar] [CrossRef]

	



Wu, C.-J.; Chen, C.-Y.; Lai, T.-S.; Wu, P.-C.; Chuang, C.-K.; Sun, F.-J.; Liu, H.-L.; Chen, H.-H.; Yeh, H.-I.; Lin, C.-S.; et al. Correction: The role of indoxyl sulfate in renal anemia in patients with chronic kidney disease. Oncotarget 2019, 10, 2006. [Google Scholar] [CrossRef] [PubMed]

	



Bataille, S.; Pelletier, M.; Sallée, M.; Berland, Y.; McKay, N.; Duval, A.; Gentile, S.; Mouelhi, Y.; Brunet, P.; Burtey, S. Indole 3-acetic acid, indoxyl sulfate and paracresyl-sulfate do not influence anemia parameters in hemodialysis patients. Bmc Nephrol. 2017, 18, 251. [Google Scholar] [CrossRef] [PubMed]

	



Dias, G.F.; Bonan, N.B.; Steiner, T.M.; Tozoni, S.S.; Rodrigues, S.D.; Nakao, L.S.; Kuntsevich, V.; Pecoits-Filho, R.; Kotanko, P.; Moreno-Amaral, A.N. Indoxyl Sulfate, a Uremic Toxin, Stimulates Reactive Oxygen Species Production and Erythrocyte Cell Death Supposedly by an Organic Anion Transporter 2 (OAT2) and NADPH Oxidase Activity-Dependent Pathways. Toxins 2018, 10, 280. [Google Scholar] [CrossRef] [PubMed]

	



Yoshida, K.; Yoneda, T.; Kimura, S.; Fujimoto, K.; Okajima, E.; Hirao, Y. Polyamines as an Inhibitor on Erythropoiesis of Hemodialysis Patients by In Vitro Bioassay Using the Fetal Mouse Liver Assay. Ther. Apher. Dial. 2006, 10, 267–272. [Google Scholar] [CrossRef]

	



Kushner, D.; Beckman, B.; Nguyen, L.; Chen, S.; Della Santina, C.; Husserl, F.; Rice, J.; Fisher, J.W. Polyamines in the anemia of end-stage renal disease. Kidney Int. 1991, 39, 725–732. [Google Scholar] [CrossRef]

	



Radtke, H.W.; Rege, A.B.; Lamarche, M.B.; Bartos, D.; Bartos, F.; Campbell, R.A.; Fisher, J.W. Identification of Spermine as an Inhibitor of Erythropoiesis in Patients with Chronic Renal Failure. J. Clin. Investig. 1981, 67, 1623–1629. [Google Scholar] [CrossRef]

	



Ahmed, M.S.E.; Langer, H.; Abed, M.; Voelkl, J.; Lang, F. The Uremic Toxin Acrolein Promotes Suicidal Erythrocyte Death. Kidney Blood Press. Res. 2013, 37, 158–167. [Google Scholar] [CrossRef]

	



Freedman, M.H.; Cattrarn, D.C.; Saunders, F. Anemia of Chronic Renal Failure: Inhibition of Erythropoiesis by Uremic Serum. Nephron 1983, 35, 15–19. [Google Scholar] [CrossRef]

	



Wang, G.L.; Semenza, G.L. Purification and Characterization of Hypoxia-inducible Factor. J. Boil. Chem. 1995, 270, 1230–1237. [Google Scholar] [CrossRef]

	



Van Wijk, R.; Sutherland, S.; Van Wesel, A.C.; Huizinga, E.G.; Percy, M.J.; Bierings, M.; Lee, F.S. Erythrocytosis associated with a novel missense mutation in the HIF2A gene. Haematol. 2009, 95, 829–832. [Google Scholar] [CrossRef]

	



Percy, M.J.; Furlow, P.W.; Lucas, G.S.; Li, X.; Lappin, T.R.; McMullin, M.F.; Lee, F.S. A Gain-of-Function Mutation in theHIF2AGene in Familial Erythrocytosis. N. Engl. J. Med. 2008, 358, 162–168. [Google Scholar] [CrossRef] [PubMed]

	



Scortegagna, M.; Ding, K.; Zhang, Q.; Oktay, Y.; Bennett, M.J.; Shelton, J.M.; Richardson, J.A.; Moe, O.; Garcia, J.A.; Bennett, M. HIF-2α regulates murine hematopoietic development in an erythropoietin-dependent manner. Blood 2005, 105, 3133–3140. [Google Scholar] [CrossRef] [PubMed]

	



Paliege, A.; Rosenberger, C.; Bondke, A.; Sciesielski, L.K.; Shina, A.; Heyman, S.N.; Flippin, L.A.; Arend, M.; Klaus, S.J.; Bachmann, S. Hypoxia-inducible factor-2α-expressing interstitial fibroblasts are the only renal cells that express erythropoietin under hypoxia-inducible factor stabilization. Kidney Int. 2010, 77, 312–318. [Google Scholar] [CrossRef] [PubMed]

	



Haase, V.H. HIF-prolyl hydroxylases as therapeutic targets in erythropoiesis and iron metabolism. Hemodial. Int. 2017, 21, S110–S124. [Google Scholar] [CrossRef]

	



Koury, M.J.; Haase, V.H. Anaemia in kidney disease: Harnessing hypoxia responses for therapy. Nat. Rev. Nephrol. 2015, 11, 394–410. [Google Scholar] [CrossRef]

	



Mimura, I.; Nangaku, M. The suffocating kidney: Tubulointerstitial hypoxia in end-stage renal disease. Nat. Rev. Nephrol. 2010, 6, 667–678. [Google Scholar] [CrossRef]

	



Tanaka, T.; Nangaku, M. The role of hypoxia, increased oxygen consumption, and hypoxia-inducible factor-1 alpha in progression of chronic kidney disease. Curr. Opin. Nephrol. Hypertens. 2010, 19, 43–50. [Google Scholar] [CrossRef]

	



Kaelin, W.G.; Ratcliffe, P.J. Oxygen Sensing by Metazoans: The Central Role of the HIF Hydroxylase Pathway. Mol. Cell 2008, 30, 393–402. [Google Scholar] [CrossRef]

	



Bernhardt, W.M.; Wiesener, M.S.; Scigalla, P.; Chou, J.; Schmieder, R.E.; Günzler, V.; Eckardt, K.-U. Inhibition of prolyl hydroxylases increases erythropoietin production in ESRD. J. Am. Soc. Nephrol. 2010, 21, 2151–2156. [Google Scholar] [CrossRef]

	



Franke, K.; Kalucka, J.; Mamlouk, S.; Singh, R.P.; Muschter, A.; Weidemann, A.; Iyengar, V.; Jahn, S.; Wieczorek, K.; Geiger, K.; et al. HIF-1α is a protective factor in conditional PHD2-deficient mice suffering from severe HIF-2α–induced excessive erythropoiesis. Blood 2013, 121, 1436–1445. [Google Scholar] [CrossRef]

	



Scortegagna, M.; Morris, M.A.; Oktay, Y.; Bennett, M.; Garcia, J.A. The HIF family member EPAS1/HIF-2α is required for normal hematopoiesis in mice. Blood 2003, 102, 1634–1640. [Google Scholar] [CrossRef] [PubMed]

	



Kapitsinou, P.P.; Liu, Q.; Unger, T.L.; Rha, J.; Davidoff, O.; Keith, B.; Epstein, J.A.; Moores, S.L.; Erickson-Miller, C.L.; Haase, V.H. Hepatic HIF-2 regulates erythropoietic responses to hypoxia in renal anemia. Blood 2010, 116, 3039–3048. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, T.; Yamaguchi, J.; Higashijima, Y.; Nangaku, M. Indoxyl sulfate signals for rapid mRNA stabilization of Cbp/p300-interacting transactivator with Glu/Asp-rich carboxy-terminal domain 2 (CITED2) and suppresses the expression of hypoxia-inducible genes in experimental CKD and uremia. Faseb J. 2013, 27, 4059–4075. [Google Scholar] [CrossRef] [PubMed]

	



Testa, U. Apoptotic mechanisms in the control of erythropoiesis. Leuk. 2004, 18, 1176–1199. [Google Scholar] [CrossRef]

	



Fisher, J.W. Erythropoietin: Physiology and Pharmacology Update. Exp. Boil. Med. 2003, 228, 1–14. [Google Scholar] [CrossRef]

	



Lin, C.S.; Lim, S.K.; D’Agati, V.; Costantini, F. Differential effects of an erythropoietin receptor gene disruption on primitive and definitive erythropoiesis. Genes Dev. 1996, 10, 154–164. [Google Scholar] [CrossRef]

	



Wu, H.; Liu, X.; Jaenisch, R.; Lodish, H.F. Generation of committed erythroid BFU-E and CFU-E progenitors does not require erythropoietin or the erythropoietin receptor. Cell 1995, 83, 59–67. [Google Scholar] [CrossRef]

	



Menon, M.P.; Fang, J.; Wojchowski, D.M. Core erythropoietin receptor signals for late erythroblast development. Blood 2006, 107, 2662–2672. [Google Scholar] [CrossRef]

	



Richmond, T.D.; Chohan, M.; Barber, D.L. Turning cells red: Signal transduction mediated by erythropoietin. Trends Cell Boil. 2005, 15, 146–155. [Google Scholar] [CrossRef]

	



Wojchowski, D.M.; Gregory, R.C.; Miller, C.P.; Pandit, A.K.; Pircher, T.J. Signal Transduction in the Erythropoietin Receptor System. Exp. Cell Res. 1999, 253, 143–156. [Google Scholar] [CrossRef]

	



Jelkmann, W. Erythropoietin after a century of research: Younger than ever. Eur. J. Haematol. 2007, 78, 183–205. [Google Scholar] [CrossRef] [PubMed]

	



Rishi, G.; Subramaniam, V.N. The relationship between systemic iron homeostasis and erythropoiesis. Biosci. Rep. 2017, 37. [Google Scholar] [CrossRef] [PubMed]

	



Kim, A.; Nemeth, E. New insights into iron regulation and erythropoiesis. Curr. Opin. Hematol. 2015, 22, 199–205. [Google Scholar] [CrossRef] [PubMed]

	



Lang, F.; Gulbins, E.; Lang, P.A.; Zappulla, D.; Föller, M. Ceramide in Suicidal Death of Erythrocytes. Cell. Physiol. Biochem. 2010, 26, 21–28. [Google Scholar] [CrossRef] [PubMed]

	



Park, C.H.; Valore, E.V.; Waring, A.J.; Ganz, T. Hepcidin, a Urinary Antimicrobial Peptide Synthesized in the Liver. J. Boil. Chem. 2000, 276, 7806–7810. [Google Scholar] [CrossRef]

	



Ganz, T. Molecular Control of Iron Transport. J. Am. Soc. Nephrol. 2007, 18, 394–400. [Google Scholar] [CrossRef]

	



Ganz, T.; Nemeth, E. Hepcidin and Disorders of Iron Metabolism. Annu. Rev. Med. 2011, 62, 347–360. [Google Scholar] [CrossRef]

	



Tomosugi, N.; Kawabata, H.; Wakatabe, R.; Higuchi, M.; Yamaya, H.; Umehara, H.; Ishikawa, I. Detection of serum hepcidin in renal failure and inflammation by using ProteinChip System. Blood 2006, 108, 1381–1387. [Google Scholar] [CrossRef]

	



Troutt, J.S.; Butterfield, A.M.; Konrad, R.J. Hepcidin-25 Concentrations Are Markedly Increased in Patients With Chronic Kidney Disease and Are Inversely Correlated With Estimated Glomerular Filtration Rates. J. Clin. Lab. Anal. 2013, 27, 504–510. [Google Scholar] [CrossRef]

	



Singh, A.K. Erythropoiesis. In Textbook of Nephro-Endocrinology; Elsevier: Amsterdam, The Netherlands, 2018; pp. 207–215. [Google Scholar]

	



Kautz, L.; Jung, G.; Valore, E.V.; Rivella, S.; Nemeth, E.; Ganz, T. Identification of erythroferrone as an erythroid regulator of iron metabolism. Nat. Genet. 2014, 46, 678–684. [Google Scholar] [CrossRef]

	



Paulson, R.F.; Shi, L.; Wu, D.-C. Stress erythropoiesis: New signals and new stress progenitor cells. Curr. Opin. Hematol. 2011, 18, 139–145. [Google Scholar] [CrossRef] [PubMed]

	



Coffey, R.; Ganz, T. Erythroferrone: An Erythroid Regulator of Hepcidin and Iron Metabolism. HemaSphere 2018, 2, e35. [Google Scholar] [CrossRef] [PubMed]

	



Hamano, H.; Ikeda, Y.; Watanabe, H.; Horinouchi, Y.; Izawa-Ishizawa, Y.; Imanishi, M.; Zamami, Y.; Takechi, K.; Miyamoto, L.; Ishizawa, K.; et al. The uremic toxin indoxyl sulfate interferes with iron metabolism by regulating hepcidin in chronic kidney disease. Nephrol. Dial. Transplant. 2017, 33, 586–597. [Google Scholar] [CrossRef]

	



Coyne, D.W. Use of Epoetin in Chronic Renal Failure. JAMA 2007, 297, 1713–1716. [Google Scholar] [CrossRef] [PubMed]

	



Eschbach, J.W.; Egrie, J.C.; Downing, M.R.; Browne, J.K.; Adamson, J.W. Correction of the Anemia of End-Stage Renal Disease with Recombinant Human Erythropoietin. N. Engl. J. Med. 1987, 316, 73–78. [Google Scholar] [CrossRef] [PubMed]

	



Eschbach, J.W.; Abdulhadi, M.H.; Browne, J.K.; Delano, B.G.; Downing, M.R.; Egrie, J.C.; Evans, R.W.; Friedman, E.A.; Graber, S.E.; Haley, N.R.; et al. Recombinant Human Erythropoietin in Anemic Patients with End-Stage Renal Disease: Results of a Phase III Multicenter Clinical Trial. Ann. Intern. Med. 1989, 111, 992–1000. [Google Scholar] [CrossRef] [PubMed]

	



Levin, A.; Rocco, M. KDOQI Clinical Practice Guideline and Clinical Practice Recommendations for Anemia in Chronic Kidney Disease: 2007 Update of Hemoglobin Target. Am. J. Kidney Dis. 2007, 50, 471–530. [Google Scholar] [CrossRef]

	



McMurray, J.J.; Parfrey, P.S.; Adamson, J.W.; Aljama, P.; Berns, J.S.; Bohlius, J.; Drüeke, T.B.; Finkelstein, F.O.; Fishbane, S.; Ganz, T.; et al. Kidney Disease: Improving Global Outcomes (KDIGO) Anemia Work Group. KDIGO Clinical Practice Guideline for Anemia in Chronic Kidney Disease. Kidney Int. Supp. 2012, 64. [Google Scholar]

	



Drüeke, T.B.; Locatelli, F.; Clyne, N.; Eckardt, K.-U.; MacDougall, I.C.; Tsakiris, D.; Burger, H.-U.; Scherhag, A. Normalization of Hemoglobin Level in Patients with Chronic Kidney Disease and Anemia. N. Engl. J. Med. 2006, 355, 2071–2084. [Google Scholar] [CrossRef]

	



Singh, A.K.; Szczech, L.; Tang, K.L.; Barnhart, H.; Sapp, S.; Wolfson, M.; Reddan, N. Correction of Anemia with Epoetin Alfa in Chronic Kidney Disease. N. Engl. J. Med. 2006, 355, 2085–2098. [Google Scholar] [CrossRef]

	



Fishbane, S. Upper Limit of Serum Ferritin: Misinterpretation of the 2006 KDOQI Anemia Guidelines: Upper limit of serum ferritin: Misinterpretation of guidelines. Semin. Dial. 2008, 21, 217–220. [Google Scholar] [CrossRef] [PubMed]

	



Kalantar-Zadeh, K.; Lee, G.H.; Miller, J.E.; Streja, E.; Jing, J.; Robertson, J.A.; Kovesdy, C.P. Predictors of Hyporesponsiveness to Erythropoiesis-Stimulating Agents in Hemodialysis Patients. Am. J. Kidney Dis. 2009, 53, 823–834. [Google Scholar] [CrossRef] [PubMed]

	



Besarab, A.; Coyne, D.W. Iron supplementation to treat anemia in patients with chronic kidney disease. Nat. Rev. Nephrol. 2010, 6, 699–710. [Google Scholar] [CrossRef]

	



Besarab, A.; Kaiser, J.W.; Frinak, S. A study of parenteral iron regimens in hemodialysis patients. Am. J. Kidney Dis. 1999, 34, 21–28. [Google Scholar] [CrossRef]

	



Besarab, A.; Amin, N.; Ahsan, M.; Vogel, S.E.; Zazuwa, G.; Frinak, S.; Zazra, J.J.; Anandan, J.V.; Gupta, A.P. Optimization of Epoetin Therapy with Intravenous Iron Therapy in Hemodialysis Patients. J. Am. Soc. Nephrol. 2000, 11, 530–538. [Google Scholar]

	



Hsieh, M.M.; Linde, N.S.; Wynter, A.; Metzger, M.; Wong, C.; Langsetmo, I.; Lin, A.; Smith, R.; Rodgers, G.P.; Donahue, R.E.; et al. HIF–prolyl hydroxylase inhibition results in endogenous erythropoietin induction, erythrocytosis, and modest fetal hemoglobin expression in rhesus macaques. Blood 2007, 110, 2140–2147. [Google Scholar] [CrossRef] [PubMed]

	



MacDougall, I.C.; Eckardt, K.-U. Novel strategies for stimulating erythropoiesis and potential new treatments for anaemia. Lancet 2006, 368, 947–953. [Google Scholar] [CrossRef]

	



Chen, N.; Hao, C.; Peng, X.; Lin, H.; Yin, A.; Hao, L.; Tao, Y.; Liang, X.; Liu, Z.; Xing, C.; et al. Roxadustat for Anemia in Patients with Kidney Disease Not Receiving Dialysis. N. Engl. J. Med. 2019, 381, 1001–1010. [Google Scholar] [CrossRef]

	



Sugahara, M.; Tanaka, T.; Nangaku, M. Prolyl hydroxylase domain inhibitors as a novel therapeutic approach against anemia in chronic kidney disease. Kidney Int. 2017, 92, 306–312. [Google Scholar] [CrossRef]

	



Niwa, T.; Yazawa, T.; Ise, M.; Sugano, M.; Kodama, T.; Uehara, Y.; Maeda, K. Inhibitory Effect of Oral Sorbent on Accumulation of Albumin-Bound Indoxyl Sulfate in Serum of Experimental Uremic Rats. Nephron 1991, 57, 84–88. [Google Scholar] [CrossRef]

	



Niwa, T.; Emoto, Y.; Maeda, K.; Uehara, Y.; Yamada, N.; Shibata, M.; Nobuo, Y. Oral Sorbent Suppresses Accumulation of Albumin-Bound Indoxyl Sulphate in Serum of Haemodialysis Patients. Nephrol. Dial. Transplant. 1991, 6, 105–109. [Google Scholar] [CrossRef] [PubMed]

	



Niwa, T.; Miyazaki, T.; Hashimoto, N.; Hayashi, H.; Ise, M.; Uehara, Y.; Maeda, K. Suppressed Serum and Urine Levels of Indoxyl Sulfate by Oral Sorbent in Experimental Uremic Rats. Am. J. Nephrol. 1992, 12, 201–206. [Google Scholar] [CrossRef] [PubMed]

	



Miyazaki, T.; Aoyama, I.; Ise, M.; Seo, H.; Niwa, T. An oral sorbent reduces overload of indoxyl sulphate and gene expression of TGF-β1 in uraemic rat kidneys. Nephrol. Dial. Transplant. 2000, 15, 1773–1781. [Google Scholar] [CrossRef] [PubMed]

	



Wu, I.-W.; Hsu, K.-H.; Sun, C.-Y.; Tsai, C.-J.; Wu, M.-S.; Lee, C.-C. Oral adsorbent AST-120 potentiates the effect of erythropoietin-stimulating agents on Stage 5 chronic kidney disease patients: A randomized crossover study. Nephrol. Dial. Transplant. 2014, 29, 1719–1727. [Google Scholar] [CrossRef] [PubMed]

	



Roger, S.D. Practical considerations for iron therapy in the management of anaemia in patients with chronic kidney disease. Clin. Kidney J. 2017, 10, i9–i15. [Google Scholar] [CrossRef]

	



Gupta, N.; Wish, J.B. Hypoxia-Inducible Factor Prolyl Hydroxylase Inhibitors: A Potential New Treatment for Anemia in Patients With CKD. Am. J. Kidney Dis. 2017, 69, 815–826. [Google Scholar] [CrossRef]

	



Chen, N.; Hao, C.; Liu, B.-C.; Lin, H.; Wang, C.; Xing, C.; Liang, X.; Jiang, G.; Liu, Z.; Li, X.; et al. Roxadustat Treatment for Anemia in Patients Undergoing Long-Term Dialysis. N. Engl. J. Med. 2019, 381, 1011–1022. [Google Scholar] [CrossRef]








[image: Cells 09 02039 g001 550] 





Figure 1. Risk factors and common complications for CKD. In pink are represented the risks factors: family history of CKD, hypertension, diabetes, heart disease, older age, and racial and ethnic minorities. In blue are represented the common complications: anemia, heart disease, mineral and bone disease, fluid buildup, and high potassium. 
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Figure 2. Anemia in CKD. Accumulation of uremic toxins induces a decrease of EPO production in the kidney. The decreased EPO synthesis compromises erythropoeisis in the bone marrow. This in turn results in a decrease of RBCs production leading to CKD-associated anemia. Abbreviations: CKD, chronic kidney disease; EPO, erythropoietin; RBCs, Red Blood Cells; IS, indoxyl sulfate; PCS, P-cresyl sulfate. 
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Figure 3. Regulation of hypoxia-inductible factor in renal erythropoietin-producing cells. Abbreviations are: HIF, hypoxia-inducible factor; PHD, prolyl hydroxylase domain; VHL, von Hippel-Lindau-E3-ubiquitin ligase complex; Ub, ubiquitylation; EPO, erythropoietin; AhR, aryl hydrocarbon receptor; IS, indoxyl sulfate. 
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Figure 4. Overview of erythropoiesis. HSC differentiates into RBC, as indicated by the arrows. Stages of erythropoiesis EPO-dependent and Iron-dependent are indicated. Abbreviations are: HSC, hematopoietic stem cell; BFU-E, burst-forming unit-erythroid; CFU-E, colony-forming unit-erythroid; Pro-EB, proerythroblasts; EB, erythroblasts; Retic, reticulocytes; RBC, mature RBCs; EPO, erythropoietin. 
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Figure 5. Overview of erythropoiesis regulation in uremic condition. During hypoxia and in a CKD condition, accumulation of uremic toxins by the kidneys leads to a decrease of EPO production. During erythropoiesis, because erythroblasts are less produced, ERFE production is decreased. As ERFE is the regulator of hepcidin, a decrease of ERFE production leads to an increase of hepcidin. Thus, leading to a decrease of iron availability. As a consequence, many erythroblasts incur apoptosis before completing differentiation, causing an ineffective erythropoiesis and fewer red blood cells are produced. Abbreviations: EPO, erythropoietin; ERFE, Erythroferrone. 
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Table 1. Physiochemical classification of Uremic Toxins by the EuTox Work Group.
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	Classification
	Representative Solute
	Cn
	Cu
	Cmax
	MW (kDa)
	Ref





	Free water-soluble solute
	Urea (g/L)

Creatinine (mg/L)
	<0.4

<12.0
	2.3 ± 1.1

136.0 ± 46.0
	4.6

240.0
	60

113
	[32,33]



	Protein-bound solute
	Indoxyl sulfate (mg/L)

P-cresyl sulfate (mg/L)
	0.6 ± 5.4

0.6 ± 1.0
	53.0 ± 91.5

20.1 ± 10.5
	236.0

40.7
	251

108
	[34,35]



	Middle molecule
	β-2 microglobulin (mg/L)
	<2.0
	55.0 ± 7.9
	100.0
	11818
	[36,37]







Abbreviations: CN, normal concentration; CU, mean/median uremic concentration; CMAX, maximal uremic concentration; MW, molecular weight; ref, reference.













[image: Table] 





Table 2. The pathophysiological roles of Indoxyl sulfate.
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	The Pathophysiological Role of Indoxyl Sulfate
	Reference





	Inhibition of endothelial proliferation and wound repair
	[2]



	Progressive deterioration of renal function
	[34,46,50,51,52,53,54]



	Induction of oxidative stress
	[55]



	Increase of circulating EMPs release
	[56]



	Induces TF production via the AhR pathway
	[57,58]



	Development of uremic symptoms
	[46,59]



	Associated with pathogenesis of atherosclerosis
	[60]



	Increases mortality
	[61]



	Cardiovascular disease
	[54,61,62,63]



	Peripheral arterial disease
	[61,64,65]







Abbreviations: EMPs, endothelial microparticles; TF, tissue factor; AhR, aryl hydrocarbon receptor.
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Table 3. Role of IS in the regulation of renal anemia.
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	The Pathophysiologic Roles of IS
	Molecular Mechanisms
	References





	Impairment of erythropoiesis in a HIF dependent manner
	Suppression of the EPO gene transcription during hypoxia
	[43]



	Stimulates eryptosis
	Extracellular Ca2+ entry with subsequent stimulation of cell shrinkage and cell membrane scrambling
	[66]



	Might contribute to EPO resistance and endothelial dysfunction
	IS inhibits EPO-Induced Phosphorylation of EPOR

IS inhibits TSP-1 expression through suppression of the AKT phosphorylation
	[67]



	Suppression of HIF activation
	IS-induced AhR activation
	[70]



	Increased PCA in RBCs
	Due to PS exposure and RBCs-derived microparticles release
	[71]



	EPO decrease
	IS negatively regulates the EPO expression
	[73]



	IS-induced RBCs death
	Through OAT2, and NADPH oxidase activity-dependent, and a GSH-independent mechanism
	[75]







Abbreviations: HIF, hypoxia-inducted factor; EPO, erythropoietin; EPOR, erythropoietin receptor; IS, indoxyl sulfate; TSP-1, Thrombospondin-1; AhR, the aryl hydrocarbon receptor; PCA, Procoagulant Activity; PS, Phosphatidylserine; RBCs, red blood cells; OAT2, Organic Anion Transporter 2; GSH, glutathione.
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Table 4. Current strategies used to treat renal anemia.
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	Current Strategies
	Reference





	ESA
	[117,118,119,120,121,122,123,124,125]



	Iron supplementation
	[126,127,128]



	PHD inhibitors
	[91,129,130,131,132]



	AST-120
	[73,133,134,135,136,137]







Abbreviations: ESA, erythropoiesis-stimulating agents; PHD, prolyl hydroxylase domain.
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