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ABSTRACT 

	[bookmark: _Hlk196404789]Anaemia is a common complication in chronic kidney disease (CKD) patients. It has a complicated pathophysiology and its management is equally challenging. It is mainly due to impaired erythropoiesis, decreased production of erythropoietin and dysregulated iron metabolism. The primary mechanism of anaemia of CKD and ESRD involves decreased erythropoietin production, decreased gastrointestinal absorption of iron, and decreased life span of red blood cells). It also involves iron and hepcidin dysregulation, chronic inflammation, bone marrow dysfunction, reduced life span of red cells and vitamin B12 or folic acid deficiencies. Another mechanism for anaemia of chronic illness involves cytokines, such as interleukins (IL-1 and IL-6) and tumor necrosis factor (TNF-alpha). These are believed to cause the destruction of RBC precursors and decrease the number of erythropoietin receptors on progenitor cells. Iron deficiency is common in the patients of CKD. It is estimated that the patients on hemodialysis may lose more than 2200 mg of iron per year due to these factors. The disease severity increases with progression of CKD and it is a predictor of adverse outcome including cardiovascular events and mortality. The treatment strategies involve iron supplementation and eryropoeitin stimulating agents (ESAs). The novel therapeutic option such as HIF-poly hydroxylase inhibitors (HIF-PHIs) are emerging as promising interventions. These novel agents target the hypoxia-inducible factor (HIF) pathway to stimulate endogenous EPO production and improve iron utilization




Keywords Anaemia, Chronic kidney disease, End stage kidney disease, erythropoietin, hepcidin, cytokines, hemodialysis.

1. INTRODUCTION:
Anaemia is a common complication in chronic kidney disease (CKD) patients. The causes are many and consists mainly of impaired erythropoiesis, decreased production of eryropoeitin (EPO) and dysregulated iron metabolism. [1] Richard Bright, also known as the "Father of Nephrology." Linked anaemia with the renal disease for the first time in 1836. [2] [3] With the progression of kidney disease, the prevalence and severity of anaemia also increases, and it affects almost all patients of stage five kidney disease. The primary mechanism of anaemia of CKD and ESRD involves decreased erythropoietin production, decreased gastrointestinal absorption of iron, and decreased life span of red blood cells (RBCs) [4] It also involves iron and hepcidin dysregulation, chronic inflammation, bone marrow dysfunction reduced life span of red cells and vitamin B12 or folic acid deficiencies [5] Iron deficiency is common in the patients of CKD. The reason of iron deficiency includes occult blood loss, infection, systemic inflammatory conditions, surgical procedures, venipuncture, and in dialysis patients’ retention of blood by the dialysis apparatus. It is estimated that the patients on hemodialysis may lose more than 2200 mg of iron per year due to these factors.
Hepcidin, is an endogenous antimicrobial peptide which is secreted by the liver. It controls the level of plasma iron by regulation of intestinal absorption of iron, it also helps in release of iron from microphages and transfer of iron stores in the hepatocytes. Increase in hepcidin level in the course of inflammatory disease may be a significant mediator of the accompanying anaemia. Another mechanism for anaemia of chronic illness involves cytokines, such as interleukins (IL-1 and IL-6) and tumor necrosis factor (TNF-alpha).[6] These are believed to cause the destruction of RBC precursors and decrease the number of erythropoietin receptors on progenitor cells. [7] [8] The disease severity increases with progression of CKD and it is a predictor of adverse outcome including cardiovascular events and mortality. [9] The mean hemoglobin level of dialysis patients increased from 9.6 g/dL in 1991 to 12.5 g/dL in 2005, and transfusion requirements decreased considerably. [10] However, in 1998, the Normal Hematocrocrit Trial raised concerns about adverse events associated with higher hemoglobin or hematocrit goals.[11] Subsequently, multiple trials have assessed the benefits of targeting higher versus lower hemoglobin ranges. The discovery of adverse effects of ESAs raised questions about their overall benefits and led to increased interest in finding alternative management strategies for anaemia of CKD. The treatment strategies involve iron supplementation and eryropoeitin stimulating agents (ESAs). The novel therapeutic option such as HIF-poly hydroxylase inhibitors (HIF-PHIs) are emerging as promising interventions. [12] These novel agents target the hypoxia-inducible factor (HIF) pathway to stimulate endogenous EPO production and improve iron utilization [13]

2.Pathophysiology:
2.1. Erythropoetin (EPO)
[bookmark: _Hlk179128750][bookmark: _Hlk179129134]EPO is a glycoprotein hormone, that regulates the process of erythropoiesis. This regulation is by preventing the erythroid progenitors from apoptosis. A relative lack of EPO is a well-known cause of renal anaemia. [14] The patients suffering from CKD have low levels of EPO. Kidneys are main source of EPO. It is produced by the peritubular type interstitial cells located in the cortex or in the outer layer of the renal medulla. [15] The synthesis of EPO is stimulated by the tissue hypoxia. [16] The regulation of EPO formation is regulated by Hypoxia inducible factor 1 (HIF-1), It acts by binding to the hypoxia response element on the EPO gene. [17] As the kidney function declines the EPO production is also proportionality declines. [18] The reduction or absence of EPO leads to programmed apoptosis. [19] The severity of anaemia grows rapidly as the eGFR falls below 30ml/min/1.73 m2 [20] The anaemia of CKD is also influenced by the proinflammatory cytokines or the interfering role of hepcidin in RBC production [21] It is essential to understand the interplay of the EPO deficiency and other contributing factors for the management of anaemia of CKD. The EPO synthesis is mainly stimulated by the tissue hypoxia. The Hypoxia-inducible factor 1 (HIF-1) is a transcription factor, it is responsible for the regulation of EPO production by binding to the hypoxia element on the EPO gene. [22] HIFs comprise α (HIF-1 α, 2α, and 3α) and a β subunits. The β subunit is always present, but the α subunit is controlled by the oxygen levels through prolyl hydroxylase (PHD) enzymes. [23] PHDs catalyzes the hydroxylation of HIF-1 α under oxygen rich circumstances. The HIF-2α seems to the principal driver in enhancing EPO synthesis in both kidneys and liver. The EPO production declines as the kidney function declines as in CKD. The absence of EPO leads to programmed apoptosis mediated by the Fas antigen. The EPO dysregulation is also due to proinflammatory cytokines or interfering role of hepcidin in RBC production. [24] 
2.2. Iron dysregulation
Iron is the key component of hemoglobin. Patients of CKD often lose large amount of iron through recurrent blood loss due to hemodialysis and uremia. The hepcidin production is increased which reduces the iron absorption from intestine and the iron released from macrophages. [25] Hepcidin regulates iron absorption. Its levels are elevated in patients of CKD [26] The hepcidin is synthesized in hepatocytes, smaller amount of it is formed and excreted by macrophages and adipocytes. [27] Ferroprotein is the cell surface iron exporter and its expression is decreased by the hepcidin, its production is upregulated by chronic inflammation, infection, hypoxia, and renal failure. Its production is influenced by anaemia, erythropoietin, liver iron levels and transferrin. [28]
In addition, it decreases iron absorption, facilitates iron storage, and impedes erythroid progenitor cell proliferation. It is primarily eliminated through kidneys, so as the eGFR is decreased the clearance of hepcidin is also decreased, which results in imbalance between excessive hepcidin production and decreased elimination. Such imbalance leads to worsening of the anaemia of CKD by adversely affecting the erythropoiesis. 
2.3. Bone marrow dysfunction:
It is seen that the patients of CKD have hypocellular bone marrow. [29] It is not known why CKD contributes to bone marrow hypocellularity. One possible explanation that uremic toxins may be responsible for hypocellularity of bone marrow, leading to impaired erythropoiesis.
2.4. Chronic inflammation:
As the CKD progresses the inflammatory biomarkers are also found elevated. The interleukin (IL-1), IL-6, interferon (IFN), C-reactive protein (CRP), and tumor necrosis factor alpha are found elevated.[30] The chronic inflammation also contributes to variability in Hb levels and hypo responsiveness to ESA. [31] Proinflammatory cytokines like TNF-α and IL-1 may suppress the erythroid progenitor cell proliferation through the indirect pathway by inhibiting the EPO production. Inflammation also impairs the ability to utilize the iron sequestrated by the tissues. The elevated ferritin levels diminished iron and iron binding capacity, higher abundance of iron in bone marrow are the characteristic features of inflammation associated anaemia. There is abnormal escalation of hepcidin levels in hyperinflammatory states and is responsible for refractory renal anaemia [32]
2.5. Micronutrient deficiencies:
CKD patients often suffer from micronutrient deficiencies like that of Vitamin B, folic acid and hyper homocysteinaemia. Vitamin B-12 plays an important role in maintaining homeostasis, cellular metabolism, antioxidation and red blood cells synthesis. [33] The main source of vitamin B12 is milk, meat, liver, sea food etc. CKD is often accompanied by chronic illness like diabetes which may further impairs the absorption of this vitamin, whereas the demand for this vitamin is increased, so in such patient’s addition supplementation is necessary. In patients with CKD folic acid has been shown to lower homocysteine levels, which in turn might lower the risk of cardiovascular disease and improve the health outcomes in this population. [34] Bioavailability of nitric acid is reduced in presence of hyperhomocysteinemia, as a result collagen accumulates and it affects the vascular remodeling and progressive changes in vascular system damaging the microcirculation in glomeruli and cause glomerular sclerosis. [35] The deficiency of folic acid results in anaemia and other health issues. There is a potential impact of folic acid on oxidative stress, cytotoxicity and fibrogenic changes in kidney epithelial cells and it adversely affects the kidney function.
2.6. Fibroblast growth factor 23 (FGF 23):
Fibroblast growth factor-23 Is a hormone produced by osteocytes and osteoblasts. [36] The extensive researches have suggested that FGF23 plays an important role in development of anaemia of CKD. [37] It has been seen that, high levels of FGF 23 causes reduced activation of neutrophils, thus affects body’s immune response and can worsen anaemia. [38] More research is needed to determine the specific mechanisms through which FGF-23 influences erythropoiesis and contributes to anaemia in CKD patients.
2.7. Miscellaneous factors: 
The angiotensin convertase inhibitors (ACEIs) may inhibit the synthesis of EPO and worsen anaemia. In patients of kidney transplant the immunosuppressants have adverse effect by its influence on bone marrow. The drugs like azathioprine, mycolate mofetil, and mycolate sodium can itself cause anaemia. There is increased risk of bleeding in patients with CKD. A recent meta-analysis comprising more than 7 million individuals from 22 studies has shown that there is increased risk of gastrointestinal bleeding in CKD patients which is also influenced by the old age, diabetes, liver cirrhosis, and history of ulcers. [39] It is supposed to be due to impaired platelet function and altered blood rheology. [40] Moreover, these patients require anticoagulation during dialysis and are more prone to thromboembolic phenomenon and atrial fibrillation. In the uremic state there is inhibition of platelet activation and vasodilatation due to increased levels of nitric oxide and prostaglandins. Anaemia may also contribute to excessive bleeding in CKD patients. It is observed that decreased hematocrit is associated with intravascular platelet flow disturbance and platelet-vascular-wall interaction. [41]
3. Diagnostic workup:
3.1. Screening for anaemia:
KDIGO guidelines as well as the Renal Association Clinical Practice Guideline on Anaemia of Chronic Kidney Disease recommend these tests. [42] Complete blood count (CBC), including mean corpuscular hemoglobin (MCH), mean corpuscular volume (MCV), mean corpuscular hemoglobin concentration (MCHC), white blood cell count, and platelet count.  absolute reticulocyte count. The blood picture shows microcytic hypochromic anaemia, low MCV, low MCHC, there is elevation of leucocyte and platelet count.
3.2. iron status assessment 
3.2.1. Serum ferritin.
serum iron level in normal adult is 60 to 170 mcg/dL. The Serum ferritin is a peripheral iron biomarker. It shows iron stores in the body available for Hb formation. Serum Ferritin is the main iron storage protein with an ability to store about 4000–5000 iron atoms by each molecule. International expert opinion on ID (Iron deficiency) across chronic inflammatory conditions suggest that in patients with CKD, absolute Iron deficiency (ID) should be defined as Transferrin saturation (TSAT) ≤ 20% and serum ferritin concentration ≤ 100 ng/mL (100 mcg/L) [43]. 
3.2.2. Transferrin saturation (TSAT)
The primary role of transferrin is to transport iron. It is mostly synthetized in hepatocytes; however, other cells such Sertoli, ependymal, and cancer cells represent the expression of transferrin. TSAT represents calculated total serum iron/total iron binding capacity (TIBC) ×100, whereas TIBC is calculated as transferrin × 1.389. In the non-CKD population, TSAT ≤15%indicates ID. In CKD patient’s higher cutoff levels are recommended. A proposed cutoff range between TSAT <20%and TSAT <30%. [44] [45] In CKD, TIBC decreases from an average of 360 mcg/dL to 240 mcg/dL, which is associated with progressively decreasing renal function. It is also suggested to achieve serum iron above 60 mcg/dl in stage 4 and 5, and maintaining TSAT at least within the range of 22-26%. [46] There is a need for further studies to evaluate appropriate TSAT and ferritin cutoffs in a reference to non-dialyzed, dialyzed, and/or ESA recipients.
[bookmark: _Hlk179644767]3.2.3. Reticulocyte hemoglobin count (CHr):
This is another method to diagnose functional iron deficiency. It directly reflects the effectiveness of hemoglobin synthesis in bone marrow precursors and can be a measure of iron availability. Reticulocyte hemoglobin count (CHr) is derived from the measurement of cell volume and hemoglobin content in reticulocytes. [47] CHr seems to be more accurate marker for the diagnosis and treatment monitoring of iron deficiency among CKD patients. A cutoff to diagnose iron deficiency should be established between 29 pg and 32 pg.
3.2.4. Percentage of Hypochromic Red Cells (%HRC):
In Iron deficiency states hypochromic reticulocytes are produced which subsequently form erythrocytes. Thus, the percentage of hypochromic red cells directly reflects the Hb synthesis. An observational study of Kee et al., reveals that the cutoff value of %HRC to predict anaemia development was 4.3% with a sensitivity of 67.74% and specificity of 97.5%. [48]
4. CKD and anaemia management:
The primary management goal remains oral or intravenous iron supplementation, erythropoiesis-stimulating agents (ESA) and identification and management of reversible causes. The reversible causes include vitamin B12 /folate deficiency, hypothyroidism, and absolute iron deficiency. In severe cases blood transfusion may be necessary. [49] 
4.1. Iron supplementation:
The anaemia of CKD can be treated by iron supplementations to increase the Hb levels. It is frequently given along with ESA because ESAs stimulate erythropoiesis. [50] Clinicians must also be aware that although a low ferritin level has high specificity for absolute iron deficiency, ferritin is an acute-phase reactant that can be elevated in states of chronic infection or inflammation. Therefore, an elevated ferritin does not necessarily imply iron store adequacy or overload. KDIGO guidelines recommend a trial of iron repletion if the serum ferritin is ≤500 ng/ml, in CKD patients with a TSAT ≤30%. Current guidelines recommend against use of iron products when ferritin is 500 ng/mL or greater. [51] The iron supplementation can be done by oral or intravenous route. The oral iron is relatively inexpensive and this route of administration is avoiding the needs for IV access specially in the patients who are not on hemodialysis. Oral iron is not readily absorbed and it is common to have gastrointestinal adverse effects and gives metallic taste. The rise in hemoglobin levels is also not satisfactory. In contrast to oral forms of iron, IV iron is highly efficacious. It is a standard of care treatment for hemodialysis patients. For CKD patients who require iron supplementation, IV iron is generally recommended, as IV iron consistently achieves higher TSAT and ferritin values than oral iron.  
Examples of IV iron replacement therapies include the following [52] 
· Iron dextran complex (Dexferrum, INFeD): 500-1000 mg with variable frequency
· Iron sucrose (Venofer): 200 mg given in 5 doses over 2 weeks
· Ferric carboxymaltose (Injectafer): 750 mg given in 2 doses 1 week apart
· Ferric gluconate (Ferrlecit): 250 mg given in 4 doses weekly
· Ferumoxytol (Feraheme): 510 mg given in 2 doses, 3-8 days apart
· Iron isomaltoside: 1000 mg in a single dose
All these drugs are equally effective and carry some minor side effects like hypotension and hypersensitivity reactions. The major difference is that a larger amount of iron can be administered at a single administration with iron dextran, ferumoxytol, ferric carboxymaltose, and iron isomaltoside as compare to ferric gluconate and iron sucrose. In hemodialysis patients the IV iron therapy is simple due to readily available vascular access.


4.2. Erythropoietin:
The goal of hemoglobin in patients of CKD whether on hemodialysis or not is less than 11.4 g/dl. Multiple trials including CHOIR, NHCT, and TREAT, have confirmed the superiority of targeting hemoglobin to this level. These trials have demonstrated higher mortality, thrombosis, and adverse cerebrovascular and cardiovascular events with higher levels of ESAs. The FDA has also issued a warning regarding the increased risk of death, severe adverse cardiovascular events, and stroke when ESAs are administered to target Hb levels above 11g/dl. [53] [54] The erythropoietin analogues epoetin alfa and darbepoetin alfa are the two ESAs generally used in managing anaemia of CKD. They are produced by the recombinant DNA technology through cell cultures. These are having the same efficiency and adverse effect profiles except for the fact that darbepoetin alfa have longer half-life and thus requires less frequent dosing. [55] [56] These agents are typically considered when the hemoglobin levels fall below 10g/dl. They are also individualized based on the factors like anaemia symptoms, transfusion requirements, the rate of hemoglobin decline and response to iron therapy. The erythropoietin is usually administered every one to two weeks, IV or subcutaneously (50 100 units/kg). The darbepoetin alfa is dosed every two to four weeks. In the patients on dialysis erythropoietin is given with each dialysis session, i.e. three times a week while the darbepoetin alfa is administered once weekly.
4.3. Other novel agents:
4.3.1. Hypoxia inducible factor: The propyl hydroxylase inhibitors which is a hypoxia inducible factor (HIF-PHI) have emerged as a novel class of therapeutic agents to treat anaemia of CKD. The mechanism of action involves the regulation of the HIF pathway. [57] It stabilizes the Hypoxia inducible factor (HIF) and thus it mimics the physiological response to hypoxia. This causes increased EPO production and stimulation of erythropoiesis, and thus correction of anaemia. One of the widely used HIF-PHI Roxadustat has shown promising result and good safety profile when used in patients of anaemia of CKD. [58] Roxodustat have shown to significantly reduce the hepcidin level. The other HIF-PHI are Molidustat, daprodustat, vadadustat, and desidustat are newer agents and have shown promising results. [ref] [59] The roxodustat is found to be best among all these agents and it can be taken orally. The daprodustat has shown excellent results when administered thrice weekly during hemodialysis session. [60]
The ASCEND-NHQ clinical trial have shown that the daprodustat improves fatigue without an increase in overall frequency of adverse events as compared to placebo. IF-PHI have potential clinical benefits in enhancing iron mobilization. The advantage of taking this as pills is a further revolution in the management of anaemia of CKD. [61] 
4.3.2. Anti-Bone Morphogenetic Protein 6 Antibodies:
Recent investigations have shown a great potential for the use of anti-bone morphogenic protein 6 (Anti BMP-6) antibodies in the anaemia of CKD. It may be used as an alternative therapy to modulate iron metabolism and erythropoiesis. The experiment on rodents have shown a promising result. [62] It reduces the need of erythropoietin and improves the iron metabolism. Its use in human being is yet to be proved after large scale clinical trials.
4.3.3. Sodium-glucose transport protein-2: 
The use of this agents in CKD induced anaemia is a subject of great interest recently. It is primarily used in diabetics for its effect of glycemic control and cardio protection, it is also seen to increase the Hb in patients with kidney failure and/or heart failure patients. [63] [64] Its role in patients of CKD and anaemia is yet to be evaluated and proved.
4.3.4. Novel Iron Therapies: 
The improved version of standard iron supplementation are an area of extensive research and renewed interest. The ferric maltol and sucrosomial iron are two such promising agents. Ferric maltol is an oral formulation and it consists of stable complex of ferric (Fe31) with maltol (3-hydroxy-2-methyl-4-pyrone) which is a naturally occurring derivative. This complex form prevents the formation of iron hydroxide polymers, and thus improves the bioavailability of iron, as compare to standard iron salt. [65] The efficacy of this iron form in CKD is proved in phase-3, double-blind, randomized, placebo-controlled trial (AEGIS-CKD). [66] Sucrosomial iron is another promising drug. It is a ferric pyrophosphate covered by phospholipid and sucrester membrane. [67] Ferric ion transport across the intestinal epithelium is promoted by sucrester. Oral liposomal iron is safe and efficacious alternative to intravenous iron gluconate preparation in non-dialysis patients. [68] These novel oral iron preparations are a potential advantage over intravenous preparations due to its better tolerability, good absorption, and fewer gastrointestinal side effects. 

4.3.5. Ziltivekimab:
It is a monoclonal antibody targeting interlukin-5 (IL-6). Due to this unique mechanism of action, it takes care of inflammatory part of CKD pathology. The phase-2 RESCUE randomized clinical trial suggests the improved results with Ziltivekimab in terms of hemoglobin levels and improved iron homeostasis markers in patients with stage 3-5 CKD. [69] 

4. Conclusion

Anaemia of CKD has a complicated pathophysiology and its management is equally challenging. Anaemia of CKD entails a poor quality of life and complications. The major role is played by EPO, whose secretion is decreased due to impaired renal activity, inflammation, uremic toxicity, and blood loss during dialysis. The biomarkers of iron status like serum trans ferritin or TSAT may be different in healthy individuals and in patients suffering from CKD. It is recommended that it should be supplemented by %HRC and CHr studies which have better sensitivity and specificity. Besides traditional iron supplementation newer molecules like ferric maltol and sucrosomial iron are promising innovations due to improved iron supplementation and its oral formulations.
The introduction of novel therapeutic agents like HIF-PH inhibitors and anti-BMP-6 antibodies, seems to change the treatment options of managing anaemia of CKD. They have potential of fostering erythropoiesis and facilitating iron mobilization. Sodium glucose transport protein 2 inhibitors has shown a good potential to improve hemoglobin levels, but it needs extensive clinical trials to fully establish its efficacy, safety, and its long-term outcome. In conclusion, it is heartening to note that newer therapeutic options are on the way to improve the diagnosis and management of anaemia of CKD.
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