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ABSTRACT 
Iron deficiency anemia is a significant complication in chronic kidney disease (CKD), affecting both pre-dialysis 
and dialysis patients. This comprehensive review examines the pathophysiology, clinical manifestations, 
diagnostic approaches, and management strategies of iron deficiency anemia in CKD. The review highlights the 
complex interplay between iron metabolism, inflammation, and erythropoiesis in CKD patients while 
discussing current treatment guidelines and future therapeutic directions. Understanding these aspects is 
crucial for optimal patient care and improved outcomes in CKD-associated anemia. 
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INTRODUCTION  
Chronic Kidney Disease (CKD) represents a 
significant global health burden, affecting 
approximately 10-15% of the adult population 
worldwide [1]. Recent systematic reviews indicate 
that the prevalence of CKD continues to rise 
globally, with significant variations across 
different regions and populations [2]. Among its 
numerous complications, anemia stands as one of 
the most prevalent and impactful, significantly 
affecting patients' quality of life and clinical 
outcomes [3]. 
 
Iron deficiency anemia particularly emerges as a 
critical concern in both pre-dialysis and dialysis CKD 
patients, with prevalence rates ranging from 24% to 
85% depending on the disease stage and population 
studied [4]. The complex pathophysiology of IDA in 
CKD patients presents unique challenges in both 
diagnosis and management [5]. While traditional 
iron deficiency results from absolute iron deficiency, 
CKD patients often experience a combination of 
absolute and functional iron deficiency, complicated 
by the chronic inflammatory state associated with 
uremia [6,7]. 
 
The impact of IDA in CKD extends beyond 
traditional hematological parameters, significantly 
influencing cardiovascular outcomes, cognitive 
function, and overall mortality rates [8]. Current 
guidelines emphasize the importance of regular 
monitoring and appropriate management of 
anemia in CKD patients [9]. Despite these 
recommendations, achieving optimal iron status 
remains challenging, particularly in the context of  

varying individual responses to therapy and the 
need for ongoing monitoring [10]. 
 
DISCUSSION 
Pathophysiology of Iron Deficiency Anemia in 
CKD 
 Iron Metabolism in CKD 
Iron metabolism in CKD represents a complex 
interplay of multiple pathophysiological processes 
that significantly deviate from normal physiological 
conditions. Under normal circumstances, iron 
homeostasis is tightly regulated through the 
coordination of iron absorption, storage, transport, 
and utilization. The average adult body contains 
approximately 3-4 grams of iron, with about 2.5 
grams incorporated into hemoglobin [11]. The 
remainder is distributed between storage forms 
(ferritin and hemosiderin) and functional 
components (myoglobin and iron-containing 
enzymes) [12]. 
 
The central regulator of iron homeostasis, hepcidin, 
plays a crucial role in CKD-associated iron disorders. 
Hepcidin levels are markedly elevated in CKD 
patients due to reduced renal clearance and 
increased production stimulated by inflammatory 
cytokines [12,13]. This elevation leads to the 
internalization and degradation of ferroportin, the 
primary iron export protein, resulting in reduced 
iron absorption from the gastrointestinal tract and 
decreased iron release from storage sites [14]. 
 
The process of iron absorption in CKD patients is 
significantly impaired at multiple levels. Dietary 
iron, primarily in the ferric form (Fe3+), must first be 
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reduced to ferrous iron (Fe2+) By Duodenal 
Cytochrome B (DCYTB) before it can be transported 
across the apical membrane of enterocytes by 
Divalent Metal Transporter 1 (DMT1) [14,15].  In 
CKD, the expression and function of both DCYTB and 
DMT1 are decreased, contributing to reduced iron 
absorption.  
 
Furthermore, CKD patients experience significant iron 
losses, particularly those undergoing hemodialysis. 
These losses occur through multiple mechanisms, 
including blood retention in dialysis circuits, frequent 
blood sampling, and gastrointestinal bleeding.4,14 It 
is estimated that hemodialysis patients may lose 
approximately 1-2 grams of iron annually through 
these mechanisms [14].  Additionally, regular 
hemodialysis sessions can lead to the loss of 5-7 mg of 
iron per session [15]. 
 
The inflammatory state characteristic of CKD also 
significantly impacts iron metabolism [16]. Pro-
inflammatory cytokines, particularly interleukin-6 
(IL-6), stimulate hepcidin production and directly 
interfere with erythropoiesis [16,17]. This 
inflammation-mediated dysfunction contributes to 
the development of functional iron deficiency, where 
despite adequate iron stores, there is insufficient 
iron availability for effective erythropoiesis [17]. The 
increased levels of inflammatory markers also affect 
iron transport proteins, with studies showing altered 
levels of transferrin and increased levels of ferritin 
as acute-phase reactants [18]. 
 
Oxidative stress, which is markedly increased in CKD 
patients, further complicates iron metabolism [19]. 
Enhanced oxidative stress leads to lipid peroxidation 
and cellular damage, potentially affecting iron 
transport and utilization [19,20]. The interaction 
between oxidative stress and iron metabolism 
creates a vicious cycle, as excess free iron can 
catalyze the formation of reactive oxygen species 
through the Fenton reaction [20]. This oxidative 
stress can further damage erythrocyte membranes 
and contribute to reduced erythrocyte survival [16]. 
The dysregulation of iron metabolism in CKD is 
further complicated by the reduced production of 
erythropoietin (EPO) [21]. The kidney's decreased 
ability to produce adequate EPO leads to a relative 
EPO deficiency, which compounds the problems of 
iron availability and utilization [21,22]. This creates 
a complex pathophysiological environment where 
both iron availability and EPO deficiency contribute 
to the development of anemia [22,23]. 
 
 Role of Hepcidin 
Hepcidin, a 25-amino acid peptide hormone 
primarily synthesized by hepatocytes, emerges as a 
master regulator of systemic iron homeostasis in 
CKD [16,17]. In CKD patients, hepcidin levels are 
pathologically elevated due to multiple factors, 
creating a complex cascade that significantly impacts 
iron metabolism [16]. The discovery of hepcidin and 
its role in iron metabolism has revolutionized our 
understanding of iron disorders in CKD, providing 
new insights into the pathogenesis of renal anemia 
[21]. 

The regulation of hepcidin expression in CKD 
involves multiple pathways and factors. One 
significant pathway is inflammatory regulation. The 
inflammatory state in CKD leads to increased 
production of IL-6, which is a potent inducer of 
hepcidin transcription [16,17]. IL-6 activates the 
JAK-STAT3 signaling pathway, leading to increased 
hepcidin expression through direct binding of STAT3 
to the hepcidin promoter [24]. Other inflammatory 
cytokines, including IL-1β and TNF-α, can also 
contribute to increased hepcidin production, 
although their effects are less pronounced than those 
of IL-6 [25]. 
 
Another important aspect is iron status-related 
regulation. The bone morphogenetic protein (BMP) 
pathway, particularly BMP6, plays a crucial role in 
the iron-dependent regulation of hepcidin. 
Transferrin saturation levels influence hepcidin 
expression through the hemojuvelin/BMP/SMAD 
pathway. Mutations in proteins involved in this 
pathway can lead to dysregulation of hepcidin 
expression [26,27]. 
 
Additionally, erythropoiesis-related regulation is 
significant, where erythroferrone, produced by 
erythroblasts in response to erythropoietin, acts as a 
physiological suppressor of hepcidin. In CKD, 
reduced erythropoietin production and resistance to 
its actions can lead to decreased erythroferrone, 
contributing to elevated hepcidin levels [3,28]. 
 
Hepcidin dysregulation has significant clinical 
implications, particularly concerning iron 
homeostasis and therapeutic strategies. It leads to 
reduced intestinal iron absorption and decreased 
release of iron from storage sites, resulting in 
impaired availability of iron for erythropoiesis 
[29,30]. This dysregulation can complicate the 
response to iron therapy and contribute to resistance 
to erythropoiesis-stimulating agents (ESA). 
Consequently, understanding hepcidin's role opens 
avenues for novel therapeutic targeting to improve 
iron management in affected patients [31,32]. 
 
The molecular mechanisms of hepcidin action are 
complex and multifaceted. Hepcidin binds to 
ferroportin at a specific site, triggering 
conformational changes. This binding leads to the 
ubiquitination of ferroportin and its subsequent 
internalization, with the internalized ferroportin-
hepcidin complex being degraded in lysosomes 
[29,30]. The cellular effects of hepcidin are notable: 
in enterocytes, it reduces iron absorption from the 
gastrointestinal tract by decreasing iron export 
capacity; in macrophages, it leads to iron retention, 
affecting iron recycling from senescent erythrocytes; 
and in hepatocytes, it reduces iron release from 
storage, affecting systemic iron availability [30,31]. 
 
The clinical implications of hepcidin in CKD are 
significant across diagnostic, therapeutic, and 
monitoring domains. Diagnostic Value: Hepcidin 
levels have been shown to correlate with the severity 
of anemia in CKD, serving as a valuable predictor of 
patient response to iron therapy and ESA treatment.  
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Additionally, measuring hepcidin can help identify 
patients at risk of ESA resistance, thereby guiding 
clinical decisions [31,32]. Therapeutic Implications: 
The development of hepcidin antagonists presents a 
promising avenue for therapeutic intervention, 
while anti-IL-6 strategies aim to reduce hepcidin 
production, potentially improving anemia 
management. Furthermore, novel approaches 
targeting the bone morphogenetic protein (BMP) 
pathway are being explored to enhance treatment 
efficacy [32,33]. Monitoring Considerations: 
Hepcidin levels may also serve as a guide for 
initiating iron therapy and determining the optimal 
timing for iron supplementation, thus improving 
patient outcomes. Moreover, monitoring hepcidin 
could play a crucial role in predicting responses to 
various therapeutic interventions, allowing for more 
personalized treatment strategies in CKD patients 
[34]. 
 
 Absolute vs. Functional Iron Deficiency 
Iron deficiency in CKD patients manifests in two 
distinct but often overlapping forms, each requiring 
specific diagnostic and therapeutic approaches 
[32,35]. Understanding the differences between 
these conditions is crucial for appropriate clinical 
management. 
 
Absolute iron deficiency in CKD is characterized by a 
true depletion of body iron stores, which is 
evidenced by severely reduced or absent iron in the 
bone marrow. In non-dialysis CKD patients, a serum 
ferritin level of less than 100 ng/mL indicates iron 
deficiency, while in dialysis patients, this threshold is 
set at less than 200 ng/mL. Additionally, transferrin 
saturation (TSAT) levels below 20% further confirm 
the deficiency [35,36]. 
 
The primary causes of absolute iron deficiency in 
CKD can be categorized into two main areas: blood 
loss and reduced iron intake. Blood losses may occur 
due to frequent blood sampling, residual blood in 
dialysis circuits, gastrointestinal bleeding, or 
surgical procedures. On the other hand, reduced iron 
intake can result from dietary restrictions, poor 
appetite, and impaired intestinal absorption, all of 
which contribute to the overall depletion of iron 
necessary for maintaining adequate hemoglobin 
levels and preventing anemia in CKD patients 
[36,37]. 
 
Functional iron deficiency in CKD is defined by the 
presence of adequate or even elevated iron stores, 
yet with impaired availability of iron for 
erythropoiesis. This condition is characterized by 
normal or elevated serum ferritin levels, typically 
greater than 100-200 ng/mL, alongside low 
transferrin saturation levels of less than 20%. 
Additionally, an increased soluble transferrin 
receptor is often observed, indicating a disruption in 
iron utilization [38,39]. 
 
The pathophysiological mechanisms underlying 
functional iron deficiency involve several primary 
factors, including hepcidin-mediated iron 
sequestration, interference from inflammatory 

cytokines, altered iron trafficking, and impaired iron 
utilization [39,40].  
 
Contributing elements such as chronic inflammation, 
oxidative stress, uremic toxins, and the increased 
iron demands associated with ESA therapy further 
exacerbate this condition. Together, these factors 
highlight the complex interplay between iron 
metabolism and the inflammatory state commonly 
seen in CKD, complicating the management of 
anemia in affected patients [40,41]. 
 
The clinical implications and diagnostic challenges of 
iron deficiency in CKD are multifaceted, particularly 
in the context of differential diagnosis. There is often 
an overlap of laboratory parameters, which 
complicates the identification of the specific type of 
iron deficiency. Inflammation can significantly 
influence biomarkers, necessitating the assessment 
of multiple markers to achieve an accurate diagnosis. 
Additionally, time-dependent variations in these 
parameters can further obscure the clinical picture 
[42,43]. 
 
Treatment considerations are equally complex, as 
different therapeutic approaches are required based 
on the type of iron deficiency, and patients may 
exhibit variable responses to iron supplementation. 
This underscores the need for individualized 
treatment strategies tailored to each patient's 
unique circumstances, along with rigorous 
monitoring requirements to ensure efficacy and 
safety [44]. Prognostic implications are also critical, 
as the type of iron deficiency can impact 
responsiveness to ESA, influence cardiovascular 
outcomes, and ultimately affect patient survival and 
quality of life. Addressing these challenges is 
essential for optimizing the management of anemia 
in CKD patients and improving their overall health 
outcomes [44,45]. 
 
Modern diagnostic approaches to iron deficiency in 
CKD encompass a range of traditional markers, novel 
biomarkers, and emerging technologies. Traditional 
markers such as serum ferritin, transferrin 
saturation, complete blood count, and reticulocyte 
parameters have long been utilized to assess iron 
status and anemia [20]. However, advancements in 
understanding iron metabolism have led to the 
identification of novel biomarkers that provide 
deeper insights into iron deficiency. These include 
hepcidin levels, soluble transferrin receptor, 
reticulocyte hemoglobin content, percentage of 
hypochromic red cells, and the zinc 
protoporphyrin/heme (ZnPP/Heme) ratio, all of 
which can enhance diagnostic accuracy [20,46]. 
 
Furthermore, emerging technologies are 
revolutionizing the diagnostic landscape, with 
innovations such as magnetic resonance imaging for 
assessing tissue iron levels, novel point-of-care 
testing methods, genetic markers that may influence 
iron metabolism, and proteomics-based approaches 
that analyze protein expression related to iron 
homeostasis. 
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Together, these modern diagnostic strategies offer a 
comprehensive framework for accurately diagnosing 
and managing iron deficiency in CKD, ultimately 
leading to improved patient outcomes [46,47]. 
 
 Impact of Inflammation 
Inflammation plays a pivotal role in the pathogenesis 
of anemia in CKD, creating a complex interplay 
between immune system activation, iron 
metabolism, and erythropoiesis [15,32]. The chronic 
inflammatory state characteristic of CKD contributes 
significantly to both the development and 
persistence of anemia through multiple mechanisms 
[44,48]. 
 
Pro-inflammatory cytokines play a crucial role in the 
pathophysiology of iron deficiency and anemia in 
CKD, significantly impacting hepcidin expression 
and erythropoiesis. IL-6 is a primary mediator of 
hepcidin expression, leading to direct suppression of 
erythropoiesis and alterations in iron trafficking 
pathways, which hinder the availability of iron for 
red blood cell production. Tumor Necrosis Factor-α 
(TNF-α) further exacerbates this situation by 
inhibiting the proliferation of erythroid progenitors, 
enhancing erythrocyte apoptosis, and suppressing 
EPO production, all of which contribute to anemia. 
Additionally, Interleukin-1β (IL-1β) enhances 
hepcidin expression, interferes with iron 
metabolism, and reduces the expression of EPO 
receptors, further complicating the body’s ability to 
produce adequate red blood cells. Collectively, these 
inflammatory mediators create a challenging 
environment for maintaining normal erythropoiesis 
and iron homeostasis in CKD patients, highlighting 
the need for targeted therapeutic strategies to 
mitigate their effects [48,49]. 
 
Acute phase proteins, such as ferritin and C-reactive 
protein (CRP), significantly influence the 
interpretation of iron status and the severity of 
anemia in CKD. Ferritin is synthesized in increased 
amounts during inflammation, independent of actual 
iron stores, which complicates the assessment of 

true iron deficiency and may mask underlying iron 
depletion. This can lead to misdiagnosis and 
inappropriate treatment strategies.  
CRP serves as a marker of inflammation severity and 
has been shown to correlate with the severity of 
anemia, providing insights into the inflammatory 
state of the patient. Elevated CRP levels can also 
predict resistance to ESA, complicating anemia 
management. Additionally, oxidative stress plays a 
detrimental role in CKD by generating reactive 
oxygen species, which contribute to increased lipid 
peroxidation, reduced erythrocyte survival, and 
impaired erythropoiesis. The interplay between 
these acute phase proteins and oxidative stress 
highlights the complex challenges in diagnosing and 
managing anemia in CKD, necessitating a 
comprehensive approach to treatment that 
addresses both iron metabolism and inflammation 
[49,50]. 
 
The mechanisms by which inflammation impacts 
erythropoiesis and iron metabolism in CKD are 
multifaceted and significant. Direct effects on 
erythropoiesis include the suppression of erythroid 
progenitor cells, which diminishes the production of 
red blood cells. Inflammatory mediators also reduce 
the sensitivity of these progenitor cells to EPO, 
leading to inadequate erythropoiesis. Additionally, 
inflammation can increase the destruction of 
erythrocytes and alter iron utilization, further 
exacerbating anemia [51,52]. Concurrently, 
inflammation disrupts iron metabolism through 
several pathways. Enhanced production of hepcidin, 
a key regulator of iron homeostasis, leads to iron 
sequestration in macrophages, effectively trapping 
iron and making it unavailable for erythropoiesis. 
This process is compounded by reduced iron 
absorption from the diet and impaired recycling of 
iron from senescent red blood cells. Together, these 
mechanisms illustrate how inflammation not only 
hinders the production of red blood cells but also 
disrupts the delicate balance of iron metabolism, 
posing significant challenges in the management of 
anemia in CKD patients [52,53].

 

FIGURE 1: Mechanisms of Iron Deficiency Anemia in CKD.
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 Clinical Manifestations and Diagnosis 
The clinical presentation and diagnostic approach to 
iron deficiency anemia in CKD patients require 

comprehensive assessment, as manifestations can be 
subtle and often overlap with uremic symptoms 
[4,35]. 

 
 
 

TABLE 1: The Clinical Manifestations. 
 

Category Symptoms 

A. General Symptoms[35,36]. 

Fatigue and Weakness 
Reduced physical capacity 
Exercise intolerance 
Decreased daily activities 

Cognitive Changes 
Impaired concentration 
Memory difficulties 
Mental fatigue 

Constitutional Symptoms 
Decreased appetite 
Poor sleep quality 
Reduced quality of life 

B. Cardiovascular Manifestations[54,55]. 

Compensatory Mechanisms 
Increased cardiac output 
Tachycardia 
Enhanced stroke volume 

Cardiac Remodeling 
Left ventricular hypertrophy 
Diastolic dysfunction 
Altered cardiac energetics 

 
 
 
 

TABLE 2: The Diagnostic Approach. 
 

Diagnostic Approach Parameters 

A. Laboratory Parameters.[39,40] 

Traditional Iron Markers 

Serum Ferritin 

Primary storage iron marker 
Affected by inflammation 
Variable cutoff values based on CKD stage: 
Non-dialysis CKD: < 100 ng/mL indicates 
absolute iron deficiency 
Dialysis CKD: < 200 ng/mL indicates 
absolute iron deficiency 

TSAT 
Functional iron availability marker 
Target range: 20-30% 
Values < 20% suggest iron deficiency 

Complete Blood Count 
Parameters 

Hemoglobin levels 
Mean corpuscular volume (MCV) 
Red cell distribution width (RDW) 
Reticulocyte count 

B. Novel Biomarkers.[20,45]  

Reticulocyte hemoglobin content (CHr) < 29 pg 
Percentage of hypochromic red cells > 6% 
Soluble transferrin receptor 
Hepcidin levels 
ZnPP/Heme ratio 

 
 Treatment Approaches 
The management of iron deficiency anemia in CKD requires a comprehensive and individualized approach 
based on multiple factors [4,37].
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TABLE 3: The management of iron deficiency anemia in CKD. 

 

Treatment Approach Details 

A. Oral Iron Therapy [35,36]. 

Indications 

Non-dialysis CKD with mild-moderate iron 
deficiency 
Ferritin < 100 ng/mL and TSAT < 20% 
Patients declining intravenous therapy 

Recommended Preparations 
Ferrous sulfate: 200 mg 2-3 times/day 
Ferrous fumarate: 200 mg 2-3 times/day 
Ferrous gluconate: 300 mg 2-3 times/day 

Limitations 

Low bioavailability 
Gastrointestinal side effects 
Drug interactions 
Poor compliance 

B. Intravenous Iron Therapy [37,38]. 

Indications Iron Sucrose 

Dose: 100-200 mg/session 
Interval: 1-3 times/week 
Total dose: 1000 mg 
Maximum single dose: 200 mg 

Available Preparations Ferric Carboxymaltose 
Dose: up to 1000 mg/session 
Interval: minimum 1 week 
Maximum single dose: 1000 mg 

ESA Therapy  

Indications 
Hemoglobin < 10 g/dL 
Adequate iron stores 
No active inflammation 

Dosing Guidelines 

Epoetin alfa 
Initial: 50-100 IU/kg 3x/week 
Maintenance: individualized 
Maximum: 300 IU/kg/week 

Darbepoetin alfa 
Initial: 0.45 μg/kg weekly 
Maintenance: individualized 
Maximum: 1.5 μg/kg/week 

 
 

TABLE 4: The Monitoring Requirements and Safety Considerations [40,41]. 
 

Monitoring Requirements Details 

A. Iron Status Monitoring 

Pre-dialysis CKD 
Hemoglobin: every 3 months 
Iron studies: every 3-6 months 

Hemodialysis 
Hemoglobin: monthly 
Iron studies: every 3 months 
More frequent during active treatment 

B. ESA Therapy Monitoring 

Initial Phase 
Weekly hemoglobin checks 
Blood pressure monitoring 
Iron status every 4-8 weeks 

Maintenance Phase 
Monthly hemoglobin 
Iron status every 3 months 
Clinical assessment for complications 
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TABLE 5: The Safety Parameters [41,42]. 
 

Safety Parameters Details 

A. Iron Therapy Safety 

Pre-administration Assessment 
Vital signs 
Recent infection history 
Previous reaction history 

During Administration 
Vital signs every 15 minutes 
Allergic reaction monitoring 
Infusion site observation 

B. ESA Safety 

Cardiovascular Monitoring 
Blood pressure control 
Heart failure symptoms 
Thrombotic events 

Target Hemoglobin 

Hemoglobin: 10-11.5 g/dL 
TSAT: 20-30% 
Serum Ferritin: 
Non-dialysis CKD: 200-500 ng/mL 
Dialysis CKD: 200-800 ng/mL 

CONCLUSIONS 
Iron deficiency anemia remains a significant 
challenge in the management of CKD patients, with 
complex pathophysiological mechanisms and 
substantial clinical implications. This review 
emphasizes the importance of a comprehensive, 
individualized approach to managing iron deficiency 
anemia in CKD patients while highlighting areas for 
future research and development. 
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