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    Series Editor Page   

 The great success of the  Nutrition and Health  series is the result of the consistent overriding mission 
of providing health professionals with texts that are essential because each includes: (1) a synthesis 
of the state of the science, (2) timely, in-depth reviews by the leading researchers in their respective 
fi elds, (3) extensive, up-to-date fully annotated reference lists, (4) a detailed index, (5) relevant 
tables and fi gures, (6) identifi cation of paradigm shifts and the consequences, (7) virtually no over-
lap of information between chapters, but targeted, inter-chapter referrals, (8) suggestions of areas for 
future research, and (9) balanced, data-driven answers to patients’ as well as health professionals’ 
questions which are based upon the totality of evidence rather than the fi ndings of any single study. 

 The series volumes are not the outcome of a symposium. Rather, each editor has the potential to 
examine a chosen area with a broad perspective, both in subject matter as well as in the choice of 
chapter authors. The editor(s), whose training(s) is (are) both research and practice oriented, has the 
opportunity to develop a primary objective for their book, defi ne the scope and focus, and then invite 
the leading authorities to be part of their initiative. The authors are encouraged to provide an over-
view of the fi eld, discuss their own research, and relate the research fi ndings to potential human 
health consequences. Because each book is developed de novo, the chapters are coordinated so that 
the resulting volume imparts greater knowledge than the sum of the information contained in the 
individual chapters. 

  Iron Physiology and Pathophysiology in Humans , edited by Gregory J. Anderson, Ph.D., and 
Gordon D. McLaren, M.D., fully exemplifi es the goals of the  Nutrition and Health  series. Iron is an 
essential micronutrient for humans. It is critical for the synthesis of DNA and proteins and serves as 
a cofactor for numerous enzymes, including those involved in energy metabolism and a range of 
other biochemical functions in cells. Iron also is an essential component of hemoglobin and myo-
globin and thereby plays a critical role in oxygen transport and delivery. Iron is also the most abun-
dant transition metal in the human body. Yet, many nutritionists are more aware of the adverse 
effects of iron overload than its critical role in brain development, kidney function, immune responses, 
and growth, as examples. This volume is very timely as there is currently only one other up-to-date 
volume for professionals concerning the role of iron in nutrition and clinical medicine. The  Nutrition 
and Health  series includes the volume  Iron Defi ciency and Overload: From Basic Biology to Clinical 
Practice , edited by Shlomo Yehuda, Ph.D., and David Mostofsky, Ph.D., that was published in 2010 
and emphasized the critical role of iron in the brain and the clinical consequences of its defi ciency 
as well as overload. Dr. Anderson served as a coauthor of the fi rst chapter in this 2010 volume. The 
current volume refl ects the newest research on the molecular biology as well as the genetics behind 
the most critical aspects of iron physiology and pathology. This important text provides a timely 
review of the latest science concerning iron metabolism as well as practical, data-driven options to 
manage at-risk populations with the best accepted therapeutic nutritional and medical interventions. 
The overarching goal of the editors is to provide fully referenced information to health professionals 
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so they may enhance the nutritional welfare and overall health of clients and patients who are at risk 
for less than optimal iron status. This excellent, up-to-date volume will add great value to the prac-
ticing health professional as well as those professionals and students who have an interest in the 
latest information on the science behind iron requirements during the life span, and the potential for 
iron to modulate the effects of chronic diseases and conditions that are widely seen in the majority 
of patient populations. 

 Drs. Anderson and McLaren are internationally recognized leaders in the fi eld of iron research 
and hematology. Both editors are excellent communicators and they have worked tirelessly to 
develop a book on iron that will be the benchmark in the fi eld. In-depth chapters cover the most 
important aspects of the complex interactions between cellular functions, diet, and iron requirements 
as well as genetic mutations that affect iron metabolism. The links between iron and chronic infl am-
matory diseases and the acute conditions that can adversely affect the quality of life and health are 
also considered.    Dr. Anderson, Ph.D., is the Head of the Iron Metabolism Laboratory, Queensland 
Institute of Medical Research; Associate Professor, Department of Medicine, University of 
Queensland; and Head, Cancer and Cell Biology Division as well as NHMRC Senior Research 
Fellow at the Queensland Institute of Medical Research. He also serves as an Adjunct Professor at 
the School of Molecular and Microbial Sciences, University of Queensland. Dr. Anderson is cur-
rently the President-Elect of the International Bioiron Society.    He is a member of the Editorial Board 
of Biometals. Dr. McLaren, M.D., is a physician    in the Hematology/Oncology Section of the 
Veteran’s Affairs (VA) Long Beach Healthcare System, Long Beach, CA, and is also Professor in the 
Division of Hematology/Oncology, Department of Medicine and Chao Family Comprehensive 
Cancer Center, University of California, Irvine, CA. He has served as the Chair, CD   C/NCHM, 
Review Panel “Diagnosis and Treatment of Hereditary Hemochromatosis,” as well as the Chair, Iron 
Overload Education Session at the American Society of Hematology’s Annual Meeting. In 2010, 
Dr. McLaren was a member of the NIH/NIDDK Special Emphasis Panel on “Centers of Excellence 
in Molecular Hematology.” He currently serves as Vice-Chair, American Society of Hematology, 
Scientifi c Committee on Iron and Heme. Dr. McLaren is a member of the Medical and Scientifi c 
Advisory Board of the Iron Disorders Institute (www.irondisorders.org). 

 This comprehensive, in-depth volume is logically organized into six sections. The fi rst section 
reviews cellular iron metabolism. The four introductory chapters provide readers with an overview 
of the proteins involved in iron metabolism and the basic pathways by which iron is utilized and 
stored in cells and how these processes are regulated. The chapters in the fi rst section of the volume 
concerned with iron biochemistry and metabolism provide the reader with a clear understanding of 
the state of the science and where gaps in knowledge still remain so that the clinically related chap-
ters can be more easily understood. The proteins involved in iron homeostasis, including transferrin, 
the transferrin receptors, ferritin, ferroportin, hepcidin, divalent metal-ion transporter 1, mitoferrin 
in mitochondria, and others, are described. The importance of heme as well as iron metabolism is 
emphasized. The movement of iron in the ferrous and ferric ionic states is clearly explained, and 
when further research is required to fully understand the metabolic processes, these are pointed out 
to the reader. There is also an introduction to the diversity of genetic mutations that result in inher-
ited defects in iron metabolism. 

 Section II, on iron physiology, contains eight chapters and, comprehensively reviews the basics 
of iron metabolism, beginning with the sources of iron in the human diet and the different require-
ments during the life stages, including pre-term birth, as well as the differences between the iron 
requirements of men and women. Dietary    sources of iron can be classifi ed as either from heme iron 
sources or non-heme iron sources, and the absorption as well as regulation of iron is described. The 
major iron transport protein in the blood is transferrin, and this protein, as well as its receptor, and 
the fates of non-transferrin-bound iron are discussed in detail. The majority of iron in the body is 
conserved during the breakdown of red blood cells containing iron bound to hemoglobin, and the 
recycling of heme-derived iron is reviewed. The proteins involved in the salvage pathways, including 
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hemopexin and haptoglobin,    are described. Serum iron concentrations are normally maintained 
within a narrow range of 10–30  μ M, and transferrin’s saturation is usually between 20–40%, provid-
ing an adequate buffer for an unexpected infl ux of iron into the systemic circulation. Regulation of 
serum iron involves the liver, spleen, duodenum, and the reticuloendothelial system, hormones, and 
genetic factors. The majority of the body’s iron is in its red blood cells, and erythropoiesis is explained 
in detail, as are the incorporation of iron into heme and the formation of the hemoglobin molecule. 
The reticuloendothelial system is responsible for recycling and redistributing erythrocyte iron as 
well as the other components of the red blood cell. Although in the past the macrophage was consid-
ered the only immune cell involved in iron metabolism, there is now evidence that T lymphocytes 
and other immune cells    also may be involved in regulating iron homeostasis. Iron status also affects 
the ability of the immune system to fi ght infection and modulate infl ammatory responses. Most 
human pathogens require iron for replication, and the immune system’s unique proteins protect 
against bacterial iron acquisition, resulting in better control of infectious diseases. These complex 
interactions are explained in depth in the last two chapters of this section. 

 The next two sections examine in detail the effects of disorders in iron homeostasis, considering 
fi rst the anemias and then iron-overload conditions. The essentiality of iron for hemoglobin produc-
tion and the consequences of iron defi ciency as well as iron defi ciency anemia are described in detail 
including the peripheral effects of iron defi ciency. In addition to the adverse effects of iron defi -
ciency on oxygen-carrying capacity of the blood, there are many non-hematological clinical mani-
festations of iron defi ciency. Often, the skin color will be reduced    and this may be due to 
vasoconstriction; there may be increased cardiac output and breathing may be labored; muscle 
fatigue and cramping are often seen. Endurance is compromised and may be the consequence of 
reduction in any of the 200+ iron-requiring enzymes. Temperature regulation may be impaired which 
may be related to iron’s requirement for neuron myelination in the spinal cord and white matter. New 
data linking Restless Legs Syndrome with iron defi ciency are included. Iron defi ciency    in pregnancy 
is linked to low birth weight and pre-term delivery and maternal morbidity as well as mortality. The 
adverse consequences of low iron status in the neonatal brain may be the result of lower than normal 
formation of the protective myelin sheath covering critical brain neurons. Important new studies also 
examine the interaction between zinc and iron and provide further evidence of the complexity of 
nutrient–nutrient interactions. The nongenetically related causes of anemia are outlined including a 
chapter describing anemia due to chronic infl ammatory diseases. There is also a separate chapter on 
the iron-loading anemias, an important class of hematological disorders   .     

 The pathologies associated with iron overload are systematically reviewed in eight comprehen-
sive and clinically relevant chapters. The critical importance of the liver in iron homeostasis is 
reviewed and liver pathology associated with iron overload is examined in detail in its own chapter   . 
A second, related chapter examines the mechanisms behind the pathological effects of iron in the 
liver and heart, emphasizing the cellular, biochemical, and infl ammatory responses and the damag-
ing effects of reactive oxygen species. Chronic liver disease associated with excessive alcohol intake, 
hepatitis C infection, and obesity is associated with disturbances in iron homeostasis, and this topi-
cal area is also covered.     The chapter that describes hereditary hemochromatosis and the discovery 
in only 1996 of the  HFE  gene provides an extensive discussion of the pathology, diagnosis, and 
treatment of this common disorder. The following chapter discusses the non-HFE-related hemochro-
matoses and concentrates on the defi ning clinical features and treatments with emphasis on juvenile 
hemochromatosis and ferroportin disease. 

 There is a unique additional chapter that describes some of the other iron-related disorders includ-
ing hereditary hyperferritinemia-cataract syndrome, aceruloplasminemia, and atransferrinemia. The 
neuropathology associated with iron overload is described in the next chapter. Iron is required for the 
optimal functioning of the enzymes responsible for the synthesis and degradation of the major brain 
neuropeptides including dopamine, serotonin, and noradrenalin. Iron is found in specifi c sites within 
the brain and there are many neurotransmitters that require iron for their synthesis. Excess iron 
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within the brain has been associated with a number of neurodegenerative diseases including 
Parkinson’s disease, Alzheimer’s disease, Friedreich’s ataxia, Wilson’s disease, Restless Legs 
Syndrome, and others. Additionally, as we age, there is an accumulation of iron in the brain that may 
participate in oxidative damage to neural tissues. Enhanced synthesis of enzymes that result in 
increased iron in mitochondria and concomitant increased oxidative damage has been seen in tissues 
from affected human brains. Under normal conditions, cellular iron concentrations in the brain are 
tightly controlled. When iron levels are abnormally high, the brain reduces the level of iron intake 
and is resistant to the adverse effects of iron overload initially, but peripheral changes may result in 
secondary damage to the brain that results in oxidative damage.    The new classifi cation of neurode-
generation with brain iron accumulation is highlighted with a consideration of pantothenate kinase 
defi ciency; however, it is not clear if this is a cause and effect relationship or that the iron excess 
occurs after some initiating event. The fi nal chapter in the iron overload part examines the associa-
tion of iron status and cancer risk and concludes that, for most cancers   , there is insuffi cient consis-
tent evidence of an association of higher iron status and greater cancer risk. The same chapter 
includes an extensive review of the importance of iron to bacterial and viral pathogenicity. 
Tuberculosis, HIV, malaria, and other infectious organisms are included in this review. 

 Section V includes critical clinical information on diagnoses and therapies related to defects in 
iron homeostasis. It begins with a chapter on methods for assessing iron status in the body, some-
thing which is essential for both diagnosing disorders of iron metabolism and monitoring their ther-
apy. The chapter on genetic testing, with 333 references and 12 tables, describes in detail the known 
genetic defects associated with mutations affecting iron physiology. More than 100 genetic muta-
tions are described and the race/ethnicities that are most affected are tabulated. The full scope of 
genetic testing procedures is described including sample collection, methods of mutation analysis, 
and the process of selection of genes for analysis. The ethical, legal, and social ramifi cations of 
genetic testing are objectively discussed. There is a chapter devoted to the chemistry and biochem-
istry of the iron chelators currently used to treat iron overload that includes 13 fi gures to assist in 
understanding the structure/function relationships of these medicines. A separate chapter examines 
the clinical aspects of using the chelators including their effects on the heart, use in children   , dosing, 
tolerability, and toxicity. 

 Section VI of this comprehensive volume contains three unique chapters that examine some of 
the model systems available to study iron metabolism. The most well-recognized mammalian mod-
els are genetically altered mice, including knockouts of the major proteins involved in iron transport 
and its regulation discussed in earlier chapters. Tables are provided that describe most of the mouse 
and rat genetic models for hereditary hemochromatosis and other inherited defects in iron homeo-
stasis. Yeasts have also proved extremely valuable as models for studying basic cellular iron metabo-
lism, as they can synthesize heme and other iron-containing proteins. The pros and cons of using a 
yeast model system are objectively described. Zebrafi sh are also used as the fi sh are transparent, and 
the formation of heme and globin and the binding of iron to form hemoglobin as well as the forma-
tion of the red blood cell can be visualized in this model. Genetic models of anemia have been 
developed using this model. 

 It is abundantly clear that the editors have developed an excellent comprehensive volume that will 
be a valuable asset for clinicians in many fi elds as well as cell biologists, geneticists, biochemists, 
and advanced students in clinical nutrition. The editors have chosen 40 of the most well-recognized 
and respected authors who are internationally distinguished researchers, clinicians, and epidemiolo-
gists who provide a broad foundation for understanding the role of iron in the molecular, genetic, 
cellular, and clinical aspects of nutritional and therapeutic management of iron status. Hallmarks of 
all of the 31 chapters include complete explanations of terms with the abbreviations fully defi ned for 
the reader and consistent use of terminology between chapters. Key features of the volume include 
informative key words that are at the beginning of each chapter as well as an in-depth index. 
Recommendations and practice guidelines are included in relevant chapters. The volume contains 
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more than 100 detailed tables and informative fi gures and more than 4,500 up-to-date references that 
provide the reader with excellent sources of worthwhile information about the critical role of iron 
nutrition, optimal iron status, and the adverse clinical consequences of altered iron homeostasis. 

 In conclusion,  Iron Physiology and Pathophysiology in Humans , edited by Gregory J. Anderson 
and Gordon D. McLaren provides health professionals in many areas of research and practice with 
the most up-to-date, well-referenced volume on the importance of iron status in determining the 
health of an individual. This volume    will serve the reader as the benchmark in this complex area of 
interrelationships between the essentiality of iron, its functions throughout the body including its 
critical role in erythropoiesis, and the biochemistry and clinical relevance of iron-containing enzymes 
and other active molecules involved in iron absorption, transport, metabolism, and excretion; and 
bring forth the importance of optimal iron status on immune function, the function of the liver, heart, 
lungs, kidney, muscle, bone, and the brain. Moreover, the interactions between genetic and environ-
mental factors and the numerous comorbidities seen with both iron defi ciency and iron overload in 
the most at-risk populations are clearly delineated so that students as well as practitioners can better 
understand the complexities of these interactions. Drs. Anderson and McLaren are applauded for 
their efforts to develop the most authoritative resource in the fi eld to date, and this excellent text is a 
very welcome addition to the  Nutrition and Health  series. 

 Adrianne Bendich, Ph.D., FACN
Series Editor    
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   The inspiration for this volume was the outstanding book  Iron Metabolism in Man  by Thomas 
Bothwell and his colleagues. Although it was published more than three decades ago in 1979, it 
remains a valuable reference today. The basic outline of  Iron Physiology and Pathophysiology in 
Humans  is not dissimilar to the work of Bothwell et al. It begins with a focus on normal iron metabo-
lism in humans, then progresses to mechanisms of altered iron metabolism in disease. Other chapters 
cover methods for assessing iron status, the role of iron chelators as therapeutic agents, and various 
model systems for studying iron homeostasis. Our hope is that this new book will serve both as a 
resource for workers in the fi eld and a starting point for readers who wish to pursue further study. 

 By 1979, the fundamental concepts of iron physiology in humans were understood, including the 
iron cycle within the body, plasma iron kinetics and exchange with the tissues, and iron storage. 
It was also recognized that intestinal iron absorption is controlled to maintain body iron balance. The 
state of the art at the cellular and molecular level had advanced to the stage of studying iron transport 
by transferrin and iron storage in ferritin and hemosiderin, but in retrospect it is now apparent that 
most of the proteins of iron transport and regulation were then unknown. Similarly, the pathophysi-
ology of a number of disease processes had been described, including iron defi ciency and several 
forms of iron overload such as hereditary hemochromatosis and hemosiderosis resulting from trans-
fusions of red blood cells. Approaches to the diagnosis of various disorders of iron metabolism were 
established, based on the availability of well-validated tests for the assessment of iron status. These 
methods have subsequently been supplemented by newer tests and technological advances. On the 
other hand, effi cacious treatment for disorders such as iron defi ciency and iron overload had already 
become relatively standardized, using oral iron replacement and iron removal by therapeutic 
phlebotomy and iron chelation, respectively. 

 Over the intervening years, there has been a great expansion of knowledge about iron metabolism 
and its disorders, and it has become obvious that an update of the fi eld is long overdue. In thinking 
about the need for a new overview, we quickly realized that the best approach would be to enlist the 
help of various experts. We asked them to focus on current advances, as recent years have seen a 
renaissance in the fi eld, fueled by new techniques in molecular biology and genetics. Given the 
breadth and complexity of the fi eld, we recognized that it would be impractical to attempt to do 
justice to every facet of iron metabolism in a single volume. Rather, we encouraged the chapter 
authors to highlight many of the most important areas, with the dual aims of presenting basic prin-
ciples about the state of the art and providing the reader with a basis for additional research. 

 One of the primary areas of focus concerns the proteins that transport and store iron and those that 
play a role in regulating these processes. Much new information has become available about the 
function and regulation of the previously known and highly evolutionarily conserved molecules 
transferrin and ferritin. In addition, the last few years have seen the discovery of many previously 
unknown proteins of iron metabolism, in what is generally considered a new golden age in the fi eld. 

  Preface
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Examples include membrane iron transport proteins such as divalent metal-ion transporter 1 and 
ferroportin 1, enzymes such as the iron oxidase hephaestin and the iron reductase duodenal cyto-
chrome B, and regulatory molecules such as hepcidin, HFE, transferrin receptor 2, and hemojuvelin. 
Intertwined with these discoveries have been signifi cant advances in understanding disorders of iron 
metabolism. Novel inherited etiologies of iron defi ciency have been discovered, and more is known 
about the etiology of some previously described causes such as achlorhydria in atrophic gastritis, 
now recognized as a frequent complication of  H. pylori  infection. The discovery of the hemochro-
matosis gene ( HFE ) has made it possible to study the prevalence of  HFE -related hemochromatosis 
in different populations, and the recognition of the role of HFE and other proteins in regulating hep-
cidin expression has led to an understanding of the mechanisms underlying both primary and sec-
ondary forms of iron overload. Advances in diagnosis of disorders of iron metabolism and assessment 
of body iron stores have added signifi cantly to the tools available to clinicians. The serum transferrin 
receptor assay and noninvasive imaging modalities have been notable achievements. Genetic testing 
for mutations in  HFE  and other genes facilitates the diagnosis of hemochromatosis, and the develop-
ment of oral iron chelators has been a major advance in treatment of patients with transfusional iron 
overload. Future advances foreshadowed by recent work may include the ability to modify the 
expression or action of hepcidin and thereby make it feasible to control dysregulated intestinal iron 
absorption, whether inappropriately increased, as in hemochromatosis and ineffective erythropoiesis, 
or decreased in infl ammation. 

 We would like to recognize all the investigators who have made the many important contributions 
to the fi eld that have created the need for this book, and especially the authors of the individual 
chapters, without whose efforts creation of the book would not have been possible. It is equally 
important to acknowledge Adrianne Bendich, editor of the  Nutrition and Health  series, and her dedi-
cated team at Humana/Springer (notably Amanda Quinn in the later stages) for their great patience 
and guidance as this volume came together. Without their support and encouragement it would have 
been very diffi cult to see his project through to completion. 

 Brisbane, QLD, Australia Gregory J. Anderson, Ph.D. 
 Long Beach, CA, USA Gordon D. McLaren, M.D. 
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   1 Introduction 

 Iron is essential for a number of biochemical functions in the body including the transport of oxygen 
in the blood and energy production in the mitochondria. Therefore, humans require an abundant and 
regular source of dietary iron to maintain normal health. This is amply demonstrated by data indicat-
ing that as many as a third of the world’s population suffer from iron defi ciency, making it the most 
common nutrient defi ciency disorder. In addition to pathologies associated with iron defi ciency, 
excess iron is highly toxic and can lead to cell and organ damage. Interestingly, while the body levels 
of other dietary metals can be regulated by excretion in the feces and urine, humans do not possess 
the capacity to remove excess iron from the body. As a consequence, a number of proteins have 
evolved which tightly regulate mammalian iron homeostasis. The actions of these proteins control 
the rate of duodenal iron absorption, its delivery, utilization and storage by metabolically active tis-
sues, and its recycling by reticuloendothelial macrophages. The purpose of this chapter is to intro-
duce the reader to some of the key proteins that maintain iron balance in humans. We have divided 
these proteins into families based on their function. This includes (1) the proteins that are involved 
in iron transport across cellular membranes; (2) the reductases and oxidases that facilitate the move-
ment of iron across cell membranes; (3) iron transport in the circulation and its intracellular storage; 
and (4) the proteins that control iron homeostasis by regulating all of the above processes. Mutations 
in the genes encoding many of these proteins lead to a wide range of diseases highlighting the varied 
role that iron plays in human metabolism. Many of these diseases will be discussed in depth in 
subsequent chapters.  

    Chapter 1   
 Proteins of Iron Homeostasis       

         Surjit   Kaila   Srai         and    Paul   Sharp          
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   2 Proteins Mediating Iron Transport Across Cellular Membranes 

   2.1 Divalent Metal-Ion Transporter 1 

 The divalent metal transporter, DMT1 – also known as the divalent cation transporter, DCT1  [  1  ] , 
natural resistance–associated macrophage protein, NRAMP2  [  2,   3  ]  and solute-linked carrier family 
11 (proton-coupled divalent metal ion transporters), member 2 (SLC11A2) – transports ferrous iron 
across the apical membrane of the intestinal epithelium  [  1,   4  ]  (Fig.  1.1 ). In addition to its essential 
role in dietary non-heme iron absorption, DMT1 is also required for the endosomal release of trans-
ferrin-bound iron. The targeted disruption of DMT1 in mice has confi rmed its obligate role in both 
intestinal iron absorption and in the development of erythroid precursors into mature erythrocytes  [  5  ] . 
This function is further underlined by evidence showing that mutations in DMT1 in the  mk / mk  mouse 
 [  3  ]  and the Belgrade rat  [  6  ]  and humans  [  1,   7–  10  ]  lead to the development of microcytic anemia.  

 At least four DMT1 isoforms exist through alternate splicing in exon 16  [  11  ]  and the presence of 
two transcription start sites – in exon 1A and 1B, respectively  [  12  ] . Exon 16 splicing gives rise to 
two variants that differ in their terminal 19–25 amino acids and their 3 ¢  untranslated region (UTR); 
one variant contains an iron responsive element (IRE) in its 3 ¢  UTR whereas the other lacks this 
sequence  [  11  ] . Isoforms containing a 3 ¢  IRE may be subject to iron-sensitive post-transcriptional 
regulation via the IRE–IRP system (discussed later in this chapter). All four isoforms can be detected 
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at varying levels in intestinal epithelial cells  [  12  ] ; and while the exon 1A/IRE-containing variant has 
been suggested to be the predominant functional isoform with respect to intestinal iron absorption, 
all four isoforms can transport iron with equal effi ciency  [  13  ] . Within intracellular endosomes, there 
appears to be differential localisation of the different DMT1 isoform. The IRE-containing variants 
are localized to the late endosomes and lysosomes  [  14–  17  ]  whereas non-IRE isoforms are associated 
with the transferrin receptor-containing early endosomes  [  15,   17  ] . 

 In the intestine, DMT1 expression is increased when body iron levels are depleted  [  1,   18,   19  ] . 
This may refl ect the presence of the IRE in the 3 ¢  UTR  [  1  ]  which can bind cytosolic IRP  [  20  ] . In 
addition to these longer term changes in expression, there is good evidence that DMT1 levels respond 
more rapidly to changes in dietary composition. The so-called “mucosal block” hypothesis was 
formulated more than 50 years ago following studies which demonstrated that a large oral dose of 
iron could reduce subsequent iron absorption ( [  21,   22  ] ; reviewed in  [  23  ] ). It was argued that due to 
the short time interval between doses, the initial dose must have acted directly on the mature entero-
cytes rather than the crypt cells. More recent studies with rodents given an iron bolus  [  24–  26  ]  and in 
cell culture models  [  16,   27  ]  suggest that the primary mechanism for mucosal block arises from 
redistribution of DMT1 between the plasma membrane and intracellular compartments. Our evi-
dence suggests that DMT1 is traffi cked from the apical membrane of intestinal epithelial cells to late 
endosomes/lysosomes  [  16  ] . Such a mechanism may be important physiologically for optimizing 
iron absorption from a meal so that it matches the body’s metabolic requirements. 

 Rapid transcriptional control of iron transport genes may also be important in regulating intesti-
nal iron homeostasis. In this context, two recent studies have identifi ed a role for hypoxia-inducible 
factors – in particular HIF2 α  – as important local regulators that respond to decreased intracellular 
iron levels and low oxygen tension by up-regulating the expression of DMT1 and the ferric reductase 
Dcytb  [  28,   29  ] .  

   2.2 Heme Transporters 

 In addition to non-heme iron, the iron contained within heme also makes an important contribution to 
dietary iron absorption. Heme is absorbed intact  [  30  ]  and the iron is liberated intracellularly under the 
action of heme oxygenase  [  31  ] . While there is a great deal of information regarding the mechanisms 
involved in non-heme iron absorption, much less is known about potential heme transport mechanisms. 
A number of candidate heme transport proteins have been identifi ed in the intestinal epithelium includ-
ing the Breast Cancer Resistance Protein, ABCG2  [  32  ] , the feline leukemia virus C receptor protein, 
FLVCR  [  33  ]  and the heme carrier protein, HCP1  [  34  ] . Of these candidate transporters, only HCP1 acts 
as a heme importer (Fig.  1.1 ), while both ABCG2 and FLVCR mediate heme effl ux. The high duodenal 
expression of HCP1 supports a potential role in heme absorption from the diet; however, this has been 
complicated by recent evidence suggesting that HCP1 may function primarily as a proton-coupled 
folate transporter  [  35  ] . In an interesting recent development, the heme-regulated gene (HRG) family of 
proteins has been identifi ed in  C. elegans   [  36  ] . These proteins play an essential role in heme transport 
and homeostasis in nematodes and their orthologues are also expressed in vertebrates, including 
humans, suggesting that HRG proteins may also play an important role in heme biology in mammals.  

   2.3 Ferroportin 

 Iron effl ux from all tissues is mediated by ferroportin  [  37  ]  – also known as Iron Regulated Transporter 
1 (IREG1)  [  38  ] , Metal Transporter Protein 1 (MTP1)  [  39  ]  and solute-linked carrier family 40 (iron-
regulated transporter) member 1 (SLC40A1) (Fig.  1.1 ). To date, ferroportin is the only identifi ed 
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iron effl ux protein and is particularly important for iron release into the circulation from absorptive 
enterocytes, iron recycling macrophages, hepatocytes and the placental syncytiotrophoblast. Not 
surprisingly therefore, global deletion of ferroportin in mice is embryonically lethal  [  37  ] . Furthermore, 
mice with intestine-specifi c ferroportin deletions (achieved by expression of an inducible intestine-
restricted villin-cre-ferroportin transgene) develop iron defi ciency highlighting the essential role of 
ferroportin in dietary iron assimilation  [  40  ] . 

 Studies with  Xenopus laevis  oocytes overexpressing ferroportin indicate that this protein medi-
ates the unidirectional effl ux of ferrous iron  [  37,   38  ] . However, in order for exported iron to be 
loaded onto transferrin for transport in the circulation, it must be oxidized to its ferric form. Therefore, 
ferroportin forms only half of the iron effl ux pathway, working in concert with the ferroxidases hep-
haestin and ceruloplasmin (discussed later). Ferroportin is primarily localized to the plasma mem-
brane of cells; in polarized epithelia such as the duodenum and placenta, it is expressed at the 
basolateral membrane of cells  [  37,   38  ]  which is consistent with its function as an iron export protein. 
Interestingly, there have been reports of ferroportin protein expression on the apical membrane of 
enterocytes  [  41  ] , but this remains controversial. In iron-recycling macrophages, ferroportin appears 
to reside in intracellular vesicles but following iron loading  [  42  ]  or erythrophagocytosis  [  43,   44  ] , 
ferroportin is rapidly translocated to the plasma membrane. A recent study has suggested that the 
traffi cking of ferroportin in macrophages may be under the control of Mon1A which plays a funda-
mental role in the macrophages secretory apparatus  [  45  ] . 

 The regulation of ferroportin expression is complex. Ferroportin mRNA contains a single IRE in 
the 5 ¢  UTR  [  38,   39  ]  which is predicted to raise protein expression under high iron conditions. In 
agreement with this hypothesis, iron loading increases ferroportin expression in the liver  [  39  ] , lung 
 [  46  ]  and macrophage  [  44  ] . However, the response to changes in iron status is tissue specifi c. In the 
duodenum, ferroportin is elevated by iron defi ciency but not by iron loading  [  38  ] . Recently, a second 
ferroportin transcript (termed FPN1B) has been identifi ed which lacks the IRE and is not repressed 
in iron-defi cient conditions  [  47  ] . While the FPN1A and FPN1B transcripts give rise to identical 
protein products, their tissue distribution is different; FPN1B is more highly expressed in the duode-
num and in erythroid precursors. The identifi cation of the FPN1B transcript provides an explanation 
of the lack of IRE/IRP-dependent regulation of duodenal iron absorption in the face of systemic iron 
defi ciency. 

 In addition to regulation by iron, it is now know that ferroportin is the cellular target for the regu-
latory actions of hepcidin (discussed in detail in subsequent chapters). However, recent work sug-
gests that there may also be subtle tissue-specifi c differences in ferroportin–hepcidin interactions in 
the duodenum and macrophage  [  48–  50  ] . 

 The original identifi cation of ferroportin arose from a study of mutations associated with impaired 
iron metabolism in zebrafi sh ( Danio rerio ). One of these fi sh with impaired hematopoiesis, named 
 weissherbst , resulted from mutations in the zebrafi sh homologue of mammalian ferroportin  [  37  ] . 
Subsequently, a number of mutations have been identifi ed in human ferroportin that give rise to an 
iron loading syndrome that has been referred to as either type IV hemochromatosis or ferroportin 
disease (see Chap.   20    ).  

   2.4 Transferrin Receptors 

 Transferrin receptors are the main route for iron entry into most cells. To date, two distinct transfer-
rin receptors have been identifi ed, TfR1 (the subject of many reviews) which is expressed on all 
proliferating cells to permit iron acquisition for the cell cycle and TfR2  [  51  ]  which is expressed 
mainly on hepatocytes  [  52  ]  (Fig.  1.1 ). 
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 TfR1 exists on the surface of cells as a disulfi de-bonded homodimer of 760-residue subunits 
(reviewed in  [  53  ] ). At physiological pH (7.4), TfR1 binds circulating transferrin (either mono-ferric 
or di-ferric) at the cell surface and the receptor-transferrin complex is endocytosed via a clathrin-
mediated mechanism (reviewed in  [  54  ] ). The transferrin-containing endosome is acidifi ed by recruit-
ment of a V-type proton ATPase permitting the release of iron from transferrin (apotransferrin 
remains bound to its receptor at the acid pH of the endosome). In erythroid precursors, the iron is 
reduced by STEAP3 ( [  55  ] , discussed below) and exits the endosome through DMT1  [  6  ] . The apo-
transferrin/TfR1 complex is recycled back to the cell surface where at pH 7.4 it dissociates from its 
receptor and re-enters the circulation. Iron uptake via this pathway may be regulated by the HFE 
protein, which competes with transferrin for a common binding site on TfR1  [  56,   57  ] . 

 Studies with Tfr1 knockout mice and zebrafi sh expressing the  chianti  phenotype highlight the 
essential role of Tfr1, particularly in development and functioning of erythroid tissue. Murine Tfr1 
deletion is embryonically lethal and is characterized by severely disrupted erythropoiesis and neuro-
logical development  [  58  ] . Furthermore, heterozygous mice carrying only one copy of the Tfr1 allele 
exhibit impaired erythroid development and abnormal iron homeostasis  [  58  ] . Zebrafi sh, unlike 
humans and mice, contain two Tfr1-like genes. A mutation in Tfr1a, which is highly expressed in 
erythroid tissue, gives rise to the  chianti  phenotype characterized by microcytic hypochromic 
anemia  [  59  ] . Interestingly, over-expression of mouse Tfr1, mouse Tfr2 and zebrafi sh Tfr1b partly 
rescued the  chianti  phenotype, suggesting that they could permit transferrin-bound iron uptake by 
erythroid precursors for hemoglobin synthesis  [  59  ] . 

 Tfr1 mRNA expression is highly regulated by iron status and this is mediated by the presence of 
fi ve IRE motifs in the 3 ¢  UTR of the mRNA sequence  [  60  ] . Under iron-defi cient conditions, the IRE 
sequences are bound by iron regulatory proteins, protecting the mRNA from endonucleolytic degra-
dation and thus increasing mRNA half-life. As a consequence, Tfr1 protein expression is up-regulated 
in iron defi ciency. In contrast, IRE are unbound under iron replete conditions, leading to rapid 
degradation of Tfr1 mRNA and a reduction in cellular protein expression  [  60–  62  ] . 

 Tfr2 has signifi cant sequence homology to Tfr1 and can also bind and transport transferrin-bound 
iron, albeit with a much lower affi nity than Tfr1  [  51,   63  ] . Unlike Tfr1 which is ubiquitously expressed, 
the expression of Tfr2 is restricted to the liver, and normal and neoplastic hematopoietic cells  [  51, 
  64  ] . Interestingly, mutations in Tfr2 lead to severe hepatic iron overload, termed type III hemochro-
matosis  [  65  ] , highlighting its importance in iron homeostasis. These fi ndings have been further 
confi rmed by disruption of the Tfr2 gene in mice  [  66–  68  ] , which also leads to hepatic iron loading. 

 Tfr2 mRNA expression does not appear to be regulated in response to changes in iron status and 
its transcript does not contain the IRE motifs that are characteristic of Tfr1 mRNA  [  51  ] . Studies 
using cell culture models  [  63,   64  ]  as well as in vivo studies in mice  [  69  ]  report no changes in Tfr2 
mRNA levels in response to altered iron status. However, Tfr2 protein expression is up-regulated in 
response to elevated levels of di-ferric transferrin  [  70,   71  ] , which binds to Tfr2and increases its 
membrane stability  [  70,   72  ] . Binding of di-ferric transferrin also alters the cellular fate of Tfr2; 
increasing the levels associated with recycling endosomes and decreasing the fraction of Tfr2 tar-
geted to the lysosomes for degradation  [  73  ] . Because of this tight regulation by di-ferric transferrin, 
Tfr2 has been proposed as a sensor of iron status that monitors changes in circulating transferrin 
saturation. Intriguingly, two recent studies suggest that the HFE protein interacts with Tfr2 and may 
therefore be an important component of this iron-sensing pathway  [  74,   75  ] . 

 In addition to membrane-associated cellular Tfr1, a soluble form (sTfr) exists in human serum. 
During the maturation process, erythroid precursors shed transferrin receptors from their cell surface 
into the circulation  [  76,   77  ] . The shedding process is primarily mediated by an integral membrane 
protease belonging to the disintegrin and metalloprotease (ADAM) family  [  78  ]  and results in the 
proteolytic cleavage of Tfr1 at Arg-100 within the transmembrane stalk  [  79,   80  ] . Serum transferrin 
receptor concentrations are increased in patients with elevated levels of immature erythroid cells and 
in individuals with iron defi ciency, but are not altered (or are lower than normal) in patients with the 
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anemia of chronic disease  [  81,   82  ] . As such, sTfr has emerged as a powerful biomarker to distinguish 
between these two forms of anemia (especially when used in conjunction with measurement of 
serum ferritin). Interestingly, recent data have shown that increasing transferrin saturation decreases 
the release of sTfr and this effect is mediated by a direct molecular interaction between transferrin 
and its receptor, indicating that sTfr does not only refl ect the iron demand of the cells but also the 
iron availability in the bloodstream  [  83  ] .  

   2.5 Mitoferrin 

 Once taken up by cells in its various forms, iron is utilized for a number of metabolic functions includ-
ing the synthesis of heme, the production of hemoglobin and the assembly of iron-sulfur clusters. 
Many of these processes take place in the mitochondrion but the mechanisms by which mitochondria 
accumulate and store iron has only recently been discovered. Mitoferrin, a member of the vertebrate 
mitochondrial solute carrier family (SLC25A37) was identifi ed by positional cloning, and is highly 
expressed in hematopoietic tissue  [  84  ] . A mutation in the mitoferrin gene in zebrafi sh is responsible 
for the  frascati  phenotype that shows profound hypochromic anemia and the arrest of erythroid 
maturation owing to defects in mitochondrial iron uptake. Mitoferrin orthologues (MRS3 and MRS4) 
also exist in yeast and disruption of these genes causes defects in hemoprotein production and the 
mitochondrial synthesis of iron-sulfur clusters  [  85–  88  ] . Interestingly, work by Shaw et al.  [  84  ]  indi-
cates that expression of murine mitoferrin can rescue the defects in iron metabolism exhibited in the 
 frascati  zebrafi sh, and furthermore that introduction of zebrafi sh mitoferrin can complement the yeast 
MRS3/4 mutant, indicating that the function of the gene may be highly conserved.  

   2.6 Natural Resistance–Associated Macrophage Protein 1 

 The NRAMP family of proteins has two mammalian members; NRAMP1 (SLC11A1) which 
confers resistance to infection by mycobacteria  [  89  ] ; and NRAMP2 (DMT1 or SLC11A2)  [  2  ]  which 
transports iron across the apical membrane of duodenal enterocytes and the membrane of transferrin-
containing endosomes  [  1,   3,   6  ]  (Fig.  1.1 ). NRAMP orthologues exist in yeast (SMF1 and SMF2) 
 [  90  ]  and in  Drosophila melanogaster  (malvolio)  [  91  ]  and are all thought to act as metal ion 
transporters  [  92  ] . 

 NRAMP1 is almost exclusively expressed in macrophages and neutrophils where upon activation 
it is recruited to phagosomal membranes  [  93  ] . In inbred mouse models, increased susceptibility to 
infections by intracellular pathogens is associated with a single amino acid substitution (glycine to 
aspartic acid) at position 169, which lies in the predicted fourth transmembrane domain of the pro-
tein  [  94  ] . Like other members of the NRAMP family, NRAMP1 is a metal ion transport protein but 
its mode of action remains unclear. Gros and colleagues have proposed that NRAMP1 acts as a 
membrane effl ux pump in phagosomes, thereby restricting the availability of essential metals such 
as Mn 2+  and Fe 2+  to the pathogen  [  95–  97  ] . In contrast, there is evidence from other groups that 
NRAMP1 acts as a metal infl ux pump to increase the production of oxygen radicals through Fenton-
type chemistry  [  98,   99  ] . Furthermore, studies in Xenopus oocytes have suggested that NRAMP1 
could act as proton-coupled antiporter  [  100  ] , unlike its family member DMT1 which acts as a sym-
porter  [  1,   4  ] . Interestingly, recent evidence suggests that both NRAMP1 and DMT1 are required for 
effi cient macrophage iron recycling following erythrophagocytosis  [  101,   102  ] . 

 NRAMP1 polymorphisms are distributed along the entire NRAMP1 genomic sequence and a 
complex linkage disequilibrium pattern exists within and around the NRAMP1 locus  [  103,   104  ] . 
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It is becoming increasingly apparent (>100 papers) that NRAMP1 polymorphisms may predispose 
individuals to a number of human infections (some of the evidence is reviewed in  [  105,   106  ] ). We 
have recently shown that hypoxia inducible factor (HIF-1) regulates allelic variation in SLC11A1 
expression by directly binding to microsatellite (GT/AC)n dinucleotides during macrophage activa-
tion by infection. Therefore it is assumed that HIF-1 infl uences heritable variation in SLC11A1-
dependent innate resistance to infection and infl ammation within and between populations  [  107  ] . 
Determining the rationale for these associations remains a major challenge for the future.   

   3  Iron Reductases and Oxidases That Facilitate the Movement 
of Iron Across Membranes 

   3.1 Duodenal Cytochromes b (Dcytb) 

 Non-heme iron is present in the diet mainly as ferric salts and oxides. However, these compounds 
are not bioavailable and iron must be reduced to the ferrous form prior to absorption by duodenal 
enterocytes. A number of dietary factors contribute to the conversion of Fe(III) to Fe(II), notably 
ascorbic acid  [  108  ]  and a number of meat digestion products  [  109–  112  ] . In addition, several studies 
have demonstrated that the brush-border surface of duodenal enterocytes and cultured intestinal 
cells possess ferric reductase enzymic activity  [  113–  115  ] . The enzyme responsible for this process, 
named Dcytb (duodenal cytochrome b) (Fig.  1.1 ), a homologue of cytochrome b 

561
 , was cloned 

from mouse duodenal mRNA using a subtractive hybridisation strategy  [  116  ] . Dcytb is expressed 
at the apical membrane of duodenal enterocytes, the major site for the absorption of dietary iron 
and like other members of the cytochrome b 

561
  family is a heme-containing, ascorbate requiring 

protein  [  116,   117  ] . 
 The mRNA expression of Dcytb is highly regulated by dietary iron status, hypoxia and in hemo-

chromatosis  [  116,   118  ] , suggesting that it plays an important role in the maintenance of body iron 
homeostasis. In vitro studies show a dramatic increase in iron uptake in cultured cell lines over-
expressing Dcytb  [  119,   120  ] . In contrast, the targeted disruption of the  Cybrd1  gene (which encodes 
Dcytb) in mice does not lead to an iron-defi cient phenotype  [  121  ] , casting doubt on the absolute 
requirement of Dcytb for intestinal iron absorption. An important caveat to these studies is that 
humans rely totally on the diet to provide vitamin C, whereas mice can synthesize abundant quanti-
ties of vitamin C  de novo  from glucose, and as such may have less need for a duodenal surface ferric 
reductase. However, it is interesting to note that, unlike DMT1 and ferroportin where a number of 
disease-causing mutations have been identifi ed, only one recent report has linked a single nucleotide 
polymorphism in Dcytb to impaired iron metabolism  [  122  ] .  

   3.2  The Six Transmembrane Epithelial Antigen of the Prostate (STEAP) Family 

 A second family of reductase proteins – the STEAP family – has recently been identifi ed and, with 
the exception of STEAP1, these proteins act as iron reductases in vitro  [  55,   123  ] . One of these pro-
teins, STEAP 3, acts as the endosomal ferric reductase in erythroid precursors, converting iron liber-
ated from transferrin from ferric to ferrous so that it can exit endosomes via DMT1  [  55  ]  (Fig.  1.1 ). 
A mutation in STEAP 3 in  nm1054  mice leads to hypochromic, microcytic anemia due to the 
inability of erythroid precursors to utilize transferrin-bound iron. This essential role of STEAP 3 was 
confi rmed following the generation of STEAP 3 knockout mice, which like their spontaneous mutant 
( nm1054 ) counterparts also exhibited anemia.  
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   3.3 Ceruloplasmin 

 The essential role played by copper in the regulation of iron metabolism has been recognized for 
many years (reviewed extensively by  [  124,   125  ] ). However, it is only relatively recently that we have 
begun to understand the molecular basis for the biological interactions between these two metals. In 
experimental animals, it is possible to generate anemia by both copper defi ciency and iron defi -
ciency, which display remarkably similar hematological features  [  126,   127  ] . The common factor in 
the etiology of both of these diseases was identifi ed as ceruloplasmin, a multicopper binding pro-
tein with serum oxidase activity  [  128  ] . Subsequent studies revealed that ceruloplasmin acted as a 
ferroxidase converting Fe 2+  to Fe 3+   [  129  ]  and increased the rate of loading of iron onto transferrin 
 [  130  ]  (Fig.  1.1 ). Further studies with perfused liver preparations showed that ceruloplasmin mark-
edly stimulated iron effl ux from the liver suggesting that it is a crucial factor for the mobilization of 
iron from the body stores for metabolic utilization  [  131  ] . More recently, the key role of ceruloplas-
min in iron metabolism has been confi rmed in studies on human patients and mice displaying dis-
rupted ceruloplasmin production. In patients with aceruloplasminemia, and in ceruloplasmin-null 
mice, there is accumulation of iron in a number of organs, including the liver and various regions of 
the brain  [  132  ] , as well as hypoferremia and impaired erythropoiesis. 

 While ceruloplasmin is often thought of as a plasma protein, synthesized and secreted by the 
liver, a second form of the enzyme, which is bound to the cell membrane by a glycosylphosphati-
dylinositol (GPI)-anchor (GPI-ceruloplasmin), is localized to the surface of astrocytes in the central 
nervous system (CNS)  [  133  ] . GPI-ceruloplasmin is produced by alternative splicing of the cerulo-
plasmin gene  [  134,   135  ]  and is essential for iron effl ux from cells in the CNS  [  136  ] . Mechanistically, 
GPI-ceruloplasmin and soluble ceruloplasmin may be important for the stabilization of the ferropor-
tin effl ux transporter at the plasma membrane. Recent studies have shown that the loss of ceruloplas-
min activity prevents ferroportin-mediated iron export in cultured cells  [  137  ] . 

 The essential role of copper in the regulation of iron metabolism is also evident in lower eukary-
otic species. Genetic studies of iron metabolism in the yeast  Saccharomyces cerevisiae  have shown 
that a copper-binding protein Fet3, which has sequence homology to ceruloplasmin, is required for 
high-affi nity iron uptake  [  138,   139  ] . Like ceruloplasmin, Fet3 has ferroxidase activity suggesting 
that oxidation and reduction of iron are crucial to its movement across biological membranes in 
yeast as well as in mammals.  

   3.4 Hephaestin 

 The link between copper and iron metabolism has been further enhanced by studies carried out in  sla  
(sex-linked anemia) mice. The  sla  phenotype is characterized by normal iron absorption from the 
diet but defective transfer of iron into the plasma. The  sla  locus is present on the X-chromosome; 
this region has subsequently been mapped  [  140  ]  and the candidate gene mutated in the  sla  mice 
identifi ed. The gene encodes the protein hephaestin  [  141  ] , a copper-containing protein with homol-
ogy to ceruloplasmin (Fig.  1.1 ). Hephaestin expression is not limited to the duodenum, and is widely 
expressed along the length of the gastrointestinal tract, suggesting that it may have other physiologi-
cal functions in addition to the regulation of iron absorption  [  141–  143  ] . Recent work has confi rmed 
that hephaestin, like ceruloplasmin, exhibits signifi cant ferroxidase activity  [  144  ] . Further modeling 
of the protein predicts that the mutation present in the  sla  mice would lead to protein misfolding and 
reduced ferroxidase activity  [  144,   145  ] . The cellular localisation of the hephaestin protein is intrigu-
ing. Based on the actions of ceruloplasmin, one would predict that hephaestin would localize to the 
basolateral membrane of duodenal enterocytes where it could interact with ferroportin to oxidise 
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iron leaving the enterocytes so that it could be loaded onto transferrin. However, in normal enterocytes, 
in addition to some staining on the basolateral membrane  [  146  ] , there is abundant expression of 
hephaestin protein within intracellular structures  [  142  ] . Taken together, these studies suggest that in 
normal enterocytes hephaestin may traffi c between intracellular organelles and the cell surface. In 
contrast, in  sla  mice, hephaestin is localized exclusively to the supranuclear compartment of entero-
cytes  [  146  ]  suggesting that the mutation leads to mislocalisation of hephaestin protein and results in 
the functional defi ciency in iron effl ux from the  sla  intestine.   

   4 Iron Transport and Storage Proteins 

   4.1 Transferrin 

 Approximately 3–4 mg of iron circulates in the plasma bound to a specifi c binding protein, transfer-
rin (Tf) (Fig.  1.1 ). Serum Tf is a member of the Tf superfamily of proteins that includes lactoferrin 
(found in milk and other secretory fl uids), ovotransferrin (found in avian egg white) and melan-
otransferrin. Whereas the primary function of serum transferrin – the transport of iron to sites of 
utilization and storage within the body – is clearly defi ned, the functions of the other major members 
of Tf superfamily are less clear  [  147  ] . There are approximately 19 Tf variants, however only Tf C 
can be found in the majority of humans  [  148  ] . The Tfs are synthesized primarily in the liver and are 
formed of single polypeptide chains of approximately 80 kDa, which can bind two atoms of ferric 
iron  [  149  ] . The binding of iron to transferrin is reversible and pH-dependent, with complete associa-
tion above pH 7 but increasing dissociation at acid pH (below pH 6.5). The equilibrium constant for 
iron–transferrin binding is 10 26 –10 30   [  150  ] . 

 Tf concentration in the circulation is of the order of 30  μ M and it is approximately 30–35% 
saturated with iron in people with normal iron status. Given that there are two iron binding sites 
on the protein, Tf can exist as iron-free apo-Tf, in the monoferric form, or as di-ferric- or holo-Tf. 
At normal circulating levels, the majority of iron-bound transferrin is present as mono-Tf, 
whereas di-ferric-Tf predominates in iron-loading disorders such as hemochromatosis  [  151  ] . 
Interestingly, the binding of di-ferric-Tf to Tfr1 is at least one order of magnitude greater than 
for monoferric-Tf  [  152  ] .  

   4.2 Ferritin 

 The ferritin molecule is a hollow protein shell, composed of 24 polypeptide subunits, with an overall 
molecular weight of approximately 500 kDa that can store up to 4,500 ferric iron atoms (reviewed 
in  [  153  ] ). Ferritins are the main iron storage molecules in all mammalian tissues and consist of a 
mixture of two subunits referred to as L- and H- ferritin (Fig.  1.1 ). In general, L-rich ferritins are 
characteristic of organs storing iron for a prolonged period (e.g., liver and spleen) and these ferritins 
usually have relatively high average iron content (1,500 Fe atoms/molecule or more). H-rich ferritins 
which are characteristic of heart and brain have relatively low average iron contents (less than 1,000 
Fe atoms/molecule). H-ferritin chains are important for Fe(II) oxidation whereas L-chains assist in 
the formation of the ferritin core. Ferritins are not inert and are constantly turned over  [  154  ] . The 
iron stored in ferritin is available for utilization by other functional proteins and can be mobilized 
following lysosomal degradation of the ferritin complex  [  155  ] . The mechanisms by which iron is 
donated to ferritin for storage have remained elusive. However, a recent study has identifi ed the 
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poly(rC)-binding protein 1 (PCBP1) as a key component of this pathway  [  156  ] . PCBP1 binds iron, 
and can also bind directly to ferritin to facilitate iron loading. Furthermore, knocking down PCBP1 
with siRNA in human cells decreases ferritin–iron levels, increasing the cytosolic iron pool. 

 Induction of ferritin synthesis in response to iron administration was fi rst observed by Granick 
 [  157  ]  in the gastrointestinal mucosa of guinea pigs after iron feeding. The response is rapid and 
this may refl ect the need to limit the cell’s exposure to pro-oxidant free iron. The iron-mediated 
induction of ferritin expression is largely post-transcriptional and involves IRP binding to a stem-
loop IRE present in the 5 ¢  untranslated region of both H- and L-ferritin mRNAs  [  158–  161  ] . Under 
iron replete conditions, ferritin mRNA is effi ciently translated. However, when cellular iron levels 
decrease, ferritin protein levels are also lowered. This decrease in ferritin is directly attributable 
to the position of the IRE in the 5 ¢  UTR. The IRE in both ferritin H and L chain is less than 40 
bases from the AUG site and binding of IRP to these IRE sequences prevents the binding of the 
eukaryotic initiation factor (eIF4F) complex to the 43S ribosomal subunit that is necessary for 
protein translation  [  162  ] . 

 Small amounts of ferritin normally circulate in the serum  [  163,   164  ] . In humans, serum ferritin 
appears to consist largely of a glycosylated form of L-ferritin  [  165,   166  ] , which has a low iron con-
tent  [  167,   168  ] . In normal healthy subjects, there is a close correlation between serum ferritin and 
the body iron stores with 1  μ g/L serum ferritin being equivalent to approximately 8–10 mg tissue 
iron  [  169,   170  ] . Serum ferritin levels range from 30 to 300  μ g/L in men and 15 to 150  μ g/L in 
women. Serum ferritin derives from tissue ferritin and can be secreted from the liver  [  171,   172  ]  and 
from lymphoid cells  [  173  ] . Interestingly, it was recently observed that glycosylated L-ferritin, akin 
to that present in serum, can be actively secreted from human hepatoma cells  [  174  ] . 

 In 2001, a novel form of ferritin was identifi ed that localized to the mitochondria  [  175  ] . 
Mitochondrial ferritin is encoded by an intronless gene on chromosome 5q23  [  175,   176  ] ; however, 
unlike cytosolic ferritin, the mitochondrial form lacks a 5 ¢  IRE. Mitochondrial ferritin is 79% identi-
cal to cytosolic H-ferritin, but has a long amino acid N-terminal mitochondrial import sequence 
which is cleaved during processing, and exhibits ferroxidase activity  [  175  ] . The expression of mito-
chondrial ferritin mRNA is highest in metabolically active tissues such as the testis and is noticeably 
absent from tissues associated explicitly with iron storage such as the liver and spleen  [  175,   177  ] . 
While mitochondrial ferritin does sequester iron, these data suggest that the primary role of the pro-
tein might be to protect cells that generate high mitochondrial levels of reactive oxygen species 
during metabolism from the pro-oxidant effects of iron. 

 Under conditions of iron excess, some cellular ferritin can be converted into another storage form 
known as hemosiderin  [  178  ] , which can be clearly identifi ed in tissues associated with iron storage, 
including the liver, spleen and bone marrow  [  178–  180  ] . Both ferritin and hemosiderin are found in 
lysosomal structures that have been termed siderosomes. Hemosiderin is typically insoluble  [  181  ]  
and is generally considered to be a degradation product of ferritin  [  178,   179  ] . Hemosiderin particle 
sizes are smaller than those of cytosolic ferritin cores  [  182  ]  and are formed following lysosomal 
degradation of ferritin. The enzymes causing the cleavage have not been identifi ed.   

   5 Proteins Involved in the Regulation of Iron Status 

   5.1 Iron Regulatory Proteins 

 A number of genes associated with the maintenance of iron homeostasis are tightly regulated in 
response to the prevailing intracellular iron levels through post-transcriptional mechanisms that 
involve interactions between cytosolic iron regulatory proteins (IRP) and stem-loop structures known 
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as iron responsive elements (IRE). These IRE motifs exist in either the 5 ¢  or 3 ¢  untranslated region 
(UTR) of several target mRNA species. Two cytosolic iron regulatory proteins, IRP-1 and IRP-2, are 
known to exist in most cells and both of these proteins can bind to IRE structures when cellular iron 
levels are depressed. However, under iron replete conditions, RNA binding is quickly inactivated by 
either post-translational modifi cation of IRP-1 or degradation of IRP-2. 

 The mechanism underlying the iron-dependent inactivation of IRP-1 has been studied exten-
sively. Structurally, IRP-1 is very similar to the mitochondrial aconitase  [  183  ]  that converts citrate to 
isocitrate in the tricarboxylic acid cycle. Under conditions of iron defi ciency, IRP-1 binds avidly to 
IRE sequences, but when cells are iron replete, IRP-1 acts as a cytoplasmic aconitase. This dual 
function is controlled by the presence or absence of an iron-sulfur cluster. When cellular iron is 
high, a 4Fe-4S cluster is inserted into the IRE-binding pocket of IRP-1 and is held in place by three 
conserved cysteine residues (these residues are also present in the mitochondrial aconitase). Under 
these conditions, IRP-1 has a closed conformation and cannot bind IREs. The fourth position iron in 
the cluster is highly labile and is readily removed when cellular iron levels fall, leading to disassem-
bly of the Fe-S cluster, which permits the apoprotein to bind IRE sequences (reviewed in 
 [  184–  186  ] ). 

 IRP-2 is less abundant in cells than IRP-1 and is subject to  de novo  synthesis when cellular iron 
levels are low but is targeted for proteosomal degradation when iron levels are high  [  187  ] . IRP-2 
contributes signifi cantly to the total IRP RNA binding activity in several tissues but particularly in 
the brain  [  188  ]  and intestine  [  189  ] . Both IRP-1 and IRP-2 bind successfully to the consensus IRE 
sequence; however, evidence suggests that IRP-2 may be able to recognize exclusively a specifi c 
subset of IRE sequences  [  190,   191  ] .  

   5.2 HFE 

 Hereditary hemochromatosis is a common inborn error of iron metabolism (approximately 1:200 
people mainly of northern European decent are affected) that is characterized by excess iron accu-
mulation and deposition within several tissues, especially the liver. The most common form of 
hemochromatosis arises from an autosomal recessive mutation that leads to the substitution of 
tyrosine for cysteine at amino acid 282 (C282Y) of the HFE protein  [  192  ] . Other mutations, such as 
H63D, which is more prevalent than C282Y, and S65C may be associated with mild iron loading. 
Other rarer mutations include missense mutations in exon 2 of the  HFE  gene (I105T and G93R) and 
a splice-site mutation (IVS3 + 1G/T) that may contribute to the classical hemochromatosis pheno-
type (reviewed in  [  193  ] ). 

 The HFE protein is a member of the MHC class 1 family of molecules that are involved in 
antigen presentation to T-cells  [  192  ] . Like other class I proteins, HFE contains three extracellular 
loops ( α 1,  α 2,  α 3) which are essential for its function  [  194  ] . The  α 3 domain is required for HFE 
to associate with  β  

2
 -microglobulin for normal intracellular processing and cell surface expres-

sion  [  195–  197  ] . Recent evidence also suggests that the  α 3 loop is also the site for HFE/Tfr2 
interactions  [  72  ] . In addition to its interaction with  β  

2
 -microglobulin, HFE also binds to Tfr1, via 

its  α 2 loop, regulating the rate at which transferrin-bound iron can enter the cell  [  195,   198  ] . 
Given these interactions, it is not surprising therefore that the HFE protein is highly expressed in 
a number of tissues that have major roles in body iron metabolism, principally the liver (in 
Kupffer cells and hepatocytes)  [  52,   199  ]  (Fig.  1.1 ) but also the duodenum (where it is found 
exclusively in the crypts of Lieberkühn)  [  200  ] , and in tissue macrophages and circulating mono-
cytes  [  201  ] . The involvement of HFE in iron metabolism has been further confi rmed using Hfe 
knockout mice, which develop liver iron overload and resemble the human hereditary hemochro-
matosis phenotype  [  202  ] .  
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   5.3 Hepcidin 

 Hepcidin is a major regulator of body iron homeostasis. The HAMP (hepcidin antimicrobial peptide) 
gene is expressed predominantly in the liver and its mRNA encodes an 84 amino acid pre-pro-peptide 
which undergoes cellular cleavage  [  203  ]  to release the active 25 amino acid peptide into the circula-
tion  [  204,   205  ] . The mature peptide contains eight cysteine residues that yield four disulphide bonds 
originally thought to confer a distorted hairpin-like structure  [  206  ] . However, more recent analysis 
has produced an updated structure for hepcidin, comprising a stable  β -sheet together with a  β -hairpin 
loop  [  207  ] . Hepcidin was fi rst identifi ed as an antimicrobial peptide in human plasma ultrafi ltrate and 
urine  [  204,   205  ] . However, it became apparent that hepcidin expression is also associated with the 
regulation of body iron status in both health and disease. Studies revealed that hepcidin expression is 
dramatically increased when liver iron is high (following dietary iron loading)  [  208  ] , and is down-
regulated by feeding a low-iron diet  [  19  ] . In addition to its modulation by iron, hepcidin expression 
also responds dramatically to changes in the erythroid requirement for iron. Phlebotomy  [  209  ] , hemo-
lysis  [  209,   210  ]  and elevated erythropoietin levels  [  209  ] , major stimuli for reticulocytosis, all inhibit 
hepcidin production, and result in increased iron assimilation from the diet. 

 A role for hepcidin in iron metabolism was fi rst established using knockout mice in which the 
USF2 transcription factor had been deleted. These animals developed a severe iron overload, strik-
ingly similar to that found in human hemochromatosis and in the  Hfe   −/−  mouse  [  211  ] . Subsequent 
examination of the  Usf2   −/−  mice revealed that the hepcidin gene had also been disrupted (the two 
mouse genes are only 1,240 bp apart)  [  208  ]  and an alternative gene-targeting strategy confi rmed that 
it was the disruption of the hepcidin gene and not USF2 that resulted in the iron overloading pheno-
type  [  212  ] . Recent studies have demonstrated a further link between hepcidin expression and the 
regulation of human iron metabolism. HAMP gene mutations (93delG and C166T – both homozy-
gous recessive mutations) give rise to a severe iron loading disease that typically affects people in 
their late teens and early twenties, termed juvenile hemochromatosis (also known as HFE Type 2B) 
 [  213  ] . Further mutations in the hepcidin gene have also been identifi ed which alter the structure and 
function of the mature peptide (reviewed in  [  214  ] ). 

 In addition to null animals, transgenic mice over-expressing hepcidin have also been generated 
 [  212  ] . These animals have severe body iron defi ciency and microcytic hypochromic anemia, sug-
gesting a reciprocal relationship between hepcidin expression and iron accumulation. Furthermore, 
studies in humans have demonstrated that elevated expression of hepcidin is associated with the 
anemia of chronic disease  [  205,   209,   215,   216  ] , indicating that pathological changes in hepcidin 
expression have severe consequences for body iron metabolism. 

 Hepcidin is thought to exert its effects on iron metabolism by inhibiting iron effl ux through the 
ferroportin transporter. A number of in vitro studies suggest that hepcidin binds directly to ferropor-
tin, rapidly (within 1–4 h) inducing the internalization and degradation of transporter protein  [  217–  220  ] . 
This in turn impairs the release of iron from its target cells (namely, the reticuloendothelial mac-
rophages and the duodenal enterocytes) into the circulation. While both in vivo and in vitro studies 
support this rapid mode of action in macrophages  [  42,   43,   48,   49  ] , recent data from our laboratory 
 [  48,   50  ]  and others  [  49  ]  suggest that intestinal iron transport is not affected by hepcidin over the 
same time scale. We have proposed that upon its release into the circulation, hepcidin initially targets 
iron recycling macrophages resulting in down-regulation of ferroportin protein levels and as a con-
sequence hypoferremia. The inhibitory effects of hepcidin on duodenal iron transport and enterocyte 
ferroportin levels are only evident following chronic exposure to hepcidin. Since the reticuloen-
dothelial macrophages recycle some 20–25 mg Fe/day from senescent red blood cells, compared 
with only 1–2 mg Fe/day assimilated from the diet by the duodenal enterocytes, we believe the fact 
that macrophages respond more acutely to a hepcidin challenge is fully consistent with their para-
mount importance in maintaining body iron homeostasis.  
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   5.4 TMPRSS6 

 A number of investigators have identifi ed iron-defi cient individuals that do not respond to iron 
supplementation therapy. Recent studies  [  221–  223  ]  have identifi ed several mutations in the 
TMPRSS6 gene which gives rise to this phenotype. TMPRSS6 encodes a member of the type II 
transmembrane serine protease family known as matriptase-2. Its full role in controlling body 
iron status is unclear; however, two mouse models have recently been used to address this issue – 
the  mask  mouse (   which arose from a chemically induced recessive mutation in  Tmprss6 )  [  224  ] , 
and the  Tmprss6  knockout mouse  [  225  ] . Both models are characterized by microcytic anemia 
and a progressive loss of hair from the body but not the face of the mouse. TMPRSS6 appears to 
be a suppressor of hepcidin expression  [  224  ] , possibly acting via the cleavage of the regulatory 
protein hemojuvelin  [  226  ] . In  mask  and  Tmprss6   −/−   mice  [  224,   225  ] , or in human subjects with 
TMPRSS6 mutations  [  223,   227–  229  ] , the lack of functional matriptase 2 results in inappropri-
ately high hepcidin levels. Modulation of hepcidin expression in turn leads to downstream effects 
on intestinal iron absorption and macrophage iron recycling. Recent genome-wide association 
studies have also identifi ed TMPRSS6 as a strong candidate gene for determining iron status 
 [  230–  233  ] .  

   5.5 Hemojuvelin 

 Juvenile hemochromatosis can be divided into two distinct subtypes; type 2B is associated with 
mutations in hepcidin, while type 2A occurs as a consequence of mutations in hemojuvelin 
(HJV). The HJV protein is attached to the surface of hepatocytes and skeletal and cardiac myo-
cytes through a GPI anchor and shares signifi cant homology to the repulsive guidance molecule 
family. Interestingly, HJV expression is greatest in skeletal and cardiac muscle, suggesting that 
these organs also may play a major role in regulating body iron metabolism. While a number of 
mutations in HJV have been identifi ed (reviewed in  [  214  ] ), one particular mutation (G320V) is 
signifi cantly more frequent than others  [  234–  240  ] . Iron overload associated with HJV muta-
tions is accompanied by greatly diminished hepcidin levels in human patients  [  236  ]  and in mice 
 [  241,   242  ] . 

 Interestingly, there is evidence that HJV can be shed from the cell surface through the action of a 
pro-protein convertase  [  243–  245  ] . Intriguingly soluble HJV (sHJV) when added to hepatoma cells 
can decrease hepcidin expression, suggesting that sHJV may regulate the effects of the cell-associated 
HJV protein on hepcidin expression  [  246  ] . HJV, like other members of the repulsive guidance 
molecule family, acts as a co-receptor for bone morphogenetic protein (BMP) receptors  [  247  ] . 
Activation of BMP receptor/HJV with BMP2/4 leads to phosphorylation of SMAD proteins (SMAD 
1, 5 and 8 are involved in the HJV pathway) which form heteromeric complexes with SMAD 4 and 
act as transcription factors. Disruption of this pathway via the liver-specifi c deletion of Smad 4 in 
mice recapitulates the juvenile hemochromatosis phenotype  [  248  ] . In addition, mutations in HJV 
impair BMP signaling and down-regulate hepcidin expression in hepatocytes  [  247  ] . While several 
BMPs can interact with HJV to regulate hepcidin expression, BMP6 has emerged as the major regu-
lator of iron homeostasis. BMP6 expression in hepatocytes is regulated by iron status  [  249  ] . 
Furthermore, deletion of the BMP6 gene in mice results in massive iron overload with markedly 
reduced hepcidin expression  [  250,   251  ] , suggesting that other endogenous BMPs cannot compen-
sate for the loss of BMP6.  
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   5.6 Frataxin 

 Friedreich’s ataxia is an autosomal recessive neuro- and cardio-degenerative disorder affecting 1 in 
40,000 Caucasians. The majority of patients have trinucleotide repeat (GAA) within the fi rst intron 
of the gene encoding frataxin, which leads to iron accumulation within the mitochondria (reviewed 
in  [  252–  254  ] ). Frataxin is a 210-amino acid protein located predominantly within the mitochondria – 
associated with the mitochondrial membrane and present as a free soluble protein  [  255  ] . The initial 
link between frataxin and iron metabolism was established in studies using the yeast frataxin homo-
logue (Yfh1)  [  256  ] . Yeast lacking Yfh1p accumulate iron  [  256  ]  and exhibit decreased ability to 
synthesize iron-sulfur clusters [ 257 ]. Interestingly, frataxin can substitute for Yfh1p in yeast, sug-
gesting that they are functional homologues  [  256,   258  ] . Human metabolism is reliant on a number 
of enzymes containing iron-sulfur clusters and frataxin has been suggested to act as a chaperone 
for iron in mitochondrial iron-sulfur cluster assembly  [  259,   260  ] . One key iron-sulfur protein is 
ferrochelatase, the enzyme responsible for insertion of iron into protoporphyrin IX to form heme. 
Recent work has suggested that frataxin may act as a high-affi nity binding partner for ferrochelatase 
 [  261  ] , indicating that frataxin is central to both iron-sulfur and heme protein synthesis. 

 It is noteworthy that the identifi cation and characterisation of many of the genes and proteins 
discussed in this chapter has taken place in the past 10–15 years. The roles of these proteins in main-
taining iron homeostasis, and the pathological implications of gene mutations will be discussed in 
more depth in subsequent chapters. Novel proteins and regulatory pathways continue to be identi-
fi ed, for example growth differentiation factor 15 (GDF15)  [  262,   263  ]  and twisted gastrulation 
(TWSG1)  [  264  ] , both members of the TGF- β  superfamily that are proposed to act as negative regu-
lators of hepcidin expression; and neogenin which is a putative regulator of membrane HJV levels 
 [  265–  267  ] . It seems likely that the next 15 years will be an equally productive era in unraveling the 
complex pathways that regulate iron homeostasis.       
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   1 Introduction 

 As a component    of heme and iron–sulfur cluster-containing proteins, iron is essential for oxygen 
transport, cellular respiration, DNA synthesis, and numerous other biochemical activities. If iron is 
limiting, cellular growth arrest and cell death may be a consequence. Conversely, iron excess and 
“free” reactive iron is toxic. Ferrous iron reacts with hydrogen- or lipid-peroxides to generate 
hydroxyl or lipid radicals, respectively. These radicals damage lipid membranes, proteins, and 
nucleic acids. Because a narrow range of cellular iron levels needs to be maintained to assure cell 
survival, processes balancing cellular iron homeostasis are tightly controlled. These include iron 
uptake, iron release, intracellular iron distribution, iron utilization in the cytoplasm, mitochondria 
or other organelles, and intracellular iron storage. In this chapter, we discuss mechanisms of cel-
lular iron uptake and release, follow iron through the cell to the places of storage and utilization, 
and elaborate on the mechanisms involved in two major iron-utilizing processes, heme and Fe/S 
protein biogenesis.  

   2 Mechanisms of Cellular Iron Uptake 

 Within the circulation ferric iron (Fe 3+ ) is bound to transferrin, which is the principle source of iron 
for all mammalian tissues. Some cell types, however, have developed specialized iron acquisition 
routes. These include the uptake of iron or heme directly from the diet by absorptive duodenal 
enterocytes or the recycling of iron from effete red blood cells by specialized macrophages. 

    Chapter 2   
 Cellular Iron Physiology       

         Martina   U.   Muckenthaler         and    Roland   Lill        
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   2.1 Transport of Iron-Loaded Transferrin Across Cellular Membranes 

 In    the blood, iron circulates bound to transferrin (Tf), an abundant liver-derived protein with 
extremely high affi nity for iron. Tf provides iron to most cell types of the body. Iron saturation of 
serum Tf is mainly determined by the amount of iron (a) absorbed from the diet, (b) recycled from 
senescent red blood cells and released by macrophages, and (c) utilized for erythropoiesis, the most 
important iron consumer  [  1  ] . Cells have evolved several mechanisms to utilize iron-loaded Tf. Best 
understood is the uptake of diferric-Tf via transferrin receptor 1 (TfR1) which is expressed ubiqui-
tously on the surface of many cell types. Tf–TfR1 complexes localize to clathrin-coated pits, which 
are internalized into endosomes via receptor-mediated endocytosis. Early Tf-containing endosomes 
are acidifi ed by a proton pump, leading to a conformational change in both Tf and TfR1 to release 
iron. The recently identifi ed ferrireductase STEAP3 (six-transmembrane epithelial antigen of the 
prostate-3), or related proteins, then reduce Fe 3+  and the resulting ferrous iron is imported into the 
cytosol via divalent metal-ion transporter 1 (DMT1)  [  2,   3  ]  and into mitochondria for heme and Fe/S 
cluster biosynthesis. Apo-Tf and TfR1 are recycled back to the cell surface for further cycles of iron 
binding and uptake. The Sec15l1 protein of erythroid cells is homologous to a yeast protein of the 
exocyst complex and assists Tf-cycling  [  4–  6  ] . Excess cytoplasmic iron may then be stored within 
the iron storage protein ferritin (Fig.  2.1 ).  

 The special importance of Tf-mediated iron uptake during erythropoiesis is revealed by several 
mouse models and human diseases and is consistent with the enormous need of iron by erythroid 
precursor cells for hemoglobin synthesis (a) Tf-defi cient mice and hypotransferrinemia patients 
develop severe microcytic hypochromic anemia with tissue iron deposition  [  7,   8  ] ; (b) TfR1-defi cient 
mice succumb to severe anemia with microcytic hypochromic erythrocytes and decreased iron stores 
at mid gestation  [  9  ] ; (c) DMT1 defi cient mice and patients present with impaired iron uptake in 
erythroid precursors  [  2,   10  ] ; and (d) mutations in the ferrireductase STEAP3  [  3  ]  and the exocyst 
complex protein Sec15l1  [  4  ]  contribute to an anemic phenotype in mice. TfR1 and DMT1 contain 
regulatory RNA structures, iron responsive elements (IRE)  [  11  ] , within their 3 ¢  untranslated regions 
 [  12  ]  that confer iron regulation to these mRNAs (see also Chap.   3    ). In iron defi ciency, iron regulatory 

  Fig. 2.1    Erythroid precursors 
in the bone marrow acquire 
iron via transferrin receptor 1 
( TfR1 )-dependent endocytosis 
of diferric transferrin ( Tf  ). Iron 
is reduced by the ferrireductase 
STEAP3 and exported out of 
the endosome via DMT1 to 
contribute to the cytoplasmic 
labile iron pool ( LIP ). In 
addition, iron may be delivered 
to the mitochondria by direct 
contact with the endosomes. 
Iron that is not stored in 
ferritin within the cytosol is 
available for Fe/S cluster 
biogenesis and heme synthesis 
in mitochondria. This fi gure is 
a modifi ed version of a fi gure 
previously published in 
Muckenthaler et al., Annu. 
Rev. Nutr. 2008. 28:3.1–3.17       
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proteins (IRP) 1 and 2 bind to multiple IREs located within the TfR1 3 ¢ UTR to increase TfR1 
mRNA stability  [  13  ] . The importance of the IRE/IRP system in regulating TfR1 expression during 
erythropoiesis was recently underlined by the fi nding that IRP2-defi cient mice fail to protect TfR1 
mRNA suffi ciently against degradation. This in turn reduces TfR1 protein levels, hampers iron 
uptake and hemoglobinization of the red cells, and leads to microcytosis  [  14,   15  ] . 

 More recently, a protein with high homology to TfR1 was discovered and named transferrin 
receptor-2 (TfR2)  [  16  ] . Its expression is restricted to hepatocytes, duodenal crypt cells, and erythroid 
cells, suggesting a more specialized role for this protein. TfR2 also binds Tf but with approximately 
30-fold lower affi nity than TfR1. Unlike TfR1, TfR2 expression is not regulated by the IRE/IRP 
regulatory system but rather at the level of protein stability, involving receptor stabilization upon 
ligand binding  [  17–  19  ] . A link to iron homeostasis was established by the fi nding that mutations in 
the human TfR2 result in a rare form of the iron overload disorder hemochromatosis  [  20  ] . A third, 
Tf-bound iron uptake mechanism is operational in polarized epithelial cells of the kidney. Here, Tf 
uptake occurs through megalin-dependent, cubilin-mediated endocytosis and was suggested to sup-
ply iron for renal proximal tubules  [  12  ] .  

   2.2 Transport of Heme and Hemoglobin 

 Under conditions of intravascular hemolysis, which is observed in disorders such as sickle cell ane-
mia or thalassemia, hemoglobin (Hb) and heme are released into the circulation. Heme is highly 
toxic due to oxidative and proinfl ammatory effects and therefore detoxifi cation must occur fast. Free 
Hb can be sequestered by the acute phase protein haptoglobin (HP). Both free Hb as well as Hb/HP 
complexes are then transported into monocytes and macrophages by the hemoglobin scavenger 
receptor CD163  [  21,   22  ]  (Fig.  2.2 ). Alternatively, heme can be sequestered from hemoglobin by a 
second acute phase protein, hemopexin (HPX), which provides a backup mechanism for heme clear-
ance  [  23  ] . HPX–heme complexes are absorbed by cells via the low-density lipoprotein receptor-
related protein (LRP/CD91), which is expressed in several cell types including macrophages, 
hepatocytes, neurons, and syncytiotrophoblasts  [  24  ]  (Fig.  2.2 ). During hemolysis, the functions of 
HPX and HP are only partially redundant because mice defi cient in the HP and HPX genes are more 
sensitive to hemolytic stress when both genes are inactivated  [  25,   26  ] . Within the cell, toxic effects 
of heme are prevented by the activity of the heme oxygenases which break down the porphyrin ring 
into biliverdin, carbon monoxide, and iron  [  27  ] .  

 Under physiological conditions, a substantial amount of iron is taken up by tissue macrophages 
of the spleen, bone marrow, and liver by phagocytosis of old and damaged red blood cells. Red cells 
are engulfed within the phagosome where they are lysed. Hemoglobin is catabolized and heme is 
degraded via heme oxygenase to release iron  [  1  ]  (Fig.  2.2 ). Iron then can be either stored within fer-
ritin or exported via the iron exporter ferroportin to be bound to Tf and made available for a new 
cycle of erythropoiesis (Fig.  2.2 ).  

   2.3 Iron Absorption of Dietary Iron by Intestinal Absorptive Cells 

 Dietary iron is absorbed from the lumen of the gut across the apical membrane of absorptive entero-
cytes. It is then translocated through the cell and released basolaterally into the blood stream where 
it is loaded onto apo-Tf. The intestinal mucosa mainly absorbs two forms of iron: inorganic iron and 
heme (Fig.  2.3 ). A more extensive coverage of intestinal iron absorption is provided in Chap.   6    , but 
some of the major points are highlighted here.  
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 Dietary non-heme iron exists primarily in the poorly bioavailable and insoluble Fe 3+  form, which 
must be reduced to Fe 2+  for transport across the intestinal epithelium. It was widely believed that 
DCYTB (ferrireductase duodenal cytochrome  b ; also known as CYBRD1 [cytochrome  b  reductase 1]), 
whose expression is increased by iron defi ciency and hypoxia, would fulfi l this function  [  28  ] . 
Ablation of the Dcytb gene in the mouse suggests that it may be dispensable for iron absorption; 
however, this has yet to be resolved  [  29  ] . Ferrous iron then enters the cell through DMT1. Mice with 
a selective ablation of DMT1 in the intestinal mucosa develop a severe iron-defi ciency anemia dem-
onstrating the important role of this transporter  [  30  ] . In addition to its intestinal iron transport func-
tion, DMT1 is also implicated in Fe 2+  recapture in the kidney  [  31–  33  ]  and in brain iron transport 
 [  34  ] . How iron is transferred intracellularly from the apical side of epithelial cells to the basolateral 
iron export machinery is still largely unknown (Fig.  2.3 ). 

 In diets rich in meat, two thirds of the dietary iron supply is accounted for by heme. Intact heme 
is translocated across the brush-border membrane. To release the iron moiety, heme is degraded by 
heme oxygenase (HO) to feed the cellular low-molecular-weight iron pool (Fig.  2.3 ). HCP1 (also 
named solute carrier family 46 member A1, SlC46A1) was recently suggested as a putative apical 
heme carrier. It is expressed in the intestine, responds to stimuli that affect iron absorption (e.g., 
hypoxia, dietary or systemic iron loading), and was shown to transport heme into cells  [  35  ] . However, 
a function of this protein in heme transport was recently challenged by the description of a major 
function of SlC46A1 in proton-coupled folate transport  [  36  ] .  
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  Fig. 2.2    Macrophages acquire iron via transferrin receptor 1 ( TfR1 )-dependent endocytosis of diferric transferrin 
( Tf  ), the uptake of heme ( H ), hemoglobin ( Hb ), or through erythrophagocytosis. Heme is sequestered by hemopexin 
( HPX ) and is absorbed via the low-density lipoprotein receptor-related protein ( LRP / CD91 ). Both free hemoglobin 
as well as Hb/haptoglobin ( HP ) complexes are transported into the cell by the hemoglobin scavenger receptor 
CD163. Red blood cells ( RBC ) may enter macrophages via erythrophagocytosis. The heme moiety of hemoglobin is 
then degraded by the heme oxygenase ( HO ) to release iron. Intracellular iron traffi cs toward mitochondria, is stored 
within ferritin in the cytosol, or can be exported via ferroportin 1 ( FPN1 ). Ceruloplasmin ( CP ) oxidizes Fe 2+  after 
cellular iron export for loading onto transferrin. This fi gure is a modifi ed version of a fi gure previously published in 
Muckenthaler et al., Annu. Rev. Nutr. 2008. 28:3.1–3.17       
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   2.4 Alternative Pathways of Iron Transport Across Cellular Membranes 

 In healthy individuals, Tf-dependent iron uptake is the most important cellular iron uptake pathway. 
However, several observations in conditions of pathological iron overload suggest distinct transport 
pathways for non-Tf bound iron. First, massive iron overload develops in nonhematopoietic tissues 
(e.g., liver and pancreas) in mice and humans lacking Tf  [  7  ] . Second, TfR1-defi cient mice show 
normal embryonic organ development before they succumb to severe anemia in mid-gestation  [  9  ] . 
Third, iron is rapidly cleared from plasma in iron overload diseases like hereditary hemochromatosis 
where the iron-binding capacity of Tf is exceeded. 

 An alternative iron transport mechanism is the sequestration of iron by the neutrophil gelatinase-
associated lipocalin (NGAL/24p3). Lipocalins are expressed and secreted by immune cells, hepato-
cytes, and renal tubular cells. They play a role in innate immunity by binding bacterial siderophores, 
thus participating in iron depletion to limit bacterial growth  [  37,   38  ] . Consistently, 24p3-defi cient 
mice develop bacteremia more easily than their wild-type counterparts  [  39  ] . Recently, two cell sur-
face receptors for 24p3 have been identifi ed. One receptor, called 24p3R, was suggested to internal-
ize apo-24p3 that then sequesters intracellular iron, possibly bound to a yet unidentifi ed mammalian 
siderophore. Iron-bound 24p3 may then exit the cell and cause apoptosis as a result of iron depletion 
 [  40  ] . A second molecule that acts as a 24p3 receptor is the well-characterized multiprotein receptor 
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  Fig. 2.3    Dietary iron that exists mainly in the insoluble Fe 3+  form is reduced to Fe 2+  by DCYTB (ferrireductase duodenal 
cytochrome  b ). Ferrous iron then enters the duodenal enterocyte through divalent metal-ion transporter, DMT1. 
Alternatively, heme is translocated across the brush-border membrane via the putative apical heme carrier protein 1 
( HCP1 ). To release the iron, the heme moiety is degraded by heme oxygenase ( HO ) to feed the cytosolic labile iron 
pool ( LIP ). Iron that is not stored in ferritin is transported through the basolateral surface of the enterocyte via ferro-
portin 1. Hephaestin ( H ) oxidizes Fe 2+  after cellular iron export for loading onto transferrin. This fi gure is a modifi ed 
version of a fi gure previously published in Muckenthaler et al., Annu. Rev. Nutr. 2008. 28:3.1–3.17       
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megalin–cubilin that binds 24p3 with high affi nity  [  41  ] . Megalin is expressed by proximal tubule 
cells in the kidney, which are known target cells of 24p3. Mice with a genetic 24p3R defi ciency 
excrete 24p3 into the urine. Thus, megalin/cubilin-type receptors participate in taking up iron-binding 
proteins including  α 1-microglobulin  [  42  ] , free hemoglobin  [  43  ] , and Tf  [  12  ]  in tubular cells, 
preventing their excretion into the urine. 

 Under iron    overload conditions, ferrous iron (Fe 2+ ) uptake occurs in cardiomyocytes and possibly 
other excitable cells, such as pancreatic beta cells, anterior pituitary cells and neurons, by voltage-
dependent L-type Ca 2+  channels (LTCC) and promiscuous divalent metal transporters. Treatment of 
mice subjected to experimental iron overload by drugs that block LTCC function reduced myocar-
dial iron accumulation and oxidative stress and protected from cardiac dysfunction  [  44–  46  ] . 

 Alternatively, iron may enter cells bound to acidic isoferritin  [  47  ] . But the mechanisms involved 
in this process as well as the responsible receptor are incompletely understood.   

   3 Mechanisms of Cellular Iron Release 

   3.1 Ferroportin-Mediated Iron Release 

 Duodenal enterocytes, macrophages, hepatocytes, placenta syncytiotrophoblasts, and cells of the 
central nervous system (CNS) release iron in a controlled fashion so that the metal is available when 
it is needed. Ferroportin (FPN1), a ferrous iron Fe 2+  transporter is the only iron exporter identifi ed to 
date  [  48–  50  ] . 

 FPN1 expression at the basolateral side of duodenal enterocytes assures iron effl ux of dietary iron 
into the blood stream (Fig.  2.3 ). For effi cient iron export, Fpn1 acts together with the multi-copper 
ferroxidase hephaestin that oxidizes Fe 2+  for binding to Tf  [  51  ] . While hephaestin can be substituted 
under some stress conditions (e.g., acute bleeding) by the other known multi-copper ferroxidase 
ceruloplasmin  [  52  ] , FPN1 is indispensable for iron export from enterocytes. Mice lacking intestinal 
FPN1 retain iron in the mucosa and develop hypochromic anemia  [  53  ] . The regulation of iron 
absorption involves complex transcriptional, posttranscriptional, and posttranslational mechanisms 
conferred by signals transmitted from the size of the body iron store, the erythropoietic activity, and 
by recent dietary iron intake. The FPN1 mRNA bears a functional IRE motif in its 5 ¢ UTR, which 
mediates IRP-dependent translational control  [  54,   55  ] . A critical role for the IRE/IRP regulatory 
system in securing physiological intestinal FPN1 expression was recently demonstrated in mice with 
simultaneous ablation of the two IRP isoforms, which caused a marked increase in FPN1 expression 
 [  56  ] . In addition, the central systemic regulator of iron metabolism, hepcidin, controls intestinal iron 
export via FPN1  [  57  ] . This regulatory circuit is disrupted in the frequent iron overload disorder 
hereditary hemochromatosis that is characterized by increased intestinal iron export. In the current 
model, inappropriately low hepatic hepcidin expression in hemochromatosis leads high intestinal 
FPN1 protein levels that then facilitate increased iron absorption  [  58  ] . 

 Most serum iron is derived from internal recycling of damaged and senescent erythrocytes and this 
takes place within specialized tissue macrophages of the reticuloendothelial system (RES), which 
phagocytose and lyse the red cells. In addition, macrophages can scavenge hemoglobin or heme that 
escape from cells under conditions of intravascular hemolysis. The heme moiety is then catabolized 
by heme oxygenase 1 to liberate inorganic iron. Iron is then released from the macrophages in a con-
trolled fashion that positively correlates with the iron requirements of the bone marrow  [  59  ] . While 
cells of the RES can release iron in the form of hemoglobin, heme, or ferritin, targeted mutagenesis 
experiments in the mouse suggest that FPN1 is the major conduit of iron release  [  53  ] . 

 Many disorders of iron metabolism are closely linked to alterations in FPN1 expression. For 
example, hereditary iron overload diseases can be explained by inappropriately low expression of 
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the iron-regulated hormone hepcidin or by mutations in FPN1. Conversely, increased hepcidin 
expression in response to infl ammatory mediators decreases FPN1 cell surface expression  [  60  ] . The 
clearance of FPN1 prevents iron export from the RES and leads to a drop in plasma iron (hypofer-
remia). If the infl ammatory or autoimmune condition persists, anemia will develop. It is of note that 
IRP2-defi cient mice display an unexpected iron defi ciency in spleen and bone marrow macrophages. 
This is associated with diminished expression of FPN1, suggesting that FPN1 levels in macrophages 
are also controlled by the key cellular iron regulatory system  [  15  ] . 

 Cellular iron export is impaired in mice and humans with aceruloplasminemia, an iron overload 
disease due to mutations in the ferroxidase ceruloplasmin (Cp). A possible molecular mechanism 
underlying these observations was recently uncovered where an absence of Cp triggered the rapid 
internalization and degradation of FPN1  [  61  ] . In this study, depletion of extracellular iron could 
maintain cell surface expression of FPN1 even in the absence of Cp, suggesting that Cp is important 
for removing the iron that is exported by FPN1. Indeed, in the absence of Cp, iron remains bound to 
FPN1, which is then recognized by an ubiquitin ligase and targeted for degradation. The requirement 
for a ferroxidase to maintain iron transport activity represents a novel mechanism of regulating cel-
lular iron export. The same mechanism is operational on the surface of glioma cells and astrocytes, 
providing an explanation for brain iron overload in patients with aceruloplasminemia  [  61  ] .  

   3.2 Heme Export by the Feline Leukemia Virus, Subgroup C, Receptor (FLVCR) 

 Specialized cell types like erythroid progenitor cells need to export excess heme to prevent matura-
tion arrest and apoptosis. Heme export is mediated by the feline leukemia virus, subgroup C receptor 
(FLVCR)  [  62  ] . FLVCR-null mice die in mid-gestation and show a lack of defi nitive erythropoiesis 
and craniofacial and limb deformities resembling those of patients with Diamond-Blackfan anemia 
 [  63  ] . By contrast, mice with FLVCR deleted neonatally develop macrocytic anemia with proeryth-
roblast maturation arrest, suggesting an essential role for heme export in cell survival. Additionally, 
FLVCR is required for heme export from macrophages that phagocytose senescent red cells, sug-
gesting that heme traffi cking is an important component of systemic iron homeostasis.   

   4 Nature of Intracellular Iron 

 While in recent years our understanding of cellular iron transport and its regulation has increased 
considerably, still relatively little is known about the fate of intracellular iron. Free iron is dangerous 
because it catalyzes the formation of reactive oxygen species. Therefore most iron is bound to pro-
teins like the iron storage protein ferritin. However, there seems to be a small amount of iron that 
appears to be unbound and available for regulation of iron homeostasis. This labile iron pool (LIP) 
amounts to less than 5% of the total cellular iron and is accessible to chelation. The LIP is composed 
of Fe 2+  and Fe 3+  and thought to be associated with a variety of small molecules such as organic 
anions, polypeptides, and phospholipids. It is a dynamic entity that can change rapidly and must be 
managed by intracellular homeostatic mechanisms  [  64  ] . Lysosomes seem to be an important source 
of the cellular LIP  [  65  ] , most likely by degrading macromolecules such as ferritin. The LIP also 
contributes to the formation of dinitrosyl non-heme iron complexes (DNIC) that are detected in 
many nitric oxide–producing tissues and play a role in NO-dependent cellular processes  [  66  ] . It is 
commonly assumed that the LIP has two functions (a) a rapidly adjustable iron source for immediate 
metabolic utilization and (b) the control of gene expression by post-translationally regulating the 
major control system of cellular homeostasis, the iron regulatory proteins. 
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 Most iron entering the cell that is not utilized immediately is stored and detoxifi ed by ferritin, 
a ubiquitous and highly conserved iron-binding protein  [  67  ] . Ferritin maintains cellular iron 
homeostasis by sequestering the metal from the intracellular LIP. In vertebrates, ferritin is a mul-
timeric protein comprised of 24 subunits of two types, termed H and L. The ratio of H to L sub-
units can vary depending on tissue type and physiologic status, and in response to infl ammation 
or infection. Ferritin has enzymatic properties, converting Fe 2+  to Fe 3+  as iron is internalized and 
sequestered in its mineral core. This ferroxidase activity is an inherent feature of the H subunit. 
Ferritin can accumulate up to 4,500 iron atoms as a ferrihydrite mineral in a protein shell  [  68  ] . 
Coordinated degradation of ferritin and the concomitant release of iron help mobilize iron for cel-
lular functions. However, the underlying mechanisms are poorly understood. Ferritin synthesis is 
regulated at multiple levels. Hormones and cytokines control ferritin gene transcription  [  13  ] . This 
pool of mRNA is then regulated at the level of translation by the IRE/IRP regulatory system in 
response to iron bioavailability  [  13  ] . The levels of intracellular ferritin are determined by the bal-
ance between synthesis and degradation that occurs both within the cytosol and lysosomes  [  67  ] . 

 A unique H-type ferritin homopolymer with a putative function in iron storage is located in mito-
chondria [mitochondrial ferritin (MtF)]  [  69  ] . Under physiological conditions, mitochondrial ferritin 
is mainly expressed in the testis  [  70  ] . Like its cytosolic counterpart, MtF readily incorporates and 
oxidizes iron in vitro. Experimental overexpression of MtF results in mitochondrial iron accumula-
tion, decreased cytosolic ferritin, and increased TfR1 expression  [  71  ] . Interestingly, the level of MtF 
is increased in association with mitochondrial iron accumulation in sideroblastic anemias, suggest-
ing a protective role of MtF against iron-mediated toxicity  [  72  ] . 

 Under terminal erythropoiesis when iron demand is extremely high, iron that enters the cell 
may not be seen by the cytoplasm but may rather be transferred to the mitochondria directly to 
effi ciently satisfy the needs for erythropoiesis  [  73  ] . This hypothesis received further support by a 
recent fi nding in cultured primary murine erythroid progenitor cells from fetal liver. Within these cells, 
IRP activity strongly declines during terminal differentiation and appears no longer to be regulated 
by the cellular iron content. Consistently, expression of IRE-containing mRNAs, like ferritin and 
TfR1 escapes the control by the IRPs. These data were interpreted such that massive mitochondrial 
iron import for heme biosynthesis may involve mechanism(s) whereby iron is not sensed within 
the cytosol  [  74  ] .  

   5 Mitochondrial Iron Metabolism 

 Mitochondria are doubtless the major sites of iron consumption in the cell as they harbor the major 
iron-requiring biosynthetic processes, namely, heme formation and iron-sulfur (Fe/S) protein mat-
uration. Conspicuously, mitochondria not only produce heme and Fe/S proteins for their own needs, 
but also supply heme for integration into extra-mitochondrial hemoproteins and they play a crucial 
role in the maturation of Fe/S proteins outside mitochondria. Therefore it is not surprising that 
mitochondria are major regulatory elements for cellular iron homeostasis. Dysfunction of heme 
synthesis in erythroid cells or of mitochondrial Fe/S protein biogenesis in possibly all cell types 
leads to complex signaling events, resulting in increased iron uptake into the cell and into mito-
chondria. The consequences of malfunctions in these processes are often connected to various 
hematological disorders and iron storage diseases. The two biosynthetic processes are intimately 
linked due to multiple functional connections and changes in one process often affect the other 
pathway. We will briefl y review the molecular mechanisms of heme biosynthesis and of cellular 
Fe/S protein maturation before we turn to the regulatory infl uences of mitochondrial function on 
iron homeostasis. More extensive reviews on heme biosynthesis and Fe/S protein biogenesis have 
been published elsewhere  [  75–  79  ] . 



352 Cellular Iron Physiology 

   5.1 A General Overview on Heme Biosynthesis 

 The fi rst and last three steps of heme biosynthesis take place inside mitochondria with the intermediate 
steps occurring in the cytosol (Fig.  2.4 ). The pathway is well conserved in eukaryotes. The fi rst 
enzyme,  δ -aminolevulinate synthase (ALAS) condenses glycine and succinyl-CoA to generate 
 δ -aminolevulinate (ALA). In higher eukaryotes, there are two isoforms of this enzyme. ALAS1 is 
present in virtually all non-erythroid cells and is involved in supplying heme for housekeeping func-
tions, whereas ALAS2 (also termed eALAS) is resident to the erythroid system and mainly supplies 
the heme required for cytosolic hemoglobin. The synthesis of ALAS2 is regulated by iron availability 
via the IRP system, as its mRNA contains a 5 ¢ -IRE stem-loop structure recognized by IRP1 and 
IRP2  [  80  ]  serving to decrease its synthesis at low iron availability, thereby decreasing the production 
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  Fig. 2.4    The pathway of heme biosynthesis and its connection to Fe/S cluster metabolism. 
Mitochondria host the fi rst and the last three reactions of heme production in eukaryotes, while four 
intermediate steps are performed in the cytosol. The reaction starts with the condensation of succinyl-
CoA and glycine by  δ -aminolaevulinate synthase ( ALAS ) to generate  δ -aminolaevulinate ( ALA ). 
This compound leaves the mitochondria via unknown transporters in the inner membrane and pos-
sibly VDAC (also termed porin) in the outer membrane. Four enzymes (see text) convert ALA to 
coproporphyrinogen III ( Copro III ) which enters the mitochondrial intermembrane space, where it 
is converted to protoporphyrinogen IX ( PPGIX ) by the enzyme coproporphyrinogen oxidase ( CPO ). 
Protoporphyrinogen oxidase ( PPO ) bound to the outer face of the inner membrane converts PPGIX 
to protoporphyrin IX ( PPIX ) which then crosses the inner membrane to reach ferrochelatase (FeCh). 
This enzyme contains a [2Fe–2S] cluster in most organisms, and inserts ferrous iron (Fe 2+ ) into the 
porphyrin ring to produce heme. Iron is imported into mitochondria via the carrier proteins Mrs3/4 
(also termed mitoferrin) in a membrane potential-dependent fashion ( pmf ). The production of heme A 
(for generation of cytochromes  a  and  a  

 3 
  of cytochrome oxidase; COX) depends on the farnesyl trans-

ferase Cox10 and the hydroxylase consisting of Cox15 and the Fe/S protein adrenodoxin (Adx; yeast 
Yah1) and its reductase Adr (yeast Arh1). Other abbreviations:  VDAC  voltage-dependent anion 
channel,  ALAD  ALA dehydratase,  PBGD  porphobilinogen deaminase,  URO3S  uroporphyrinogen 
III synthase,  UROD  uroporphyrinogen decarboxylase       
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of heme. The effi ciency of ALAS import into mitochondria is regulated by heme-binding to heme 
regulatory elements (so-called CPV tripeptide motifs) present in the mitochondrial targeting sequence 
(presequence) of the precursor form of the enzyme. This may provide a fi ne-tuning mechanism for 
the overall effi ciency of heme synthesis  [  81  ] . Moreover, ALAS1 and ALAS2 are transcriptionally 
regulated by quite different mechanisms, thus adjusting the level of the enzymes to the cellular needs 
of heme  [  75  ] .  

 ALA is exported to the cytosol where the next four steps of synthesis take place (Fig.  2.4 ). The ALA 
transporter in the mitochondrial inner membrane is still unknown, but could be a member of the mito-
chondrial carrier family. In the cytosol, ALA dehydratase combines two molecules of ALA to the 
monopyrrole porphobilinogen. Four of these molecules are then combined by porphobilinogen deami-
nase and uroporphyrinogen III synthase, resulting in the cyclic tetrapyrrole uroporphyrinogen III. After 
decarboxylation by uroporphyrinogen decarboxylase, the product, coproporphyrinogen III, is trans-
ported back to mitochondria, where coproporphyrinogen oxidase located in the intermembrane space 
catalyzes its oxygen-dependent decarboxylation to protoporphyrinogen IX (Fig.  2.4 ). Targeting of 
coproporphyrinogen III into the mitochondrial intermembrane space is a matter of debate. It recently 
has been claimed that the ABC transporter of the mitochondrial outer membrane, ABCB6, may be 
involved in importing this porphyrin derivative into the organelle  [  82  ] . In yeast, ABCB6 can function-
ally replace the yeast counterpart Atm1 which is located in the mitochondrial inner membrane and 
plays a role in cytosolic Fe/S protein biogenesis  [  83  ]  (see also below). Both the yeast protein and 
ABCB6 are similar in amino acid sequence to the mammalian ABCB7 transporter of the mitochondrial 
inner membrane which is the functional orthologue of Atm1  [  84–  86  ] . It is unclear how active transport 
of a low-molecular-mass compound into the intermembrane space could be achieved given that the 
outer membrane possesses two large openings which allow the free passage of molecules of up to 
5 kDa, namely, the voltage-dependent anion carrier VDAC (also termed porin)  [  87  ]  and the translocase 
of the mitochondrial outer membrane (TOM complex)  [  88  ] . Moreover, recent fi ndings have found that 
ABCB6 is also located in the plasma membrane and Golgi  [  89–  91  ] . Therefore, more functional studies 
are needed to solve the question of mitochondrial targeting of coproporphyrinogen III and the putative 
role of ABCB6 in this step  [  92  ] . 

 The last two steps take place at the mitochondrial inner membrane and are performed by proto-
porphyrinogen oxidase to produce protoporphyrin IX which is then converted to heme by the inser-
tion of an iron ion by the enzyme ferrochelatase (Fig.  2.4 ). The fi rst reaction requires oxygen and 
creates the conjugated planar ring system. Protoporphyrinogen oxidase is a functional dimer and 
located in the inner membrane with major parts exposed to the intermembrane space where it inter-
acts with coproporphyrinogen oxidase. The crystal structures of protoporphyrinogen oxidase and the 
matrix-exposed peripheral inner membrane protein ferrochelatase  [  93,   94  ]  suggest an interaction of 
both proteins through the inner membrane (Fig.  2.4 ). This interaction could also provide the molecu-
lar basis for the transfer of protoporphyrin IX across the inner membrane so that no specifi c trans-
porter is required. Both crystal structures show putative channels for substrate transfer from the 
active site of protoporphyrinogen oxidase to that of ferrochelatase. Lateral openings of this channel 
might explain the exit of the product heme from the enzymes and also why, in vitro, it is possible to 
supply protoporphyrin IX to intact mitochondria for effi cient heme formation  [  95  ] . Ferrochelatase 
operates as a dimer and in most organisms, but not in  Saccharomyces cerevisiae , contains a C-terminal 
Fe/S cluster which is essential for its function  [  96  ] . This cofactor underlines the intimate link between 
the two major iron-consuming pathways in mitochondria. Iron is necessary in its reduced (ferrous) 
form and is supplied to ferrochelatase via the putative iron transporters Mrs3/4 (in Zebrafi sh desig-
nated mitoferrin), members of the mitochondrial carrier family  [  97–  100  ] . Iron import across the 
inner membrane requires a membrane potential  [  95  ] . Heme is fi nally either used inside mitochon-
dria, e.g., in cytochromes  b  and  c , or exported to the cytosol via unknown transport pathways for 
attachment to various proteins, e.g., catalase (Fig.  2.4 ). A fraction of the ferrochelatase product, 
heme B, is further modifi ed by farnesylation and hydroxylation to form the heme A required for 
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cytochrome oxidase (respiratory complex IV) insertion  [  101,   102  ] . These steps have been studied 
extensively in yeast and shown to require Cox10 (for farnesylation) as well as the hydroxylase con-
sisting of Cox15 together with the [2Fe–2S] cluster-containing ferredoxin Yah1 and its reductase 
Arh1 (see below). The mammalian counterparts of the latter two enzymes are the well-known adren-
odoxin and adrenodoxin reductase (Fig.  2.4 ). 

 Several diseases are associated with functional defects in heme biosynthesis  [  75  ] . For instance, 
mutations in ALAS2 are causative for X-linked sideroblastic anemia (XLSA) which is character-
ized by a microcytic hypochromic anemia and the presence of ring sideroblasts, i.e., iron-loaded 
mitochondria surrounding the nucleus in ring-shaped structures. While numerous different muta-
tions have been identifi ed in ALAS2, no disease-relevant genetic alterations of ALAS1 have been 
reported, indicating the indispensable character of heme synthesis for housekeeping functions of 
each cell. Mutations in the enzymes of the intermediate steps typically result in accumulation of the 
intermediate precursor products and consequently various specifi c porphyrias such as hereditary 
coproporphyria for coproporphyrinogen oxidase or variegate porphyria for protoporphyrinogen 
oxidase. Finally, ferrochelatase mutations elicit the classical form of erythropoietic protoporphyria 
(EPP). Protoporphyrin accumulates mainly in bone marrow reticulocytes from which it reaches the 
liver via transport through the plasma. Excess protoporphyrin is then excreted with bile and fi nally 
in feces. In the patients with EPP, the residual ferrochelatase activity is between 10% and 25% of 
normal, indicating the need for a substantial amount of residual heme synthesis for life. In yeast, 
deletion of ferrochelatase is lethal unless the cells are grown in the presence of the detergent Tween 
and ergosterol to supply the cells with this sterol. Synthesis of ergosterol in yeast occurs in a heme-
dependent fashion.  

   5.2 A General Overview on Fe/S Protein Biogenesis 

 In this chapter, we provide a general overview on the basic concepts underlying Fe/S protein matura-
tion in (non-plant) eukaryotes. More detailed reviews can be found elsewhere  [  77–  79  ] . Since the 
majority of the studies on this process so far have been performed in  S. cerevisiae , our summary will 
concentrate mainly on this model organism. However, virtually all components identifi ed in yeast 
are conserved in higher eukaryotes  [  103  ]  and hence it seems likely that biogenesis follows similar 
mechanisms. Initial studies performed in these higher organisms support this expectation and will be 
mentioned briefl y. 

   5.2.1 The Mitochondrial Iron–Sulfur Cluster (ISC) Assembly Machinery 

 Mitochondria perform a central role in Fe/S protein maturation in eukaryotes in that they are required 
for biogenesis of all cellular Fe/S proteins. They harbor the “ISC assembly machinery” which was 
inherited from bacteria during endosymbiosis. To date, 15 ISC assembly proteins are known to assist 
this complex biosynthetic process. Their functions can be assigned to one of two major sub-reactions 
of the biosynthesis process  [  104  ]  (Fig.  2.5 ). First, an Fe/S cluster is transiently assembled on the 
scaffold protein Isu1, a central component of Fe/S cluster assembly  [  105,   106  ] . In some fungi such 
as  S. cerevisiae , a functional homologue termed Isu2 arose through a gene duplication. Since Isu1 
and Isu2 are functionally redundant, we will refer to Isu1 only in the following. Second, the Fe/S 
cluster is transferred from Isu1 to recipient apoproteins and assembled into the polypeptide chain by 
coordination with specifi c amino acid residues. Both partial reactions require the assistance of specifi c 
ISC components.  
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 Fe/S cluster assembly on Isu1 critically depends on the function of the cysteine desulfurase complex 
comprised of Nfs1 and Isd11  [  107–  110  ]  (Fig.  2.5 ). Even though Nfs1 contains the enzymatic activ-
ity as a cysteine desulfurase and releases sulfur to form a Nfs1-bound persulfi de, the Nfs1–Isd11 
complex is the functional entity for sulfur transfer from Nfs1 to Isu1 in vivo. This reaction is facili-
tated by a direct interaction of Nfs1 and Isu1  [  111,   112  ] . Upon binding of iron to Isu1, the Fe/S 
cluster is formed by a still unknown chemical mechanism. The functional importance of mammalian 
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homeostasis. The mitochondrial ISC assembly machinery is required for maturation of all cellular 
Fe/S proteins. The ISC export and CIA machineries are specifi cally involved in the assembly of 
extra-mitochondrial Fe/S proteins. Biosynthesis of Fe/S clusters inside mitochondria can be divided 
into two major steps: the generation of a transient Fe/S cluster on the scaffold protein Isu1 and the 
transfer of the Fe/S cluster to apoproteins. The fi rst step depends on several proteins including 
the cysteine desulfurase complex Nfs1–Isd11 as the sulfur donor, Yfh1 (frataxin) as the iron donor, 
and the electron (e − ) transfer chain consisting of ferredoxin reductase (Arh1) and ferredoxin (Yah1). 
Fe/S cluster transfer from Isu1 to apoproteins is facilitated by a dedicated chaperone system and the 
monothiol glutaredoxin Grx5. The ISC export system, including the ABC transporter Atm1, exports 
an unknown compound (X) to the cytosol, where it supports Fe/S protein maturation on Cfd1–
Nbp35. The assembled Fe/S clusters on Cfd1–Nbp35 are then transferred to apoproteins via the 
assistance of Nar1 and Cia1. In addition, mitochondria play a decisive role in cellular iron homeo-
stasis by regulating iron uptake, storage, and distribution in the cell. In yeast, this regulatory process 
requires the function of the two ISC machineries including the ABC transporter Atm1, but not the 
CIA components. Presumably, the substrate exported by Atm1 provides a signal for the transcription 
factors Aft1–Aft2 and additional proteins (see text) to indicate the iron status of mitochondria. This 
means that iron homeostasis in yeast is critically controlled by Fe/S protein assembly inside 
mitochondria. In mammals, both the ISC and CIA machineries are involved in maturation of the 
cytosolic Fe/S protein IRP1 which together with the non-Fe/S protein IRP2 (not shown) regulates 
iron uptake, distribution, and storage within the cell by a posttranscriptional mechanism. For further 
details see text. Other abbreviations:  pmf  proton-motive force,  GSH  glutathione       

 



392 Cellular Iron Physiology 

Nfs1 and Isu1 for cellular Fe/S protein biogenesis has recently been demonstrated by RNAi deple-
tion techniques in human HeLa cells  [  113,   114  ] . Yfh1 (termed frataxin in higher eukaryotes) undergoes 
an iron-stimulated interaction with Isu1-Nfs1 [ 111 ]. Since the protein binds iron in vitro, frataxin is 
thought to serve as the iron donor of the reaction  [  115  ] . As demonstrated by RNAi-mediated depletion, 
human frataxin plays a general role in Fe/S protein maturation in cultured cells  [  116  ] . Fe/S protein 
maturation may be the primary function of frataxin, explaining all or most of the (secondary) pheno-
types arising from a frataxin defi ciency. Iron is imported into the mitochondrial matrix by the same 
mitochondrial carrier proteins, Mrs3 and Mrs4, which supply iron to heme  [  97–  100,   117  ] . Fe/S cluster 
assembly on Isu1 further depends on an electron transfer chain comprised of the ferredoxin reductase 
Arh1 and the [2Fe–2S] ferredoxin Yah1, which likely receives its electrons from NADH  [  118,   119  ]  
(Fig.  2.5 ). The electrons are believed to be used for reduction of the sulfane sulfur (S 0 ) liberated from 
cysteine to the sulfi de (S 2− ) present in Fe/S clusters, but experimental proof for this assumption is lack-
ing. Interestingly, the mammalian homologues of yeast Arh1 and Yah1 are adrenodoxin reductase 
(ADR) and adrenodoxin (ADX) which are well known for their role in steroid biogenesis inside mito-
chondria in adrenal gland cells  [  120,   121  ] . No experimental confi rmation has been obtained so far for 
a general function of these factors in Fe/S protein biogenesis of higher eukaryotes. 

 The second major step of biogenesis involves the release of the Isu1-bound Fe/S cluster, its trans-
fer to apoproteins, and its assembly into the apoprotein by coordination with the specifi c amino acid 
ligands. To date, four yeast proteins are known to specifi cally assist this process  [  104  ] . The dedi-
cated chaperone system comprised of the Hsp70 family member Ssq1, the DnaJ-like co-chaperone 
Jac1 and the nucleotide exchange factor Mge1 is critical for these steps  [  122,   123  ] . Ssq1 undergoes 
a highly specifi c protein interaction with Isu1 which is thought to labilize Fe/S cluster binding to 
Isu1, thus facilitating cluster dissociation and transfer to apoproteins  [  124  ] . Jac1 can also bind to 
Isu1 itself, but this interaction is not essential  [  125  ] . Another important function in this partial reac-
tion is performed by the mitochondrial monothiol glutaredoxin Grx5, yet its precise role is unknown 
 [  126  ] . Functional inactivation of the zebrafi sh homologue of Grx5 is linked to a strong defect in 
erythroid heme biosynthesis, which is the result of impaired biosynthesis of the cytosolic Fe/S pro-
tein IRP1 and consequently a defective synthesis of ALAS2  [  127  ] . 

 While all the ISC proteins appear to be required as general biogenesis factors, some of the ISC 
proteins play a more specialized role. A recent combination of genetic, cell biological, and bio-
chemical approaches has shown that the function of Isa1 and Isa2 proteins is critical for the enzy-
matic activity of mitochondrial aconitase-like proteins (yeast Aco1 and Lys4) and the mitochondrial 
S-adenosylmethionine (SAM)-dependent proteins biotin synthase (yeast Bio2) and lipoic acid syn-
thase (yeast Lip5)  [  128,   129  ] . These proteins are required in addition and after the function of 
the ISC assembly proteins described above. While their involvement in the functional activation of the 
above-mentioned four mitochondrial enzymes is well supported by auxotrophies for glutamate, 
lysine, biotin, and lipoic acid developed by Isa1- and/or Isa2-defi cient cells, their precise molecular 
function remains to be clarifi ed. Recently, another protein termed Iba57 has been identifi ed that 
physically interacts with both Isa1 and Isa2  [  129  ] . Disruption of its gene elicits a highly similar 
phenotype as  ISA1  and/or  ISA2  deletion mutants, suggesting that all three proteins are operating in 
the same pathway. The eukaryotic Isa1/2 proteins and Iba57 are the fi rst examples of ISC compo-
nents which show specifi city for the maturation of a subset of Fe/S proteins.  

   5.2.2  The Role of the Mitochondrial ISC System for Extra-Mitochondrial 
Fe/S Protein Assembly 

 All evidence available so far indicates that Fe/S protein maturation in both the cytosol and nucleus 
is strictly dependent on the function of the ISC assembly machinery. While this observation was fi rst 
made in yeast, similar observations have recently been obtained for the human ISC proteins Nfs1, 
Isu1, and frataxin  [  113,   114,   116,   130,   131  ] . Apparently, the function of the mitochondrial ISC 
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machinery is critical for the ability of the cell to generate extra-mitochondrial Fe/S proteins, but the 
molecular details of this dependence are still enigmatic. For yeast and human Nfs1 and yeast Isu1, 
it has been shown that these proteins are required inside mitochondria to perform this task  [  113,   132, 
  133  ] . There is ample evidence for the fact that mitochondria export a (still unknown) component 
from the mitochondrial matrix to the cytosol where it performs an essential function in the Fe/S 
maturation process. The export reaction is accomplished by the ABC transporter Atm1 of the mito-
chondrial inner membrane or its mammalian counterpart ABCB7  [  85,   107,   134,   135  ]  (Fig.  2.5 ). 
Atm1/ABCB7 is the central component of the so-called ISC export machinery which encompasses 
two other components, the sulfhydryl oxidase Erv1 of the intermembrane space and glutathione 
(GSH). Depletion    of either of these three components in yeast results in a highly similar phenotype i.e. 
normal biogenesis of mitochondrial Fe/S proteins, impairment of extra-mitochondrial Fe/S protein 
maturation, stimulation of the Aft1-dependent iron regulon (see below), and iron accumulation 
inside mitochondria  [  136,   137  ] . The latter three phenotypes are also observed upon depletion of the 
major components of the ISC assembly machinery, indicating that Fe/S protein maturation and iron 
homeostasis are tightly coordinated in yeast, and that mitochondria are a major regulatory system for 
iron homeostasis.  

   5.2.3 The Cytosolic Fe/S Protein Assembly (CIA) Machinery 

 Maturation of the cytosolic and nuclear Fe/S proteins is catalyzed by the cytosolic iron–sulfur protein 
assembly (CIA) system comprised of four known proteins (Fig.  2.5 ). These proteins are conserved in 
higher eukaryotes. According to recent in vivo and in vitro studies, this process can also be subdivided 
into two major partial reactions  [  138  ] . First, an Fe/S cluster is assembled on the P-loop NTPases Cfd1 
and Nbp35 which serve as a scaffold. Second, the transiently bound Fe/S cluster is transferred from 
the Cfd1–Nbp35 complex to apoproteins by a process requiring the CIA proteins Nar1 and Cia1. 
Unlike the mitochondrial Isu1 scaffold, Cfd1 and Nbp35 do not directly interact with a sulfur-donat-
ing protein such as the extra-mitochondrial version of Nfs1, as genetic and biochemical studies have 
not established a role for this protein in the process. Since the mitochondrial version Nfs1 and other 
mitochondrial ISC assembly components are needed for extra-mitochondrial Fe/S cluster formation 
 [  113,   132,   133  ] , mitochondria appear to serve as the sulfur donor for extra-mitochondrial Fe/S protein 
biogenesis. This is further supported by biochemical reconstitution of the Fe/S cluster assembly pro-
cess on Cfd1-Nbp35 under anaerobic conditions (Dutkiewicz et al., unpublished). Fe/S cluster assem-
bly requires intact mitochondria, cysteine, iron, matrix ATP, and a membrane potential. The P-loop 
NTPases Cfd1 and Nbp35 form a heterotetramer and bind up to three [4Fe–4S] clusters in vitro  [  138  ] . 
Both proteins possess four conserved cysteine residues at their C-termini. Mutagenesis experiments 
have identifi ed the central cysteine pair forming the CPxC motif of particular importance for Fe/S 
cluster assembly on these proteins (Netz et al., unpublished). 

 Cfd1 and Nbp35 are involved in the activation of the CIA protein Nar1 by assembly of two Fe/S 
clusters on this iron-only hydrogenase-like protein (Fig.  2.5 ). The Nar1 holoprotein, activated this 
way, will then assist the second partial reaction, the Fe/S cluster transfer to target apoproteins  [  139  ] . 
In this reaction, it interacts and collaborates with Cia1, a WD40 repeat protein with seven  β -propellers 
forming a doughnut-shaped structure  [  140,   141  ] . Interestingly, Cia1 is not needed to assemble the 
Fe/S clusters on Nar1, indicating its late role in the process. The molecular roles of Nar1 and Cia1 
are still unclear. The close similarity of Nar1 to iron-only hydrogenases, including the conservation 
of the two Fe/S clusters, may indicate a role in electron transfer. It is tempting to speculate that this 
may help to dissociate the Fe/S cluster from the Cfd1–Nbp35 complex, thus facilitating transfer to 
target proteins. Cia1, like other WD40 repeat proteins, may serve as a docking platform for the other 
CIA proteins. None of the known CIA proteins has been shown to directly interact with the apoform 
of target Fe/S proteins. 
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 Nuclear Fe/S proteins show a similar dependence on the mitochondrial ISC and the CIA proteins 
for maturation  [  140  ] . However, it is still unclear where maturation of the nuclear Fe/S proteins 
occurs. Either they are assembled in the cytosol and then imported as a holoprotein, or the assembly 
process takes place in the nucleus, requiring the import of the apoprotein into the nucleus. Since 
small amounts of the CIA proteins Cfd1, Nbp35, and Nar1 and the majority of Cia1 have been local-
ized in the nucleus, both scenarios seem possible. Additionally, or alternatively, the nuclear CIA 
components could be involved in repair of damaged Fe/S clusters in this compartment, but virtually 
nothing is known about this potential process. 

 As mentioned above, virtually all eukaryotes contain close sequence relatives of the yeast CIA 
proteins, suggesting a conserved function and similar pathways of biogenesis. However, the mam-
malian proteins are proposed to participate in rather diverse cellular functions. For instance, the Cia1 
relative Ciao1 has been shown to interact with the Wilms tumor protein and this has a potential role 
in transcription regulation  [  142  ] . The yeast Nar1 homologue IOP1 may modulate the activity of 
hypoxia-inducible factor 1 α   [  143  ] . The mouse counterparts of yeast Nbp35 and Cfd1 interact with 
kinesin 5A in murine cells, suggesting a function in centrosome duplication  [  144  ] . 

 Recent experimental tests have shown a direct function of the homologues of Nar1 (termed IOP1) 
and Nbp35 in Fe/S protein assembly in mammalian cells. Using the RNAi technique to deplete these 
proteins, a specifi c role in cytosolic, but not mitochondrial Fe/S protein maturation could be shown 
 [  145,   146  ] . Useful target Fe/S proteins for these studies are the cytosolic aconitase, i.e., the holoform 
of iron regulatory protein 1 (IRP1) which contains a [4Fe–4S] cluster, glutamine phosphoribosylpy-
rophosphate amidotransferase (GPAT) which is stable in the cytosol only in the presence of its Fe/S 
cluster, and xanthine oxidase which contains a molybdenum cofactor in addition to its Fe/S cluster. 
In addition, the binding of the apoform of IRP1 to iron responsive elements (IRE) of certain mRNAs 
involved in iron metabolism can be used as an (indirect) indication of Fe/S cluster assembly. Even 
though a role for the mammalian counterparts of Cfd1 and Ciao1 in Fe/S protein biogenesis seems 
likely from these studies, only complementation of the yeast  cia1 -defective mutant by human Ciao1 
provides direct experimental evidence for this notion so far.   

   5.3  The Regulatory Connection Between Fe/S Protein Biogenesis 
and Iron Homeostasis 

   5.3.1  The Role of the Yeast Mitochondrial ISC Systems in the Regulation 
of Cellular Iron Homeostasis 

 Work over the past decade has established the important role of mitochondria in cellular iron homeo-
stasis  [  76,   79,   147,   148  ] . Yeast Yfh1 (frataxin) and Atm1 were the fi rst ISC proteins for which such 
a function was identifi ed, in fact long before their primary function in Fe/S protein biogenesis was 
ascertained  [  149,   150  ] . It is now clear that virtually the entire ISC machinery (with the exception of 
the Isa1/2 and Iba57 proteins) has a strong impact on iron homeostasis in yeast. The molecular foun-
dations underlying this regulatory role are not clear yet. It is believed that mitochondria produce and 
export, presumably via the ISC export component Atm1 (Fig.  2.5 ), a component which interacts, 
directly or indirectly, with the iron-responsive transcription factors Aft1–Aft2 which activate genes 
of the so-called iron regulon. These genes are involved in cellular uptake, storage, intracellular dis-
tribution, and utilization of iron. The relationship of the iron regulatory component produced by 
mitochondria to the factor facilitating Fe/S cluster assembly on Cfd1–Nbp35 (X in Fig.  2.5 ) is 
unknown. The regulatory compound can inhibit Aft1–Aft2 target gene activation, possibly by inter-
fering with the shuttling of the proteins between the nucleus and the cytosol. Aft1 was shown to 
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depend on the importin Pse1 for nuclear import, while the exportin Msn5 and iron are necessary to 
translocate Aft1 back to the cytosol under iron-replete conditions  [  151,   152  ] . 

 Aft1 interacts with several other proteins which are important determinants of iron regulation 
(Fig.  2.5 ). First, a role of the monothiol glutaredoxins Grx3 and Grx4 has been noted in that both 
proteins bind to Aft1 in an iron-independent fashion  [  153–  155  ] . Deletion of the two Grx proteins 
results in accumulation of Aft1 in the nucleus and transcriptional activation of the iron regulon. It 
has been speculated that either Aft1 or the Grx proteins bind an Fe/S cluster, thus explaining the ISC 
dependence of the regulatory mechanism. However, so far no Fe/S cluster has been found on any of 
these proteins under in vivo conditions. Further, the lack of a detectable role of the CIA machinery 
in cellular iron homeostasis  [  156  ]  supports the notion that regulation is not triggered by binding of 
a generic Fe/S cluster. Recently, two additional proteins termed Fra1 and Fra2 were shown to inter-
act with the Grx proteins in an iron-independent fashion  [  155  ] . Deletion of either of the  FRA1  or 
 FRA2  genes leads to nuclear localization of Aft1 and the induction of the Aft1-dependent iron regu-
lon, indicating that these proteins belong to the signaling pathway leading from the mitochondrial 
ISC machinery to the Aft1 transcription factor. How the complex between the Grx and Fra proteins 
affects Aft1 activity is currently unknown. In addition to this transcriptional level of iron regulation, 
a posttranscriptional mechanism via stimulated mRNA degradation is used to fi ne-tune iron homeo-
stasis  [  156,   157  ] . The protein Cth2 binds to 3 ¢ -ends of mRNAs encoding proteins involved in iron-
dependent processes and downregulates these mRNAs by degradation. This mechanism helps in 
fi ne-tuning intracellular iron distribution and utilization under iron-limiting conditions.  

   5.3.2  The Role of Both the ISC and CIA Machineries in the Regulation 
of Cellular Iron Homeostasis in Mammals 

 In contrast to the striking similarities of Fe/S protein biogenesis in yeast and mammalian cells, iron 
regulation is achieved by radically different mechanisms in these organisms, mainly because in 
mammals IRP1 and IRP2 are the key regulators of this process by a posttranscriptional mechanism 
 [  1,   80,   158  ] . Nevertheless, recent fi ndings indicate that the two mitochondrial ISC systems also play 
a decisive role in mammalian iron regulation. This is due to their role in the assembly of the Fe/S 
cluster on cytosolic IRP1. Since this step also involves the function of the mammalian CIA machin-
ery, it is not surprising that recently a role for human Nar1 and Nbp35 in iron homeostasis was 
defi ned  [  145,   146  ] . This is in contrast to yeast where CIA proteins have no detectable role in iron 
homeostasis (see Fig.  2.5 ). 

 As mentioned above, depletion of human frataxin, Isu1 or Nfs1 proteins by RNAi results in 
impaired IRP1 Fe/S cluster maturation  [  113,   114,   116  ] . In turn, Isu1-depleted cells showed iron 
accumulation, at least in the presence of additional ferric iron in the growth medium. A similar 
impact of the ISC assembly machinery on cellular iron status was shown for the zebrafi sh mutant 
 shiraz  which is defective in mitochondrial glutaredoxin Grx5 [ 127 ]. This defect resulted in lower 
heme levels which were shown to be caused by low expression of ALAS2 (see above). This effect 
was caused by the increase of the IRP1 apoform secondary to the Grx5 defect, thus leading to 
decreased translation of ALAS2 in erythroid cells. The studies suggest an intimate connection 
between Fe/S cluster biogenesis and heme biosynthesis in erythroid precursors via the regulatory 
function of IRP1 on mitochondrial ALAS2 translation. This connection also explains why Fe/S 
protein biogenesis defects frequently elicit a hematological disease phenotype (see Table  2.1 ).  

 A crucial function in the regulation of iron homeostasis has been assigned to ABCB7, a member 
of the mammalian ISC export machinery which is mutated in patients with X-linked sideroblastic 
anemia and cerebellar ataxia (XLSA/A)  [  134,   159  ]  (see also above). A conditional knock-out of the murine 
 ABCB7  gene in liver caused a marked iron accumulation in hepatocytes  [  85  ]  mimicking the disease phe-
notype of patients with XLSA/A. The increased IRE binding capacity of IRP1 in ABCB7-defi cient cells 
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is consistent with the increased iron uptake seen in these cells, presumably to counteract the primary 
defect in cytosolic Fe/S protein maturation. Similarly, silencing of  ABCB7  expression by RNAi in 
human cell culture causes massive iron accumulation in mitochondria with an apparent concomitant 
iron depletion in the cytosol  [  135  ] . These fi ndings underline the important role of mitochondria in 
mammalian iron regulation. 

 Finally, depletion of the CIA components huNbp35 and huNar1 by RNAi causes a decrease in 
ferritin and an increase in the expression of TfR1 as a result of the increased IRP1–IRE binding 
subsequent to impaired IRP1 Fe/S cluster maturation  [  145,   146  ] . These fi ndings indicate that the 
CIA machinery, via its role in the maturation of IRP1, has an effect on iron metabolism in higher 
eukaryotes, thus distinguishing it from  S. cerevisiae . Together, all these studies document the impor-
tant role of the ISC assembly, ISC export, and CIA machineries for the regulation of the iron metab-
olism in mammalian cells. This regulatory effect is mediated through the increased IRE-binding 
activity of IRP1 upon an impairment of Fe/S cluster assembly.   

   5.4 Diseases Associated with Fe/S Protein Biogenesis 

 The importance of Fe/S protein biogenesis for cell viability explains why mutations in some of its 
genes are associated with various diseases, some of which have been mentioned above (Table  2.1 ). 
For instance, depletion of frataxin in human cells by more than 70% causes the neurodegenerative 
disorder Friedreich’s ataxia, the most common autosomal recessive ataxia  [  160  ] . Patients show mito-
chondrial Fe/S protein defects and accumulate iron in mitochondria. Mouse models with targeted 
deletion of the frataxin gene in muscle, neuronal or liver tissues reproduce many of the phenotypes 
of patients, including the defi ciencies in Fe/S enzymes and mitochondrial iron accumulation  [  161  ] . Two 
other members of the ISC assembly machinery are associated with hematological phenotypes. 

   Table 2.1    Diseases linked to iron–sulfur proteins and their biogenesis   

 Human protein  Yeast protein  Function  Associated disease 

 ISC assembly machinery 
 Frataxin  Yfh1  Iron donor  Friedreich’s ataxia 
 huGrx5  Grx5  Fe/S cluster transfer  Microcytic anemia with ring sideroblasts 
 ADR  Arh1  Reduction  Tumor suppressor 
 huIsu1  Isu1  Scaffold for Fe/S 

cluster assembly 
 Myopathy with exercise tolerance 

 ISC export machinery 
 ABCB7  Atm1  ABC transporter  X-linked sideroblastic anemia and 

cerebellar ataxia (XLSA/A) 
 ALR  Erv1  Sulfhydryl oxidase  Liver regeneration? 

 Iron traffi cking 
 Mitoferrin  Mrs3-Mrs4  Iron transporter  Erythropoietic protoporphyria (EPP) 

 Fe/S proteins 
 Complex I  –  Respiration  MELAS, Leigh syndrome, LHON 
 Complex II  Succinate 

dehydrogenase 
 Respiration  Tumor suppressor 

 XPD  Rad3  ATP-dependent 
DNA helicase 

 Xeroderma pigmentosum, Cockayne 
syndrome, trichothiodystrophy 

 FancJ  Rad3  ATP-dependent 
DNA helicase 

 Fanconi anemia, breast cancer 

 MYH  Ntg2  DNA glycosylase  Colon cancer 
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A functional defect in the human glutaredoxin Grx5 was found in a patient with microcytic anemia 
with iron overload (ring sideroblasts)  [  162  ] . Consistent with a primary defect in Fe/S protein biogen-
esis and hence increased IRE-binding activity of IRP1, patient cells showed low levels of aconitase 
and H-ferritin, but increased TfR1. This phenotype reproduces some features found in the zebrafi sh 
mutant  shiraz  described above. A splicing defect in the gene encoding the scaffold protein Isu1 leads 
to severely reduced expression of this essential ISC assembly protein and is associated with myopa-
thy with exercise intolerance  [  163,   164  ] . The adrenodoxin reductase ADR was identifi ed as a tumor 
suppressor  [  165  ] . Finally, a functional defect of the human erythroid isoform of mitoferrin (the 
homolog of yeast Mrs3/4) elicits a variant form of erythropoietic protoporphyria (EPP)  [  100  ] . 

 Human diseases connected to Fe/S proteins include components in mitochondria and the nucleus 
(Table  2.1 ). Mitochondrial succinate dehydrogenase (complex II) was proposed to function as a 
tumor suppressor  [  166  ] . Likewise, mutations in subunits of mitochondrial respiratory complex I 
(NADH-ubiquinone oxidoreductase) are associated with a number of mitochondrial diseases includ-
ing MELAS (mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes), Leigh 
syndrome, and LHON (Leber’s hereditary optic atrophy). Nuclear Fe/S proteins relevant for human 
disease encompass the ATP-dependent DNA helicase XPD and related proteins such as FancJ 
involved in DNA repair (nucleotide excision repair)  [  167  ] . Mutations in XPD are found in Fe/S 
cluster-coordinating residues and are associated with diseases such as Xeroderma pigmentosum, 
Cockayne syndrome, and trichothiodystrophy  [  168  ] . FancJ mutations are the hallmark of Fanconi 
anemia patients. As a fi nal example, the MutY homologue MYH performs a function as a DNA 
glycosylase in base excision repair, and has been associated with colon cancer  [  169  ] .   

   6 Conclusion 

 The last 20 years were hallmarked by the discovery of proteins involved in iron transport and iron 
handling within cells. However, we are just beginning to understand how these transport proteins 
function and how their expression is regulated by environmental signals like iron requirements, 
hypoxia, or infectious and infl ammatory stimuli. We still know very little how iron traffi cs and how 
it is distributed within the cell to avoid toxic effects and to assure specifi c intracellular delivery and 
insertion into iron binding sites of proteins and cofactors. We must learn how iron metabolism dif-
fers between organs and how it is affected by cell–cell interactions. A major future challenge will be 
to understand how iron homeostasis is maintained within the central nervous system and how iron 
defi ciency and iron overload affect brain physiology. We further will need to address how disease 
states affect basic cellular iron physiology to allow exploration of novel therapeutic concepts. 

 Recent years also uncovered numerous components of Fe/S protein assembly, and fi rst ideas exist 
how Fe/S proteins might be assembled in both mitochondria and the cytosol. However, it is clear that 
not all ISC and CIA components have been identifi ed yet. Their future discovery and the molecular 
investigation of the biochemical mechanisms underlying biosynthesis represent exciting challenges. 
Further, the regulatory connection between Fe/S protein biogenesis, heme synthesis, and intracellular 
iron homeostasis needs to be better understood to get a more comprehensive picture of the physiology 
of intracellular iron. Here, we need to identify regulatory compounds that assure the cross talk between 
these three iron-related processes and understand their function at the molecular level.      

  Acknowledgments   We gratefully acknowledge Dr. A.D. Sheftel and Dr. S. Altamura for helpful comments on our 
manuscript. MM is generously supported by the Deutsche Forschungsgemeinschaft (MU 1108/4-1), EEC Framework 
6 (LSHM-CT-2006037296 EuroIron1), Landesstiftung Baden Württemberg and the BMBF (HepatoSy-Iron_liver). 
RL acknowledges generous support from Deutsche Forschungsgemeinschaft (SFB 593 and TR1, Gottfried-Wilhelm 
Leibniz program, and GRK 1216), the German-Israeli foundation GIF, Rhön Klinikum AG, and Fonds der chemis-
chen Industrie.  



452 Cellular Iron Physiology 

   References    

    1.    Hentze MW, Muckenthaler MU, Andrews NC. Balancing acts: molecular control of mammalian iron metabo-
lism. Cell. 2004;117:285–97.  

    2.    Fleming MD, Romano MA, Su MA, Garrick LM, Garrick MD, Andrews NC. Nramp2 is mutated in the anemic 
Belgrade (b) rat: evidence of a role for Nramp2 in endosomal iron transport. Proc Natl Acad Sci USA. 
1998;95:1148–53.  

    3.    Ohgami RS, Campagna DR, Greer EL, et al. Identification of a ferrireductase required for efficient transferrin-
dependent iron uptake in erythroid cells. Nat Genet. 2005;37:1264–9.  

    4.    Lim JE, Jin O, Bennett C, et al. A mutation in Sec15l1 causes anemia in hemoglobin deficit (hbd) mice. Nat 
Genet. 2005;37:1270–3.  

    5.    White RA, Boydston LA, Brookshier TR, et al. Iron metabolism mutant hbd mice have a deletion in Sec15l1, 
which has homology to a yeast gene for vesicle docking. Genomics. 2005;86:668–73.  

    6.    Zhang AS, Sheftel AD, Ponka P. The anemia of “haemoglobin-deficit” (hbd/hbd) mice is caused by a defect in 
transferrin cycling. Exp Hematol. 2006;34:593–8.  

    7.    Trenor 3rd CC, Campagna DR, Sellers VM, Andrews NC, Fleming MD. The molecular defect in hypotransfer-
rinemic mice. Blood. 2000;96:1113–8.  

    8.    Ponka P. Rare causes of hereditary iron overload. Semin Hematol. 2002;39:249–62.  
    9.    Levy JE, Jin O, Fujiwara Y, Kuo F, Andrews NC. Transferrin receptor is necessary for development of erythro-

cytes and the nervous system. Nat Genet. 1999;21:396–9.  
    10.    Mims MP, Guan Y, Pospisilova D, et al. Identification of a human mutation of DMT1 in a patient with micro-

cytic anemia and iron overload. Blood. 2005;105:1337–42.  
    11.    Zimmerman C, Klein KC, Kiser PK, et al. Identification of a host protein essential for assembly of immature 

HIV-1 capsids. Nature. 2002;415:88–92.  
    12.    Kozyraki R, Fyfe J, Verroust PJ, et al. Megalin-dependent cubilin-mediated endocytosis is a major pathway for 

the apical uptake of transferrin in polarized epithelia. Proc Natl Acad Sci USA. 2001;98:12491–6.  
    13.    Muckenthaler M, Galy B, Hentze MW. Systemic iron homeostasis and the iron-responsive element/iron-regula-

tory protein (IRE/IRP) regulatory network. Annu Rev Nutr. 2008;28:197–213.  
    14.    Cooperman SS, Meyron-Holtz EG, Olivierre-Wilson H, Ghosh MC, McConnell JP, Rouault TA. Microcytic 

anemia, erythropoietic protoporphyria, and neurodegeneration in mice with targeted deletion of iron-regulatory 
protein 2. Blood. 2005;106:1084–91.  

    15.    Galy B, Ferring D, Minana B, et al. Altered body iron distribution and microcytosis in mice deficient in iron 
regulatory protein 2 (IRP2). Blood. 2005;106:2580–9.  

    16.    Kawabata H, Yang R, Hirama T, et al. Molecular cloning of transferrin receptor 2. A new member of the trans-
ferrin receptor-like family. J Biol Chem. 1999;274:20826–32.  

    17.    Johnson MB, Enns CA. Diferric transferrin regulates transferrin receptor 2 protein stability. Blood. 
2004;104:4287–93.  

    18.    Robb A, Wessling-Resnick M. Regulation of transferrin receptor 2 protein levels by transferrin. Blood. 
2004;104:4294–9.  

    19.    Chen J, Enns CA. The cytoplasmic domain of transferrin receptor 2 dictates its stability and response to holo-
transferrin in Hep3B cells. J Biol Chem. 2007;282:6201–9.  

    20.    Camaschella C, Roetto A, Cali A, et al. The gene TFR2 is mutated in a new type of haemochromatosis mapping 
to 7q22. Nat Genet. 2000;25:14–5.  

    21.    Kristiansen M, Graversen JH, Jacobsen C, et al. Identification of the haemoglobin scavenger receptor. Nature. 
2001;409:198–201.  

    22.    Schaer DJ, Schaer CA, Buehler PW, et al. CD163 is the macrophage scavenger receptor for native and chemi-
cally modified hemoglobins in the absence of haptoglobin. Blood. 2006;107:373–80.  

    23.    Hrkal Z, Vodrazka Z, Kalousek I. Transfer of heme from ferrihemoglobin and ferrihemoglobin isolated chains 
to hemopexin. Eur J Biochem. 1974;43:73–8.  

    24.    Hvidberg V, Maniecki MB, Jacobsen C, Hojrup P, Moller HJ, Moestrup SK. Identification of the receptor scav-
enging hemopexin-heme complexes. Blood. 2005;106:2572–9.  

    25.    Tolosano E, Hirsch E, Patrucco E, et al. Defective recovery and severe renal damage after acute hemolysis in 
hemopexin-deficient mice. Blood. 1999;94:3906–14.  

    26.    Tolosano E, Fagoonee S, Hirsch E, et al. Enhanced splenomegaly and severe liver inflammation in haptoglobin/
hemopexin double-null mice after acute hemolysis. Blood. 2002;100:4201–8.  

    27.    Otterbein LE, Soares MP, Yamashita K, Bach FH. Heme oxygenase-1: unleashing the protective properties of 
heme. Trends Immunol. 2003;24:449–55.  

    28.    McKie AT, Barrow D, Latunde-Dada GO, et al. An iron-regulated ferric reductase associated with the absorption 
of dietary iron. Science. 2001;291:1755–9.  



46 M.U. Muckenthaler and R. Lill

    29.    Gunshin H, Starr CN, Direnzo C, et al. Cybrd1 (duodenal cytochrome b) is not necessary for dietary iron absorp-
tion in mice. Blood. 2005;106(8):2879–83.  

    30.    Gunshin H, Fujiwara Y, Custodio AO, Direnzo C, Robine S, Andrews NC. Slc11a2 is required for intestinal iron 
absorption and erythropoiesis but dispensable in placenta and liver. J Clin Invest. 2005;115:1258–66.  

    31.    Ferguson CJ, Wareing M, Ward DT, Green R, Smith CP, Riccardi D. Cellular localization of divalent metal 
transporter DMT-1 in rat kidney. Am J Physiol Renal Physiol. 2001;280:F803–14.  

    32.    Hubert N, Hentze MW. Previously uncharacterized isoforms of divalent metal transporter (DMT)-1: implica-
tions for regulation and cellular function. Proc Natl Acad Sci USA. 2002;99:12345–50.  

    33.    Ludwiczek S, Theurl I, Muckenthaler MU, et al. Ca2+ channel blockers reverse iron overload by a new mecha-
nism via divalent metal transporter-1. Nat Med. 2007;13:448–54.  

    34.    Jeong SY, David S. Glycosylphosphatidylinositol-anchored ceruloplasmin is required for iron efflux from cells 
in the central nervous system. J Biol Chem. 2003;278:27144–8.  

    35.    Shayeghi M, Latunde-Dada GO, Oakhill JS, et al. Identification of an intestinal heme transporter. Cell. 
2005;122:789–801.  

    36.    Qiu A, Jansen M, Sakaris A, et al. Identification of an intestinal folate transporter and the molecular basis for 
hereditary folate malabsorption. Cell. 2006;127:917–28.  

    37.    Yang J, Goetz D, Li JY, et al. An iron delivery pathway mediated by a lipocalin. Mol Cell. 2002;10:1045–56.  
    38.    Richardson DR. 24p3 and its receptor: dawn of a new iron age? Cell. 2005;123:1175–7.  
    39.    Berger T, Togawa A, Duncan GS, et al. Lipocalin 2-deficient mice exhibit increased sensitivity to  Escherichia 

coli  infection but not to ischemia–reperfusion injury. Proc Natl Acad Sci USA. 2006;103:1834–9.  
    40.    Devireddy LR, Gazin C, Zhu X, Green MR. A cell-surface receptor for lipocalin 24p3 selectively mediates 

apoptosis and iron uptake. Cell. 2005;123:1293–305.  
    41.    Hvidberg V, Jacobsen C, Strong RK, Cowland JB, Moestrup SK, Borregaard N. The endocytic receptor megalin 

binds the iron transporting neutrophil-gelatinase-associated lipocalin with high affinity and mediates its cellular 
uptake. FEBS Lett. 2005;579:773–7.  

    42.    Leheste JR, Rolinski B, Vorum H, et al. Megalin knockout mice as an animal model of low molecular weight 
proteinuria. Am J Pathol. 1999;155:1361–70.  

    43.    Gburek J, Verroust PJ, Willnow TE, et al. Megalin and cubilin are endocytic receptors involved in renal clear-
ance of hemoglobin. J Am Soc Nephrol. 2002;13:423–30.  

    44.    Oudit GY, Sun H, Trivieri MG, et al. L-type Ca2+ channels provide a major pathway for iron entry into cardio-
myocytes in iron-overload cardiomyopathy. Nat Med. 2003;9:1187–94.  

    45.    Mwanjewe J, Grover AK. Role of transient receptor potential canonical 6 (TRPC6) in non-transferrin-bound 
iron uptake in neuronal phenotype PC12 cells. Biochem J. 2004;378:975–82.  

    46.    Oudit GY, Trivieri MG, Khaper N, Liu PP, Backx PH. Role of L-type Ca2+ channels in iron transport and iron-
overload cardiomyopathy. J Mol Med. 2006;84:349–64.  

    47.    Meyron-Holtz EG, Vaisman B, Cabantchik ZI, et al. Regulation of intracellular iron metabolism in human 
erythroid precursors by internalized extracellular ferritin. Blood. 1999;94:3205–11.  

    48.    Abboud S, Haile DJ. A novel mammalian iron-regulated protein involved in intracellular iron metabolism. J Biol 
Chem. 2000;275:19906–12.  

    49.    Donovan A, Brownlie A, Zhou Y, et al. Positional cloning of zebrafish ferroportin1 identifies a conserved ver-
tebrate iron exporter. Nature. 2000;403:776–81.  

    50.    McKie AT, Marciani P, Rolfs A, et al. A novel duodenal iron-regulated transporter, IREG1, implicated in the 
basolateral transfer of iron to the circulation. Mol Cell. 2000;5:299–309.  

    51.    Vulpe CD, Kuo YM, Murphy TL, et al. Hephaestin, a ceruloplasmin homologue implicated in intestinal iron 
transport, is defective in the sla mouse. Nat Genet. 1999;21:195–9.  

    52.    Cherukuri S, Potla R, Sarkar J, Nurko S, Harris ZL, Fox PL. Unexpected role of ceruloplasmin in intestinal iron 
absorption. Cell Metab. 2005;2:309–19.  

    53.    Donovan A, Lima CA, Pinkus JL, et al. The iron exporter ferroportin/Slc40a1 is essential for iron homeostasis. 
Cell Metab. 2005;1:191–200.  

    54.    Lymboussaki A, Pignatti E, Montosi G, Garuti C, Haile DJ, Pietrangelo A. The role of the iron responsive ele-
ment in the control of ferroportin1/IREG1/MTP1 gene expression. J Hepatol. 2003;39:710–5.  

    55.    Liu XB, Hill P, Haile DJ. Role of the ferroportin iron-responsive element in iron and nitric oxide dependent gene 
regulation. Blood Cells Mol Dis. 2002;29:315–26.  

    56.    Galy B. Iron regulatory proteins are essential for intestinal function and control key iron absorption molecules 
in the duodenum. Cell Metab. 2008;7:79–85.  

    57.    Nemeth E, Tuttle MS, Powelson J, et al. Hepcidin regulates cellular iron efflux by binding to ferroportin and 
inducing its internalization. Science. 2004;306:2090–3.  

    58.    Pietrangelo A. Hemochromatosis: an endocrine liver disease. Hepatology. 2007;46:1291–301.  
    59.    Knutson M, Wessling-Resnick M. Iron metabolism in the reticuloendothelial system. Crit Rev Biochem Mol 

Biol. 2003;38:61–88.  



472 Cellular Iron Physiology 

    60.    Ganz T. Molecular control of iron transport. J Am Soc Nephrol. 2007;18:394–400.  
    61.    De Domenico I, Vaughn MB, Li L, et al. Ferroportin-mediated mobilization of ferritin iron precedes ferritin 

degradation by the proteasome. EMBO J. 2006;25:5396–404.  
    62.    Quigley JG, Yang Z, Worthington MT, et al. Identification of a human heme exporter that is essential for eryth-

ropoiesis. Cell. 2004;118:757–66.  
    63.    Keel SB, Doty RT, Yang Z, et al. A heme export protein is required for red blood cell differentiation and iron 

homeostasis. Science. 2008;319:825–8.  
    64.    Andrews NC. Probing the iron pool. Focus on “detection of intracellular iron by its regulatory effect”. Am J 

Physiol Cell Physiol. 2004;287:C1537–8.  
    65.    Kurz T, Gustafsson B, Brunk UT. Intralysosomal iron chelation protects against oxidative stress-induced cellular 

damage. FEBS J. 2006;273:3106–17.  
    66.    Zhang Y, Hogg N. S-nitrosothiols: cellular formation and transport. Free Radic Biol Med. 2005;38:831–8.  
    67.    Torti FM, Torti SV. Regulation of ferritin genes and protein. Blood. 2002;99:3505–5316.  
    68.    Harrison PM. Ferritin: an iron-storage molecule. Semin Hematol. 1977;14:55–70.  
    69.    Levi S, Corsi B, Bosisio M, et al. A human mitochondrial ferritin encoded by an intronless gene. J Biol Chem. 

2001;276:24437–40.  
    70.    Santambrogio P, Biasiotto G, Sanvito F, Olivieri S, Arosio P, Levi S. Mitochondrial ferritin expression in adult 

mouse tissues. J Histochem Cytochem. 2007;55:1129–37.  
    71.    Nie G, Sheftel AD, Kim SF, Ponka P. Overexpression of mitochondrial ferritin causes cytosolic iron depletion 

and changes cellular iron homeostasis. Blood. 2005;105:2161–7.  
    72.    Cazzola M, Invernizzi R, Bergamaschi G, et al. Mitochondrial ferritin expression in erythroid cells from patients 

with sideroblastic anemia. Blood. 2003;101:1996–2000.  
    73.    Sheftel AD, Zhang AS, Brown C, Shirihai OS, Ponka P. Direct interorganellar transfer of iron from endosome 

to mitochondrion. Blood. 2007;110:125–32.  
    74.    Schranzhofer M, Schifrer M, Cabrera JA, et al. Remodeling the regulation of iron metabolism during erythroid 

differentiation to ensure efficient heme biosynthesis. Blood. 2006;107:4159–67.  
    75.    Ajioka RS, Phillips JD, Kushner JP. Biosynthesis of heme in mammals. Biochim Biophys Acta. 

2006;1763:723–36.  
    76.    Napier I, Ponka P, Richardson DR. Iron trafficking in the mitochondrion: novel pathways revealed by disease. 

Blood. 2005;105:1867–74.  
    77.    Rouault TA, Tong WH. Iron–sulphur cluster biogenesis and mitochondrial iron homeostasis. Nat Rev Mol Cell 

Biol. 2005;6:345–51.  
    78.    Lill R, Mühlenhoff U. Iron–sulfur protein biogenesis in eukaryotes: components and mechanisms. Annu Rev 

Cell Dev Biol. 2006;22:457–86.  
    79.    Lill R, Mühlenhoff U. Maturation of iron–sulfur proteins in eukaryotes: mechanisms, connected processes, and 

diseases. Annu Rev Biochem. 2008;77:669–700.  
    80.    Wallander ML, Leibold EA, Eisenstein RS. Molecular control of vertebrate iron homeostasis by iron regulatory 

proteins. Biochim Biophys Acta. 2006;1763(7):668–89.  
    81.    Lathrop JT, Timko MP. Regulation by heme of mitochondrial protein transport through a conserved amino acid 

motif. Science. 1993;259:522–5.  
    82.    Krishnamurthy PC, Du G, Fukuda Y, et al. Identification of a mammalian mitochondrial porphyrin transporter. 

Nature. 2006;443:586–9.  
    83.    Mitsuhashi N, Miki T, Senbongi H, et al. MTABC3, a novel mitochondrial ATP-binding cassette protein 

involved in iron homeostasis. J Biol Chem. 2000;275:17536–40.  
    84.    Csere P, Lill R, Kispal G. Identification of a human mitochondrial ABC transporter, the functional orthologue 

of yeast Atm1p. FEBS Lett. 1998;441:266–70.  
    85.    Pondarre C, Antiochos BB, Campagna DR, et al. The mitochondrial ATP-binding cassette transporter Abcb7 is 

essential in mice and participates in cytosolic iron-sulphur cluster biogenesis. Hum Mol Genet. 2006;15:953–64.  
    86.    Pondarre C, Campagna DR, Antiochos B, Sikorski L, Mulhern H, Fleming MD. Abcb7, the gene responsible 

for X-linked sideroblastic anemia with ataxia, is essential for hematopoiesis. Blood. 2007;109:3567–9.  
    87.    Colombini M. Measurement of VDAC permeability in intact mitochondria and in reconstituted systems. 

Methods Cell Biol. 2007;80:241–60.  
    88.    Künkele KP, Heins S, Dembowski M, et al. The preprotein translocation channel of the outer membrane of 

mitochondria. Cell. 1998;93:1009–19.  
    89.    Paterson JK, Shukla S, Black CM, et al. Human ABCB6 localizes to both the outer mitochondrial membrane 

and the plasma membrane. Biochemistry. 2007;46:9443–52.  
    90.    Tsuchida M, Emi Y, Kida Y, Sakaguchi M. Human ABC transporter isoform B6 (ABCB6) localizes primarily 

in the golgi apparatus. Biochem Biophys Res Commun. 2008;369:369–75.  
    91.    Jalil YA, Ritz V, Jakimenko A, et al. Vesicular localization of the rat ATP-binding cassette half-transporter 

rAbcb6. Am J Physiol Cell Physiol. 2008;294:C579–90.  



48 M.U. Muckenthaler and R. Lill

    92.    Hamza I. Intracellular trafficking of porphyrins. ACS Chem Biol. 2006;1:627–9.  
    93.    Koch M, Breithaupt C, Kiefersauer R, Freigang J, Huber R, Messerschmidt A. Crystal structure of protoporphy-

rinogen IX oxidase: a key enzyme in haem and chlorophyll biosynthesis. EMBO J. 2004;23:1720–8.  
    94.    Wu CK, Dailey HA, Rose JP, Burden A, Sellers VM, Wang BC. The 2.0 A structure of human ferrochelatase, 

the terminal enzyme of heme biosynthesis. Nat Struct Biol. 2001;8:156–60.  
    95.    Lange H, Kispal G, Lill R. Mechanism of iron transport to the site of heme synthesis inside yeast mitochondria. 

J Biol Chem. 1999;274:18989–96.  
    96.    Dailey HA. Terminal steps of haem biosynthesis. Biochem Soc Trans. 2002;30:590–5.  
    97.    Foury F, Roganti T. Deletion of the mitochondrial carrier genes MRS3 and MRS4 suppresses mitochondrial iron 

accumulation in a yeast frataxin-deficient strain. J Biol Chem. 2002;277:24475–83.  
    98.    Mühlenhoff U, Stadler J, Richhardt N, et al. A specific role of the yeast mitochondrial carriers Mrs3/4p in 

mitochondrial iron acquisition under iron-limiting conditions. J Biol Chem. 2003;278:40612–20.  
    99.    Li L, Kaplan J. A mitochondrial-vacuolar signaling pathway in yeast that affects iron and copper metabolism. J 

Biol Chem. 2004;279(32):33653–61.  
    100.    Shaw GC, Cope JJ, Li L, et al. Mitoferrin is essential for erythroid iron assimilation. Nature. 

2006;440:96–100.  
    101.    Barros MH, Nobrega FG, Tzagoloff A. Mitochondrial ferredoxin is required for heme A synthesis in 

 Saccharomyces cerevisiae . J Biol Chem. 2002;277:9997–10002.  
    102.    Barros MH, Carlson CG, Glerum DM, Tzagoloff A. Involvement of mitochondrial ferredoxin and Cox15p in 

hydroxylation of heme O. FEBS Lett. 2001;492:133–8.  
    103.    Lill R, Mühlenhoff U. Iron–sulfur protein biogenesis in eukaryotes. Trends Biochem Sci. 2005;30:133–41.  
    104.    Mühlenhoff U, Gerber J, Richhardt N, Lill R. Components involved in assembly and dislocation of iron–sulfur 

clusters on the scaffold protein Isu1p. EMBO J. 2003;22:4815–25.  
    105.    Schilke B, Voisine C, Beinert H, Craig E. Evidence for a conserved system for iron metabolism in the mitochon-

dria of  Saccharomyces cerevisiae . Proc Natl Acad Sci USA. 1999;96:10206–11.  
    106.    Garland SA, Hoff K, Vickery LE, Culotta VC.  Saccharomyces cerevisiae  ISU1 and ISU2: members of a well-

conserved gene family for iron–sulfur cluster assembly. J Mol Biol. 1999;294:897–907.  
    107.    Kispal G, Csere P, Prohl C, Lill R. The mitochondrial proteins Atm1p and Nfs1p are required for biogenesis of 

cytosolic Fe/S proteins. EMBO J. 1999;18:3981–9.  
    108.    Wiedemann N, Urzica E, Guiard B, et al. Essential role of Isd11 in iron-sulfur cluster synthesis on Isu scaffold 

proteins. EMBO J. 2006;25:184–95.  
    109.    Adam AC, Bornhövd C, Prokisch H, Neupert W, Hell K. The Nfs1 interacting protein Isd11 has an essential 

role in Fe/S cluster biogenesis in mitochondria. EMBO J. 2006;25:174–83.  
    110.    Shan Y, Napoli E, Cortopassi G. Mitochondrial frataxin interacts with ISD11 of the NFS1/ISCU complex and 

multiple mitochondrial chaperones. Hum Mol Genet. 2007;16(8):929–41.  
    111.    Gerber J, Mühlenhoff U, Lill R. An interaction between frataxin and Isu1/Nfs1 that is crucial for Fe/S cluster 

synthesis on Isu1. EMBO Rep. 2003;4:906–11.  
    112.    Li K, Tong WH, Hughes RM, Rouault TA. Roles of the mammalian cytosolic cysteine desulfurase, ISCS, and 

scaffold protein, ISCU in iron–sulfur cluster assembly. J Biol Chem. 2006;281:12344–51.  
    113.    Biederbick A, Stehling O, Rösser R, et al. Role of human mitochondrial Nfs1 in cytosolic iron–sulfur protein 

biogenesis and iron regulation. Mol Cell Biol. 2006;26:5675–87.  
    114.    Tong WH, Rouault TA. Functions of mitochondrial ISCU and cytosolic ISCU in mammalian iron–sulfur cluster 

biogenesis and iron homeostasis. Cell Metab. 2006;3:199–210.  
    115.    Bencze KZ, Yoon T, Millan-Pacheco C, et al. Human frataxin: iron and ferrochelatase binding surface. Chem 

Commun (Camb). 2007;14:1798–800.  
    116.    Stehling O, Elsässer HP, Brückel B, Mühlenhoff U, Lill R. Iron–sulfur protein maturation in human cells: evi-

dence for a function of frataxin. Hum Mol Genet. 2004;13:3007–15.  
    117.    Zhang Y, Lyver ER, Knight SA, Pain D, Lesuisse E, Dancis A. Mrs3p, Mrs4p, and frataxin provide iron for Fe–S 

cluster synthesis in mitochondria. J Biol Chem. 2006;281:22493–502.  
    118.    Lange H, Kispal G, Kaut A, Lill R. A mitochondrial ferredoxin is essential for biogenesis of intra- and extra-

mitochondrial Fe/S proteins. Proc Natl Acad Sci USA. 2000;97:1050–5.  
    119.    Li J, Saxena S, Pain D, Dancis A. Adrenodoxin reductase homolog (Arh1p) of yeast mitochondria required for 

iron homeostasis. J Biol Chem. 2001;276:1503–9.  
    120.    Lambeth JD, Seybert DW, Lancaster JRJ, Salerno JC, Kamin H. Steroidogenic electron transport in adrenal 

cortex mitochondria. Mol Cell Biochem. 1985;45:13–31.  
    121.    Stocco DM. Intramitochondrial cholesterol transfer. Biochim Biophys Acta. 2000;1486:184–97.  
    122.    Craig EA, Marszalek J. A specialized mitochondrial molecular chaperone system: a role in formation of Fe/S 

centers. Cell Mol Life Sci. 2002;59(10):1658–65.  
    123.    Dutkiewicz R, Marszalek J, Schilke B, Craig EA, Lill R, Mühlenhoff U. The Hsp70 chaperone Ssq1p is dispens-

able for iron–sulfur cluster formation on the scaffold protein Isu1p. J Biol Chem. 2006;281:7801–8.  



492 Cellular Iron Physiology 

    124.    Dutkiewicz R, Schilke B, Cheng S, Knieszner H, Craig EA, Marszalek J. Sequence-specific interaction between 
mitochondrial Fe–S scaffold protein Isu and Hsp70 Ssq1 is essential for their in vivo function. J Biol Chem. 
2004;279:29167–74.  

    125.    Andrew AJ, Dutkiewicz R, Knieszner H, Craig EA, Marszalek J. Characterization of the interaction between the 
J-protein Jac1 and the scaffold for Fe–S cluster biogenesis, Isu1. J Biol Chem. 2006;281:14580–7.  

    126.    Rodriguez-Manzaneque MT, Tamarit J, Belli G, Ros J, Herrero E. Grx5 is a mitochondrial glutaredoxin required 
for the activity of iron/sulfur enzymes. Mol Biol Cell. 2002;13:1109–21.  

    127.    Wingert RA, Galloway JL, Barut B, et al. Deficiency of glutaredoxin 5 reveals Fe–S clusters are required for 
vertebrate haem synthesis. Nature. 2005;436:1035–9.  

    128.    Mühlenhoff U, Gerl MJ, Flauger B, et al. The ISC proteins Isa1 and Isa2 are required for the function but not 
for the de novo synthesis of the Fe/S clusters of biotin synthase in  Saccharomyces cerevisiae . Eukaryot Cell. 
2007;6:495–504.  

    129.    Gelling C, Dawes IW, Richhardt N, Lill R, Mühlenhoff U. Mitochondrial Iba57p is required for Fe/S cluster 
formation on aconitase and activation of radical-SAM enzymes. Mol Cell Biol. 2007;28:1851–61.  

    130.    Martelli A, Wattenhofer-Donzé M, Schmucker S, Bouvet S, Reutenauer L, Puccio H. Frataxin is essential for 
extramitochondrial Fe–S cluster proteins in mammalian tissues. Hum Mol Genet. 2007;16:2651–8.  

    131.    Lu C, Cortopassi G. Frataxin knockdown causes loss of cytoplasmic iron-sulfur cluster functions, redox altera-
tions and induction of heme transcripts. Arch Biochem Biophys. 2007;457:111–22.  

    132.    Gerber J, Neumann K, Prohl C, Mühlenhoff U, Lill R. The yeast scaffold proteins Isu1p and Isu2p are required 
inside mitochondria for maturation of cytosolic Fe/S proteins. Mol Cell Biol. 2004;24:4848–57.  

    133.    Mühlenhoff U, Balk J, Richhardt N, et al. Functional characterization of the eukaryotic cysteine desulfurase 
Nfs1p from  Saccharomyces cerevisiae . J Biol Chem. 2004;279:36906–15.  

    134.    Bekri S, Kispal G, Lange H, et al. Human ABC7 transporter: gene structure and mutation causing X-linked 
sideroblastic anemia with ataxia (XLSA/A) with disruption of cytosolic iron-sulfur protein maturation. Blood. 
2000;96:3256–64.  

    135.    Cavadini P, Biasiotto G, Poli M, et al. RNA silencing of the mitochondrial ABCB7 transporter in HeLa cells 
causes an iron-deficient phenotype with mitochondrial iron overload. Blood. 2007;109:3552–9.  

    136.    Lange H, Lisowsky T, Gerber J, Mühlenhoff U, Kispal G, Lill R. An essential function of the mitochondrial 
sulfhydryl oxidase Erv1p/ALR in the maturation of cytosolic Fe/S proteins. EMBO Rep. 2001;2:715–20.  

    137.    Sipos K, Lange H, Fekete Z, Ullmann P, Lill R, Kispal G. Maturation of cytosolic iron-sulfur proteins requires 
glutathione. J Biol Chem. 2002;277:26944–9.  

    138.    Netz DJ, Pierik AJ, Stümpfig M, Mühlenhoff U, Lill R. The Cfd1-Nbp35 complex acts as a scaffold for iron–
sulfur protein assembly in the yeast cytosol. Nat Chem Biol. 2007;3:278–86.  

    139.    Balk J, Pierik AJ, Aguilar Netz D, Mühlenhoff U, Lill R. The hydrogenase-like Nar1p is essential for maturation 
of cytosolic and nuclear iron–sulphur proteins. EMBO J. 2004;23:2105–15.  

    140.    Balk J, Aguilar Netz DJ, Tepper K, Pierik AJ, Lill R. The essential WD40 protein Cia1 is involved in a late step 
of cytosolic and nuclear iron–sulfur protein assembly. Mol Cell Biol. 2005;25:10833–41.  

    141.    Srinivasan V, Netz DJA, Webert H, et al. Structure of the yeast WD40 domain protein Cia1, a component acting 
late in iron–sulfur protein biogenesis. Structure. 2007;15:1246–57.  

    142.    Johnstone RW, Wang J, Tommerup N, Vissing H, Roberts T, Shi Y. Ciao1 is a novel WD40 protein that interacts 
with the tumor suppressor protein WT1. J Biol Chem. 1998;273:10880–7.  

    143.    Huang J, Song D, Flores A, et al. IOP1, a novel hydrogenase-like protein that modulates hypoxia-inducible 
factor-1alpha activity. Biochem J. 2007;401:341–52.  

    144.    Christodoulou A, Lederer CW, Surrey T, Vernos I, Santama N. Motor protein KIFC5A interacts with Nubp1 and 
Nubp2, and is implicated in the regulation of centrosome duplication. J Cell Sci. 2006;119:2035–47.  

    145.    Song D, Lee FS. A role for IOP1 in mammalian cytosolic iron–sulfur protein biogenesis. J Biol Chem. 
2008;283:9231–8.  

    146.    Stehling O, Netz DJA, Niggemeyer B, et al. Human Nbp35 is essential for both cytosolic iron-sulfur protein 
assembly and iron homeostasis. Mol Cell Biol. 2008;28:5517–28.  

    147.    Philpott CC. Iron uptake in fungi: a system for every source. Biochim Biophys Acta. 2006;1763:636–45.  
    148.    Kaplan J, McVey War D, Crisp RJ, Philpott CC. Iron-dependent metabolic remodeling in  S. cerevisiae . Biochim 

Biophys Acta. 2006;1763:646–51.  
    149.    Babcock M, De Silva D, Oaks R, et al. Regulation of mitochondrial iron accumulation by Yfh1p, a putative 

homolog of frataxin. Science. 1997;276:1709–12.  
    150.    Kispal G, Csere P, Guiard B, Lill R. The ABC transporter Atm1p is required for mitochondrial iron homeostasis. 

FEBS Lett. 1997;418:346–50.  
    151.    Ueta R, Fujiwara N, Iwai K, Yamaguchi-Iwai Y. Mechanism underlying the iron-dependent nuclear export of 

the iron-responsive transcription factor Aft1p in  Saccharomyces cerevisiae . Mol Biol Cell. 2007;18:2980–90.  
    152.    Ueta R, Fukunaka A, Yamaguchi-Iwai Y. Pse1p mediates the nuclear import of the iron-responsive transcription 

factor Aft1p in  Saccharomyces cerevisiae . J Biol Chem. 2003;278:50120–7.  



50 M.U. Muckenthaler and R. Lill

    153.    Ojeda L, Keller G, Mühlenhoff U, Rutherford JC, Lill R, Winge DR. Role of glutaredoxin-3 and glutaredoxin-4 
in the iron-regulation of the Aft1 transcriptional activator in  Saccharomyces cerevisiae . J Biol Chem. 
2006;281:17661–9.  

    154.    Pujol-Carrion N, Belli G, Herrero E, Nogues A, de la Torre-Ruiz MA. Glutaredoxins Grx3 and Grx4 regulate 
nuclear localisation of Aft1 and the oxidative stress response in  Saccharomyces cerevisiae . J Cell Sci. 
2006;119:4554–64.  

    155.    Kumanovics A, Chen O, Li L, et al. Identification of FRA1 and FRA2 as genes involved in regulating the yeast 
iron regulon in response to decreased mitochondrial iron–sulfur cluster synthesis. J Biol Chem. 
2008;283:10276–86.  

    156.    Hausmann A, Samans B, Lill R, Mühlenhoff U. Cellular and mitochondrial remodeling upon defects in iron–
sulfur protein biogenesis. J Biol Chem. 2008;283:8318–30.  

    157.    Puig S, Askeland E, Thiele DJ. Coordinated remodeling of cellular metabolism during iron deficiency through 
targeted mRNA degradation. Cell. 2005;120:99–110.  

    158.    Rouault TA. The role of iron regulatory proteins in mammalian iron homeostasis and disease. Nat Chem Biol. 
2006;2:406–14.  

    159.    Allikmets R, Raskind WH, Hutchinson A, Schueck ND, Dean M, Koeller DM. Mutation of a putative mitochon-
drial iron transporter gene (ABC7) in X-linked sideroblastic anemia and ataxia (XLSA/A). Hum Mol Genet. 
1999;8:743–9.  

    160.    Puccio H, Koenig M. Friedreich ataxia: a paradigm for mitochondrial diseases. Curr Opin Genet Dev. 
2002;12:272–7.  

    161.    Puccio H, Simon D, Cossee M, et al. Mouse models for Friedreich ataxia exhibit cardiomyopathy, sensory nerve 
defect and Fe–S enzyme deficiency followed by intramitochondrial iron deposits. Nat Genet. 2001;27:181–6.  

    162.    Camaschella C, Campanella A, De Falco L, et al. The human counterpart of zebrafish shiraz shows sideroblastic-
like microcytic anemia and iron overload. Blood. 2007;110:1353–8.  

    163.    Olsson A, Lind L, Thornell LE, Holmberg M. Myopathy with lactic acidosis is linked to chromosome 12q23.3–
24.11 and caused by an intron mutation in the ISCU gene resulting in a splicing defect. Hum Mol Genet. 
2008;17:1666–72.  

    164.    Mochel F, Knight MA, Tong WH, et al. Splice mutation in the iron–sulfur cluster scaffold protein ISCU causes 
myopathy with exercise intolerance. Am J Hum Genet. 2008;82:652–60.  

    165.    Hwang PM, Bunz F, Yu J, et al. Ferredoxin reductase affects p53-dependent, 5-fluorouracil-induced apoptosis 
in colorectal cancer cells. Nat Med. 2001;7:1111–7.  

    166.    Gottlieb E, Tomlinson IP. Mitochondrial tumour suppressors: a genetic and biochemical update. Nat Rev 
Cancer. 2005;5:857–66.  

    167.    Rudolf J, Makrantoni V, Ingledew WJ, Stark MJ, White MF. The DNA repair helicases XPD and FancJ have 
essential iron–sulfur domains. Mol Cell. 2006;23:801–8.  

    168.    Andressoo JO, Hoeijmakers JH, Mitchell JR. Nucleotide excision repair disorders and the balance between 
cancer and aging. Cell Cycle. 2006;5:2886–8.  

    169.    Lukianova OA, David SS. A role for iron–sulfur clusters in DNA repair. Curr Opin Chem Biol. 
2005;9:145–51.      



51G.J. Anderson and G. McLaren (eds.), Iron Physiology and Pathophysiology in Humans, 
Nutrition and Health, DOI 10.1007/978-1-60327-485-2_3, 
© Springer Science+Business Media, LLC 2012

    T.  A.   Rouault ,  M.D.   (*)
     Molecular Medicine Program ,  Eunice Kennedy Shriver National Institutes of Child Health and Human 
Development ,   Bethesda ,  MD   20892 ,  USA  
  e-mail: rouault@mail.nih.gov    

  Keywords   Ferritin  •  Ferroportin  •  IRE  •  IRP1  •  IRP2  •  Posttranscriptional regulation  •  TfR    

   1 Introduction 

 Iron is an essential nutrient for all mammalian cells, and numerous proteins are dedicated to the 
uptake and distribution of iron within cells. As discussed in previous chapters, there are proteins that 
facilitate iron uptake, including transferrin receptors 1 and 2 (TfR1 and TfR2)  [  1  ]  and DMT1  [  2  ] , 
proteins dedicated to iron storage, including ferritin H and L chains  [  3,   4  ] , and an iron exporter, fer-
roportin  [  5,   6  ] . Most cellular proteins are synthesized in the cytosol and those that require an iron 
cofactor generally acquire their iron from the cytosolic iron pool. The nature of the cytosolic iron 
pool remains uncharacterized, as the iron is not associated with a specifi c known iron carrier mole-
cule. The iron in this accessible iron pool may be bound with low affi nity to abundant negatively 
charged molecules, including citrate and ATP. Because the cytosol of cells is a reducing environ-
ment, most cellular iron is likely in the ferrous (Fe 2+ ) rather than in the ferric (Fe 3+ ) state. Iron that 
enters the endosome in the transferrin cycle is initially in the ferric state, but an endosomal reductase, 
Steap3  [  7  ] , reduces it to ferrous iron, the form that is transported into cytosol by DMT1. When iron 
is taken up by ferritin, it is oxidized by ferroxidase activity of the ferritin H chain  [  3,   4  ] , which facili-
tates precipitation and storage of iron in the ferritin heteropolymer. 

 To ensure that iron supplies are suffi cient to support synthesis of new proteins and growth, cells 
coordinate iron uptake, storage, and export activities by regulating expression levels of the proteins 
responsible for these activities. Iron regulatory proteins 1 and 2 (IRP1 and IRP2) are homologous 
proteins that sense cytosolic iron levels and regulate expression of TfR1, one isoform of DMT1, fer-
ritin H and L chains, ferroportin and several other iron metabolism proteins (reviewed in  8–  10  ) . 
In cells that are iron starved, IRP1 and IRP2 bind to conserved stem-loop structures found in the 
mRNAs that encode these proteins, which are known as iron-responsive elements (IREs). In the fer-
ritin and ferroportin transcripts, the IREs are found in the 5 ¢ UTR near the cap-binding site where 
translation factors initially assemble. In TfR1 and DMT1, the IREs are found in the 3 ¢ UTR, a region 
of mRNA that is often important in determining the half-life of transcripts. The mechanism by which 
IRPs sense cytosolic iron levels and accordingly increase or decrease their capacity to bind to IREs 
is the major subject of this chapter.  
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   2 The IRE–IRP Regulatory System 

 The IRE–IRP regulatory system is based on the ability of cytosolic IRPs to affect the stability of a 
previously synthesized mRNA, or to alter the effi ciency with which a given transcript is translated. 
Unlike many cellular regulatory systems, most of the regulatory activity in the IRE–IRP system 
occurs post-transcriptionally  [  8–  10  ] . An important key to the system is that target transcripts have 
evolved to contain one or more IREs. An IRE consists of conserved sequence and structural fea-
tures  [  11–  13  ] . It contains an upper stem composed of fi ve base-paired residues that assume a heli-
cal structure, which is generally separated from a lower base-paired stem by an unpaired “bulged” 
cytosine near the 5 ¢  end. The bulged C divides the upper from the lower stem, functioning as a 
hinge that enables the upper and lower stems to fl exibly alter their relative alignments. In some 
IREs, such as those found in ferritin, the lower stem contains a second characteristic bulged “U” 
residue, which may further facilitate bending of the lower stem relative to the upper stem. In addi-
tion, IREs contain a six-membered loop, which contains a base-pair between residues 1 and 5 that 
structures the loop, enabling the A, G, and U residues at positions 2, 3, and 4 to protrude out 
(Fig.  3.1 ). The “bulged” C and the “AGU” pseudotriloop of the loop are distinctive molecular fea-
tures that are separated from one another by a fi xed distance and angle. They constitute the two 
major recognition features for binding by iron regulatory proteins  [  13,   14  ] . The bulged C fi ts into a 
binding pocket of domain 4 of IRP1, and the AGU residues fi t into a binding pocket that opens 
between domains 2 and 3 of apo-IRP1.  

 Mammalian cells contain two iron regulatory proteins, IRP1 and IRP2, which differ in the mecha-
nism by which they sense cellular iron status. IRP1 is a bifunctional protein, which, like IRP2, is 
expressed in virtually all mammalian cells. In cells that are iron replete, IRP1 contains a cubane 
iron–sulfur cluster and is a functional aconitase enzyme that interconverts citrate and isocitrate in 
cytosol, similar to the reaction catalyzed by mitochondrial aconitase in the citric acid cycle. Two 
distinct but homologous genes encode the cytosolic and mitochondrial aconitase genes. As there is 
also a distinct cytosolic isocitrate dehydrogenase, active cytosolic aconitase likely contributes to 

  Fig. 3.1    The IRE is an RNA 
stem-loop structure. The 
upper and lower stems are 
composed of Watson–Crick 
base-pairs which are in a 
helical conformation. In the 
six-membered loop, the C at 
position 1 of the loop forms a 
base-pair with the G at 
position 5. The C–G 
base-pair structures the loop, 
allowing the A, G, and U 
residues (denoted by 
 asterisks ) to form a 
pseudotriloop of residues that 
can form multiple hydrogen 
bonds with protein(s). The 
upper and lower stems are 
separated by an unpaired 
“bulge” C that confers 
fl exibility on the structure 
by interrupting the helix       
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extra-mitochondrial metabolism in several ways, particularly perhaps by facilitating NADPH 
synthesis by cytosolic isocitrate dehydrogenase  [  15  ] . The iron–sulfur cluster of cytosolic aconitase 
is crucial for aconitase activity, as it is one of the ligands for the substrates citrate and isocitrate, 
along with over 23 amino acid residues that line that enzymatic active site cleft  [  16,   17  ] . 

 The status of the iron–sulfur cluster is also the key to transformation of IRP1 into an IRE-binding 
protein, as the IRE-binding form lacks the cluster. The mechanism by which IRP1 converts into the 
apo-form devoid of an iron–sulfur cluster may involve the fundamental chemical properties of 
exposed iron–sulfur clusters. Iron–sulfur clusters are notoriously sensitive to oxidation events, which 
can cause spontaneous disassembly of the cluster. In the aconitases, iron–sulfur clusters are unusu-
ally sensitive to oxidation because the cluster is exposed to solvent  [  18  ] . Although disassembly of 
iron–sulfur clusters may depend on random oxidation events, it is also thought that disassembly of 
the cluster is facilitated when IRP1 is phosphorylated at serine 138  [  19,   20  ] . In contrast to cluster 
disassembly, numerous proteins dedicated to assembly of iron–sulfur clusters are expressed in mam-
malian cells and it is likely that the iron–sulfur cluster of cytosolic aconitase is reconstituted by 
reassembly after spontaneous degradation in cells, but only when cells contain suffi cient iron to 
resynthesize the cluster  [  21–  23  ] . 

 Loss of the iron–sulfur cluster of IRP1 permits IRP1 to undergo a conformational change that 
transforms it into an IRE-binding protein. Solution of the structure of the IRE bound to IRP1 con-
fi rmed that major conformational changes were required for acquisition of IRE-binding activity  [  13, 
  14  ]  (Fig.  3.2 ). The bulged C fi ts into a pocket within domain 4 of IRP1, which the RNA can access 
because domain 4 of apo-IRP1 (apo-IRP1 refers to IRP1 devoid of an iron–sulfur cluster) rotates on 
a hinge linker that connects it to domains 1–3. Opening of the active site cleft allows the residues that 
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  Fig. 3.2    IRP1 functions as a cytosolic aconitase or an IRE-binding protein. When IRP1 contains an iron–sulfur cluster, 
it functions as a cytosolic aconitase, whereas upon loss of the cluster, it undergoes a signifi cant conformational change 
that enables it to bind IREs with high affi nity. The bulged C of the IRE fi ts into a pocket in domain 4, whereas residues 
of the pseudotriloop reach into a pocket opened by movement of domain 3 relative to domain 2       
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normally face into the aconitase active-site cleft to interact with large molecules that would otherwise 
be excluded from the narrow cleft. Another important change occurs between domains 2 and 3 in 
apo-IRP1, where conformational changes create a pocket that accommodates the unpaired AGU 
residues of the loop. Most of the important RNA–protein interactions occur between the bulged C 
and its binding pocket, and the AGU pseudotriloop and its pocket, and the multiple hydrogen bonds 
at both sites (about 12 per site) account for the very high-affi nity binding (in the picomolar range) 
that has been observed  [  13  ] . Thus, IRP1 functions as an aconitase when it contains an intact iron–
sulfur cluster, whereas it functions as an IRE-binding protein when it lacks an iron–sulfur cluster.  

 IRP2 is a second IRE-binding protein that is highly homologous to IRP1 and binds with high 
affi nity to IREs  [  24,   25  ] . However, unlike IRP1, IRP2 does not appear to have another function or 
to bind an iron–sulfur cluster. In addition, IRP2 is very diffi cult to fi nd in iron-replete cells, 
because it undergoes iron-dependent degradation in vivo  [  26,   27  ] . Complicating matters further, 
IRP2 is subject to rapid degradation in lysates that contain iron and are exposed to oxygen, and 
analysis of IRP2 levels and binding activity can be misleadingly low unless assays are performed 
in lysates that contain a strong iron chelator such as desferrioxamine, or in lysates that are made 
and tested under anaerobic conditions  [  28  ] . The initial step of iron-dependent degradation of IRP2 
in cells likely involves some type of iron-dependent oxidation, but its exact nature is not known 
 [  29  ] . Although there is agreement that the degradation pathway of IRP2 involves ubiquitination 
and proteasomal degradation, the initial identifi cation of the ubiquitin ligase  [  30  ]  has been dis-
puted  [  31  ] . IRP2 contains a 73 amino acid insertion relative to IRP1 that was initially thought to 
be important for degradation  [  26  ] , but it appears that features outside of this cysteine- and proline-
rich domain are more important for iron-dependent degradation  [  32,   33  ] . Thus, much remains to 
be discovered about the intracellular iron-dependent degradation pathway of IRP2. Nevertheless, 
IRP2 levels and binding activity appear to accurately refl ect cytosolic iron status, and since the 
intracellular iron pool that is sensed by IRP2 cannot be directly measured, IRP2 levels often are 
used to indirectly assess intracellular iron levels. 

 Thus, in iron-replete cells, IRE-binding activities of both IRP1 and IRP2 are reduced, either 
because insertion of an iron–sulfur cluster promotes a conformational change, or an iron-dependent 
modifi cation promotes degradation by the ubiquitin–proteasome system. In each case, IRE-binding 
activity correlates with levels of iron in the cytosolic pool of iron. Both IRP1 and IRP2 bind to most 
IREs with similar affi nity and they therefore each have the potential to provide backup to a system 
that relies on their combined binding activity. In iron-starved cells, IRP binding represses translation 
of mRNAs that contain IREs near the 5 ¢  end of the transcript, including ferritin and ferroportin  [  34  ] , 
whereas it stabilizes the transcript of TfR1 and thereby increases expression of TfR1 protein. These 
changes are appropriate for intracellular iron homeostasis, as expression of ferritin should be dimin-
ished in cells that are iron starved, whereas expression of TfR1 should be increased to bring more 
iron into the cell (Fig.  3.3 ).  

 Many questions have been raised about the specifi city of binding of each IRP for different IRE 
targets  [  12,   35  ] , with the hypothesis advanced that IRP2 binds well to ferritin-type IREs that contain 
a complex bulge in the lower stem, but not to simple IREs in which helical base-pairs in the upper 
and lower stems are separated only by the bulged C. A major difference between IREs of ferritin and 
other IREs is that ferritin IREs have an unpaired U in a position two residues 5 ¢  of the bulged C. 
Since nucleotides that are exposed and are not engaged in base-pairing mediate most contacts with 
RNA binding proteins, the unpaired U has the potential to be important in specifi city  [  13  ] . IRP1 and 
IRP2 were equally effi cacious in translationally repressing ferritin expression in one study  [  36  ] , sug-
gesting that both IRPs contribute to translational regulation of ferritin. Questions about specifi city 
cannot be defi nitively resolved using in vitro studies, but target specifi cities can be assessed in ani-
mals engineered to lack either IRP1 or IRP2. These studies revealed that IRP2 has a major role in 
regulation not only of ferritin IREs, but also of other transcripts that contain simple IREs such as the 
TfR1 transcript  [  37  ]  and the eALAS transcript  [  38  ] , as is discussed below.  
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   3 The Role of IRPs in Physiology 

 Based on experiments performed in cell lines, it was not clear what role each IRP played in physiology 
and it seemed likely that each IRP would have the ability to function as a backup for the other. 
However, targeted deletion of the IRP1 or IRP2 genes yielded very different phenotypes in mice. 
Somewhat unexpectedly, the IRP1 “knockout” mouse appeared to have fairly normal iron status in 

  Fig. 3.3    IRP binding to IREs results in repression of translation of ferritin and stabilization of the TfR1 mRNA. In 
iron-depleted cells, IRPs bind to the ferritin IRE at the 5 ¢  end of the transcript and interfere with assembly of transla-
tion initiation factors. Ferritin IREs typically have a bulged C, and an unpaired U, as depicted. In the TfR1 mRNA, 
there are fi ve IREs, each of which can bind an IRP. Binding of IRPs protects the transcript from being cleaved by an 
endonuclease. Upon cleavage, the mRNA cleavage products are rapidly degraded       
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most tissues  [  28  ] . In contrast, the IRP2 “knockout” mouse (Irp2 −/− ) developed a mild microcytic 
anemia  [  38,   39  ]  and progressive adult-onset neurodegeneration characterized by an abnormal gait 
and tremor  [  37  ] . The symptoms and neuropathologic changes in Irp2 −/−  animals are subtle and pro-
gressive. One group suggested that their mice did not develop “symptomatic” neurodegeneration, 
although they reported a signifi cant compromise in motor abilities of their mouse based on testing 
with a rotarod, which indicated that their mice were not neurologically normal  [  40  ] . In the erythroid 
cells and brain tissue of Irp2 −/−  mice, ferritin levels are high, whereas Tfr1 levels are low, consistent 
with the results expected if there is a marked decrease in IRE-binding activity. Since Irp1 is present 
in the affected tissues in mice, it was interesting to observe that Irp1 is mainly in the cytosolic aco-
nitase form in mammalian tissues, and it does not readily convert to the IRE-binding form in the 
tissues of iron-starved mice, even in the absence of Irp2  [  28  ] . 

 Since activation of the IRE-binding activity of IRP1 was repeatedly observed in cell lines that 
were treated with iron chelators or otherwise deprived of iron, it was initially diffi cult to reconcile 
the results of multiple tissue culture experiments with the phenotypes of Irp −/−  animals. However, 
culture of cells under different oxygen concentrations yielded an important insight into IRP activi-
ties. Because oxygen must be transported over signifi cant distances to various tissues by heme in red 
cells, mammalian tissues are exposed to oxygen concentrations far below those in the atmosphere. 
At oxygen concentrations similar to those of mammalian tissues (oxygen concentrations of 3–6% 
compared to atmospheric concentrations of 21%), it is diffi cult to induce IRE-binding activity of 
IRP1, even by starving cells of iron. It is likely that the inability to activate IRE-binding activity of 
IRP1 is related to the fact that the iron–sulfur cluster is more stable at lower oxygen concentrations. 
Conversely, levels of IRP2 increase signifi cantly in cells that are maintained at low oxygen concen-
trations, perhaps because the degradation pathway of IRP2 appears to be initiated by an oxidation 
event. The contrary effects of low oxygen on the IRE-binding activities of IRP1 compared to IRP2 
can explain much about the phenotypes of Irp −/−  mice  [  41  ] . At normal tissue oxygen concentrations 
(3–6% O 

2
 ), IRP1 mainly functions as an aconitase, contributing less than half of total IRE-binding 

activity in most tissues, whereas IRE-binding activity of IRP2 increases concomitantly with an 
increase in protein levels at low tissue oxygen concentrations. 

 Although the differential effects of low tissue oxygen concentrations on IRE-binding activities of 
the two IRPs explain much about the phenotypes of Irp1 −/−  and Irp2 −/−  animals, there is yet another 
feature that is crucial in developing iron misregulation and the phenotypes of these mice. In Irp1 −/−  
animals, Irp2 levels increase such that total IRE-binding activity levels almost equal the IRE-binding 
activities contributed by both Irp1 and Irp2 in wild-type animals  [  41  ] . Increased Irp2 levels compen-
sate for the loss of Irp1 and its IRE-binding activity. It is not clear how Irp2 levels increase, but it is 
possible that loss of Irp1 and its IRE-binding activity leads to a minor increase in ferritin synthesis 
and a concomitant decrease in Tfr1 levels, resulting in a subtle diminution of cytosolic iron pools. 
Since Irp2 levels appear to correlate directly with cytosolic iron levels, the increase in Irp2 levels 
may directly refl ect and oppose this subtle iron depletion. 

 In animals that lack both Irp2 alleles and one functional Irp1 allele, the anemia and neurodegen-
erative symptoms previously observed in Irp2 −/−  are much more severe. In addition, ferritin levels are 
higher, and Tfr1 levels are lower than in Irp2 −/−  mice  [  42  ] . These results suggest that both IRP1 and 
IRP2 contribute to regulation of target transcripts, a conclusion supported by the fact that animals 
that are bred to lack both alleles of Irp1 and Irp2 die at the blastocyst stage of development, before 
embryos have developed suffi ciently to implant in the uterus  [  43  ] . Thus, the IRE–IRP system is 
indispensable in animals at the earliest stages of development. To analyze the effects of IRPs in 
specifi c tissues, animals were generated in which IRP activity could be eliminated in specifi c tissues. 
Animals engineered to lack IRP activity in the intestinal mucosa died within weeks of birth and 
levels of ferroportin in the intestinal mucosa were abnormally high, indicating that ferroportin is a 
true target of the IRP regulatory system  [  44  ] . 
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 The reason that neurons and red cells are compromised by loss of IRPs is likely because these 
cells are functionally iron starved. When ferritin is over-expressed, it competes with other proteins 
for iron, and sequesters iron that could otherwise be used for synthesis of proteins and prosthetic 
groups such as heme  [  45  ] . The fact that ferritin competes with other proteins for iron and effectively 
sequesters iron may be the central reason that ferritin translation is repressed by IRPs in iron-
defi cient cells. In the absence of IRE-binding activity, not only does ferritin expression increase, but 
iron uptake simultaneously decreases, which contributes further to iron depletion. Thus, cells that 
lack suffi cient IRE-binding activity can misallocate iron reserves, allowing ferritin to sequester iron 
that should be available to meet basic metabolic needs, even though incoming iron supplies are also 
diminished.  

   4 The Evolution and Scope of the IRE–IRP System 

 The IRE–IRP regulatory system coordinates iron metabolism in a sophisticated and highly sensitive 
manner in mammalian cells, but the regulatory system does not appear to be well developed in lower 
animal forms or simple eukaryotes. There is no cytosolic aconitase in  Saccharomyces cerevisiae , 
and although there is a cytosolic aconitase in  Caenorhabditis elegans , there is no evidence that the 
 C. elegans  aconitase can function as an IRE-binding protein  [  46  ] . Ferritin IREs are present in meta-
zoans, including sea anemones and sponges, but these organisms do not contain IREs in other tran-
scripts  [  47  ] . In  Drosophila melanogaster , there are two cytosolic aconitases, one of which binds 
IREs  [  48  ] , and there is evidence that IRE-binding activity regulates synthesis of ferritin and succi-
nate dehydrogenase in fl ies  [  49  ] . Thus, fl ies contain a rudimentary IRE–IRP system. 

 Since the IRE–IRP system is highly developed in mammalian cells, many of its characteristics 
must have evolved in mammals. As cytosolic aconitase activity, but not IRE-binding activity, is 
found in worms  [  46  ] , it is likely that the IRE–IRP system developed by exploiting the potential 
instability of the iron–sulfur cluster of cytosolic aconitase. The cubane iron–sulfur cluster of cytoso-
lic aconitase can be readily oxidized by superoxide, oxygen, nitric oxide, and other oxidants 
(reviewed in  [  8,   9  ] ). When these oxidants remove an electron, the entire structure of the cluster is 
destabilized and it spontaneously disintegrates. Proteins dedicated to the synthesis of iron–sulfur 
clusters likely provide replacement clusters to cytosolic aconitase when the iron–sulfur clusters 
undergo oxidative degradation  [  22,   23  ] . However, if these iron–sulfur cluster assembly proteins 
obtain their iron from the cytosolic iron pool, and the pool has become depleted of iron in the time 
that elapsed since initial synthesis and cluster degradation, cells may be unable to synthesize a 
replacement iron–sulfur cluster. Failure to replace the iron–sulfur cluster of IRP1 would result in a 
buildup of apoprotein. In the absence of the iron–sulfur cluster, the apoprotein form of IRP1 may 
assume new conformations, because the cluster constrains the conformational space. It does this by 
binding to three cysteines of cytosolic aconitase as well as the substrates citrate and isocitrate. The 
substrates bind both to the cluster and to residues on the opposite side of the active-site cleft. 
Accumulation of apoprotein in cells would be expected to correlate with development of iron deple-
tion. Thus, if this apoprotein could be recruited into a process that would reverse the iron depletion, 
it could offer cells a competitive advantage  [  50  ] . 

 How might accumulation of the apoprotein form of cytosolic aconitase work to reverse cellular 
iron depletion? Since the apoprotein accumulates in the cytosol, it could either act upon transcripts 
in the cytosol, or it could be transported to the nucleus to function as a transcriptional repressor or 
activator. Transport into the nucleus would require developing a specialized nuclear transport signal, 
whereas acting upon cytosolic transcripts would require no extra modifi cations in the apoprotein 
form of cytosolic aconitase. In addition, the apoprotein would be in the correct location to resume its 
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enzymatic activities if the iron–sulfur cluster was repaired or replaced. To transform the apoprotein 
into an important regulatory molecule, targets that would fi t the conformation of the apoprotein 
likely had to evolve. 

 In eukaryotic mRNAs, the 5 ¢  and 3 ¢ UTRs can evolve rapidly, as these portions of the mRNA are 
not constrained by the specifi c sequence requirements of protein-coding regions. If mutations in the 
5 ¢ UTR produced an RNA stem-loop that could be bound tightly by the apo form of cytosolic aco-
nitase, that RNA stem-loop might be retained in evolution. For example, ferritin H and L chains 
contain an IRE near the 5 ¢  end of the transcript, and binding by apo-IRP1 inhibits translation by 
interfering with assembly of the translation machinery. Repression of ferritin synthesis produces a 
desirable result for cells because ferritin does not compete with other proteins to bind iron. Similarly, 
an IRE could have evolved near the 5 ¢  end in ferroportin, since cells that are iron depleted need to 
hoard iron rather than allow their iron to be exported from the cell. As 3 ¢ UTRs tend to contain ele-
ments that determine the rate of mRNA decay, binding of apoprotein in the 3 ¢ UTR could interfere 
with degradation processes and could lengthen the mRNA half-life in transcripts such as TfR1. 
Increasing the levels of TfR1 mRNA results in increased TfR1 biosynthesis, which reverses cellular 
iron depletion by enhancing iron uptake. 

 As IREs in different transcripts differ from one another, particularly in the sequences that 
provide base-paired stems and structure, it is reasonable to suggest that each IRE arose as an inde-
pendent evolutionary selection event. This scenario is compatible with the discovery of IREs in 
many different transcripts in many different species  [  47  ] . A functional IRE present in the mito-
chondrial aconitase transcript reduces synthesis of this iron–sulfur protein when cells have dimin-
ished iron stores  [  51–  53  ] . IREs that likely affect mRNA half-life have been found in one transcript 
of DMT1  [  54  ]  and in the cell cycle protein Cdc14a  [  55  ] . In addition, a functional IRE is present 
in the 5 ¢ UTR of the hypoxia inducible factor 2  α  (HIF2  α ) transcript  [  56  ] . The discovery of an IRE 
in the HIF2  α  transcript is important, because HIF1 and 2  α  are important oxygen sensors that 
regulate transcription of numerous genes involved in the switch from normoxia to hypoxia, includ-
ing glycolysis enzymes and the production of erythropoietin, the major growth factor that regu-
lates erythropoiesis  [  57  ] .  

   5 Diseases and the IRE–IRP System 

 Several diseases in humans and mice are caused by problems with the IRE–IRP regulatory system. 
Humans that have mutations in the ferritin L chain develop hereditary hyperferritinemia and bilateral 
cataract syndrome  [  58  ] . They have markedly elevated serum ferritin levels and cataracts, but they do 
not have other more serious symptoms. The reason for high serum ferritins is that these patients have 
mutations in the ferritin L chain IRE that reduce the ability of IRPs to bind and to repress translation. 
The severity of disease correlates with the reduction of IRE-binding ability  [  9  ] . 

 Mice that lack Irp2 develop microcytic anemia, erythropoietic protoporphyria, and adult-onset 
neurodegeneration. These phenotypes arise as a result of increased ferritin, decreased TfR1 expres-
sion, and misregulation of other known IRP targets such as eALAS  [  38  ] , ferroportin  [  44  ] , and per-
haps HIF2  α . The IRP2 gene is located on human chromosome 15q25, and thus far, no mutations of 
IRP2 have been described that cause human disease. However, it is fairly likely that mutations or 
deletions of IRP2 will prove to be a cause of human disease, as many diseases characterized by 
anemia and neurodegeneration are not yet well understood. The incentive to fi nd such diseases is 
high, because studies in the mouse Irp2 −/−  mouse have demonstrated that the neurologic compromise 
of Irp2 −/−  animals can be prevented. When animals are treated with the stable nitroxide, Tempol, 
normal regulation of ferritin and Tfr1 is restored in the brain. Tempol can be supplied by supplementation 
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of food, as Tempol is absorbed in the duodenum and crosses the blood-brain barrier. In cells, it 
causes disassembly of the iron–sulfur cluster of IRP1, which converts IRP1 into the IRE-binding 
form and counteracts the defi ciency of IRE-binding activity caused by loss of IRP2  [  59  ] . 

 In cancer syndromes such as Von-Hippel Lindau (VHL) disease, many of the features of the renal 
cancer are thought to be attributable to high levels of HIF2  α , which is normally ubiquitinated by the 
VHL complex in normoxic cells  [  60  ] . HIF2  α  is a transcription factor that increases expression of 
glycolysis enzymes, erythropoietin, VEGF, and numerous other genes. In normoxic cells, an iron-
dependent prolyl hydroxylase modifi es HIF residues, which then enables the VHL ubiquitination 
complex to bind to HIF and mark it for degradation. The fact that HIF2  α  has an IRE in the 5  UTR 
 [  56  ]  links its expression to the IRE–IRP system and indicates that reagents such as Tempol might be 
useful in treatment of VHL renal cancer.  

   6 Transcriptional Regulation of Iron Metabolism Genes 

 Although posttranscriptional regulation of TfR1, ferritin, and other IRP targets is very important in 
intracellular iron homeostasis, transcription of these genes is also regulated. In TfR1, several HIF-
binding sites are important in transcription  [  61,   62  ] , with transcription of TfR1 increasing in cells 
that over-express HIF1 α   [  63  ] . More recently, it has been reported that HIF2 α  is required to tran-
scriptionally activate DMT1 and Dcytb in response to iron defi ciency  [  64  ] . Thus, HIF1 and 2 α  
increase transcription of targets such as TfR1, DMT1, and Dcytb. Interestingly, HIF α  inhibits tran-
scription of hepcidin  [  65  ] . 

 In addition to the emerging role of HIF  α  transcription factors, other transcription factors impor-
tant in iron metabolism include Stat 5, Nrf2, and SMAD4. Both TfR1 and IRP2 are transcriptional 
targets of the signal transducer and activator of transcription, Stat5, in erythroid cells, which enables 
signaling through the erythropoietin receptor to increase expression of both TfR1 and IRP2  [  66  ] . 
Increased transcription of both ferritin H and L chains is mediated by the transcription factor Nrf2 
in response to oxidants and prooxidant xenobiotics  [  67,   68  ] , which helps cells to avert some of the 
damage associated with oxidative stress by sequestering iron and reducing its participation in Fenton 
chemistry. Much remains to be learned about transcriptional regulation of genes that are important 
in iron metabolism. For instance, transcriptional regulation of ferroportin is clearly important, par-
ticularly in the intestinal mucosa  [  69  ] , but this is poorly understood. Studies of the hepcidin pro-
moter demonstrate important roles for Stat 3  [  70,   71  ] , for SMAD4  [  72  ]  and for HIF α   [  65  ] .  

   7 Posttranscriptional Modifi cations of IRPs 

 Both IRP1 and IRP2 have been observed to undergo phosphorylation and the phosphorylation status 
potentially affects function. In IRP1, phosphorylation at serine 138 destabilizes the iron–sulfur clus-
ter and facilitates conversion to the IRE-binding form  [  19,   20  ] . Phosphorylation of IRP1 at serine 
711 inhibits the conversion of citrate to isocitrate  [  19  ] . IRP2 also undergoes phosphorylation in cells 
treated with phorbol esters  [  73  ] . This phosphorylation occurs at serine 157 and is coordinated with 
cell cycle progression, with phosphorylation mediated by Cdk1/cyclin B and dephosphorylation 
mediated by Cdc14a. The phosphorylation reduces the IRE-binding activity of IRP2 during mitosis, 
which increases ferritin synthesis and reduces TfR1 synthesis, perhaps to diminish free iron and 
iron-dependent oxidation events during a time when the DNA of the cell is exposed and vulnerable 
to damage  [  74  ] .  
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   8 Summary 

 The IRE–IRP regulatory system is found in rudimentary form in fl ies, but its breadth and importance 
in regulation of cytosolic iron status is most extensive in mammalian cells. The regulatory system is 
based mainly on the ability of IRP1 and IRP2 to change their ability to bind to IREs in various tran-
scripts, depending on cellular iron status. Binding to an IRE in the 5 ¢ UTR of transcripts generally 
represses translation, whereas binding to IREs in the 3 ¢ UTR likely generally increases mRNA stabil-
ity. Functional IREs are found in numerous transcripts of iron metabolism genes and it is likely that 
the list of IRE-containing target transcripts will continue to grow as new genes are found and 5 ¢  and 
3 ¢ UTRs are carefully sequenced and analyzed.      
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   1 Introduction 

 Ferritins are important in both iron and oxygen metabolism, based on patterns of gene regulation and 
protein function. The DNA is regulated by oxidants and is coordinated with other antioxidant 
response genes  [  1  ] . The mRNA function regulated by iron and oxygen  [  2–  4  ]  with direct sensing of 
ferrous ion in the repressor (IRP) complex  [  5  ] , is coordinated with iron traffi cking and oxygen 
metabolism mRNAs  [  6  ] . Ferritin protein converts both cytoplasmic iron (Fe 2+ ) and oxygen (O 

2
 ), into 

catalytic product, and mineral precursors in ~2:1 ratio  [  7  ] . A mineral with 2,000 Fe has consumed 
almost 1,500 dioxygen molecules in mineral formation, decreasing, at least locally, both iron and 
oxygen in the cytoplasm. The antioxidant function of ferritin mineralization is even more extreme in 
bacterial Dps proteins where Fe 2+  and H 

2
 O 

2
  are used to form the ferric oxy mineral. The reaction is 

a defense mechanism pathogenic bacteria used to resist macrophage H 
2
 O 

2
  released in the oxidative 

burst  [  8  ] . Heme as both an oxidant and iron source induces both transcription and translation of fer-
ritin DNA and mRNA with synergistic effects on ferritin expression  [  9  ] . 

 Ferritins are multifunctional protein nanocages with catalytic sites, mineralization sites, and 
gated exit pores (Fig.  4.1 ). Several of the properties are shared with other protein families such as 
the diiron/dioxygen catalysts and gated ion channels. The fi rst step, and some of the intermediate 
steps, is now understood at the molecular level (Fig.  4.2 ) However, almost nothing is known about 
where protons and electrons, involved in mineral formation or dissolution, move into or out of the 
protein cage.    

    Chapter 4   
 Concentrating, Storing, and Detoxifying Iron: 
The Ferritins and Hemosiderin       

         Elizabeth   C.   Theil           
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   2 Tissue Ferritins 

   2.1 Ferritin Iron Concentration and the Detoxifi cation of Iron and Oxygen 

 Each tissue contains a specifi c member of the ferritin family, based on the differential expression of 
the two types of cytoplasmic genes in animals (H and L) and H in all other organisms form archaea 
to higher plants  [  7,   10  ] ; nomenclature of the multiple H type subunits found in many organisms has 
not been standardized and they are named H, H ¢ , M or H-1, H-2, etc. In catalytically active eukary-
otic ferritins, a long, ferric post-oxidation channel has been discovered that facilitates reactions 
between catalytic products while still inside the protein cage, so that ferric iron emerging into the 
cavity is already a mineral nucleus. Iron mineralization of the different protein nanocages is accom-
plished by the synthesis of protein subunits, self-assembly of protein nanocages, and the reaction of 
Fe 2+  with O 

2
  (or H 

2
 O 

2
 ) either catalytically (ferritin H), or by mass action (ferritin L). Thus, two of the 

more abundant substrates for oxy radical formation, iron and oxygen, are detoxifi ed in the same 
reaction. The solid mineral phase of ferritin is an iron concentrate by virtue of the fact that the water 
bound to Fe 2+  ions in solution is released during linking (hydrolysis) of hydrated ferric ions during 
mineralization, a process similar to rust formation [the resulting bridges between the Fe 3+  atoms are 
O or O(H)]. The ferritin catalytic substrates, iron and oxygen, explain why genetic regulation of ferritin 
expression is linked to both antioxidant and iron genes.  

  Fig. 4.1    The ferritin protein 
cage. Sites of Fe entry, Fe 
exit, and the FeO mineral are 
indicated       

  Fig. 4.2    The Fe 2+  cycle in 
ferritin. The steps in the cycle 
of Fe 2+  oxidation, 
mineralization, and reduction 
in ferritin are shown. All of 
the Fe steps are known from 
Mossbauer spectroscopy, but 
to date, only the diferric 
peroxo (DFP) has been fully 
characterized (Reviewed in  [  5  ] )       
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   2.2    Structure: The Role of Subunits 

 The H type subunits of cytoplasmic ferritins, mitochondrial ferritins  [  11,   12  ] , plastid ferritins 
(plants), and bacterial ferritins (± heme) are enzymatically (ferroxidase) active and named ferritin 
H subunits, while in humans and other animal ferritins, a second subunit type L is synthesized that 
is catalytically active. Animal ferritins are coassembled from H and L types subunits, in some 
cases, with three types of subunits H, H ¢ (M) and L. The ratio of H:H ¢ (M): L subunits is specifi c to 
each cell type and by prediction which is assumed to match rates of iron mineralization to specifi c 
cell metabolism. The terms H and L subunits in animals have had several defi nitions. First, when 
ferritin was studied in tissues with high ferritin abundance, H was defi ned as Heart, and L as Liver 
 [  13  ] . Later, when ferritin was studied in more animal tissues, and when biochemical methods 
improved, H was defi ned as higher and L as lower during denaturing gel electrophoresis or, based 
on mass, H as heavier and L as lighter. When cloning allowed sequence identifi cation of the differ-
ent electrophoretic species in ferritin, a very complex relationship was revealed between ferritin 
subunit mass and mobility during denaturing gel electrophoresis. In addition, the discovery of the 
ferroxidase (Fe/O 

2
  oxidoreductase) sites revealed another ferritin H and L subunit difference  [  7,   10  ] . 

Thus, subunit size, subunit mobility, and catalytic activity coincide with subunit mass in humans, 
with ferritin H the  h eavier, the  h ighest after denaturing gel electrophoresis, and with higher iron 
oxidation rates. However, the coincidence is not universal. For example, catalytically active and 
inactive subunits can have the same electrophoretic mobility in pig  [  14  ] , or have reversed mobility 
in mouse  [  15  ] , or have different mobilities and the same mass in frogs  [  16  ] . However, the sequence 
characteristics of ferritin H associated with the ferroxidase sites and high iron oxidation rate (catal-
ysis) are constant and provide the most reliable defi nition of the ferritin  H  subunit. Ferritin  L , then, 
is defi ned as low oxidation rate. The range of H:L subunits in human tissue ferritins varies from 
10:1 (erythroid, heart) to 0.2:1 (in liver) and 0.12:1 in horse spleen  [  13,   17–  21  ] . Physiological con-
sequences of different H:L subunit ratios in different tissues remain obscure even with the multiple 
experimental approaches used, for example, genetic ablation, RNA inhibition, and solution studies 
of the isolated proteins. H and L subunit sequences may be a fertile area in systematic genomics 
exploration. There are many, many ferritin sequences known in vertebrates, for example, only some 
of which are known pseudogenes. Possibly among the rest that remain uncharacterized in humans, 
for example, is an intron-containing mitochondrial ferritin gene  [  11  ]  and a cytoplasmic H ¢ (M) gene 
that was obscured by different introns and exons.  

   2.3 Experimental Analyses of Ferritin H and L Function 

 Genetic alterations, experimental or spontaneous, indicate participation of both ferritin H and L 
genes in normal physiology. For example, ferritin H gene deletion is embryonic lethal in mice, but a 
mouse with ferritin L gene deletion has yet to be obtained. (Is the deletion lethal to embryonic stem 
cells?) In addition, mutations in ferritin H and ferritin L genes are associated with different abnor-
malities in the eye  [  22–  24  ]  and central nervous system  [  3,   25,   26  ] . In one case of a ferritin L muta-
tion, the protein was associated with abnormal iron fl ux and consequent oxidative damage  [  27  ] . 
Further, RNA inhibition in cultured mammalian cells indicates that ferritin H enhanced resistance to 
oxidative stress and modifi ed iron pools, while ferritin L infl uenced cell division rates  [  28  ] . Finally, 
recent observations indicate that ferritin can interact with microtubules  [  29  ] , suggesting that one 
ramifi cation of changing the H:L subunit ratio in ferritin could be integration with cell-specifi c fea-
tures of the cytoskeleton. 
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 Why animals have a gene encoding a catalytically inactive ferritin L subunit, in contrast to 
multiple, catalytically active ferritin H subunits in plant tissues and in bacteria, remains a puzzle 
after decades of study at the genetic, cellular, and biochemical levels. Without such information, 
sorting out the physiological signifi cance of cell-specifi c variations in ferritin H and ferritin L expression 
 [  13,   17–  21  ]  is a formidable task. Until then, the impact of disease on ferritin H and L expression, for 
example, chronic exposure to excess iron  [  30–  32  ]  will be diffi cult to explain.  

   2.4 Fe Uptake    and Fe/O Catalysis 

 Iron is concentrated in the cavity of ferritin protein nanocages by translocating ferric oxo-bridged 
dimers from the active sites in the middle of protein subunits to the cavity (Figs.  4.1  and  4.2 ), or, in 
L ferritins, by diffusion of Fe 2+  into the cavity  [  33  ]  where the other substrate, dioxygen, is dissolved 
in the buffer. After the 2 Fe +2 /O 

2
  reaction, hydrated ferric ions can bind to glutamate carboxylate side 

chains and react with other ferric ions to form Fe 3+ -O-Fe 3+  bridges by releasing H 
2
 O and after many 

such reactions, building hydrated ferric oxide minerals. Mineralization in L ferritins occurs without 
hydrogen peroxide release  [  34,   35  ] . 

 Fe 3+ O complexes reach the large, central, ferritin cavity, after catalytic reactions of Fe 2+  with diox-
ygen at active sties of ferritin H subunits; in the mini-ferritins (Dps proteins), the oxidant is usually, 
but not always, hydrogen peroxide. The catalytic reaction products in eukaryotic ferritins, Fe 3+ –O–Fe 3+  
dimers (ferritin H) react with the products of subsequent catalytic reactions, while still inside post-
oxidation, nucleation channels 20 Ả long; the channels connect the active sites to the cavity  [  36  ] . 
Phosphate, in the buffer or cell environment, is also incorporated into the mineral in rough proportion 
to the ambient concentration to build up the solid phase (mineral concentrate)  [  10,   37,   38  ] . 

 The buildup of large ferritin minerals in the cavity of eukaryotic ferritins, using the mineral 
nuclei, is an obscure process as it is for calcium and phosphate in bone and tooth. In the ferritin 
biomineral, both protons and water are released as the iron mineral “hardens” similarly to “rust” or 
ferrihydrite. So many protons are released during ferritin mineral synthesis that unless buffer capaci-
ties are adjusted, proton release is suffi cient to acidify the solution (<pH 4) and precipitate the pro-
tein. How the local acidity associated with ferritin mineralization is buffered in vivo is unknown. 
Since iron and oxygen are both consumed in making the mineral, ferritin is literally an antioxidant 
that minimizes oxidative stress and detoxifi es both iron and oxidant (O 

2
 ) by the synthesis of the 

solid, oxy mineral; reactions at the mineral surface are blocked by the protein cage. The mineraliza-
tion process is different in heme-containing bacterioferritins  [  39  ] , as well as in bacterial mini-ferritins 
(half the number of subunits)  [  7,   8  ] , also called Dps proteins. While mini-ferritins have a similar 
function of trapping iron and oxidants in the mineral, the different active sites are between subunits, 
rather than buried inside, and the substrates are often H 

2
 O 

2
  and Fe 2 +  [  40  ] ; some mini-ferritins such 

as those in  B. anthracis  use dioxygen with Fe 2+  in the catalytic reactions  [  41  ] . The entry and exit 
pores in mini-ferritins are similar to those in eukaryotic ferritins  [  42  ] . 

 The use of recombinant, protein nanocages composed entirely of one or the other subunit has 
provided some clues about H and L ferritin function. The enzymatic activity of ferritin H type sub-
units, for example, couples 2Fe 2+  with O 

2
  (or H 

2
 O 

2
  in mini-ferritins) to produce mineral precursors 

in the protein cage, Fe 3+ –O(H)–Fe 3+ . The reaction is very fast (ms) and rapidly removes ferrous ions 
and oxygen from the cytosol (2Fe 2+ :O 

2
 ) (Fig.  4.2 ) or, in the case of bacterial mini-ferritins, ferrous 

ions and hydrogen peroxide from the cytoplasm and the vicinity of bacterial DNA  [  36  ] . In eukary-
otic ferritins, catalysis and the ferritin active sites are related to diiron cofactor oxygenases involved 
in fatty acid desaturation ( Δ 9 desaturase), DNA synthesis (ribonucleotide reductase), and conversion 
of methane to methanol (methane monooxygenase), except that in ferritin, both iron and oxygen are 
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substrates and the iron is released from the catalytic site (Fig.  4.3 ) as diferric oxo products, while in 
the others, iron is a cofactor and facilitates the reaction between the oxygen substrate and an organic 
substrate  [  7  ] . Ferritin catalysis and diiron oxygenase catalysis share a diferric peroxo intermediate. 
A downside of the rapid production of Fe 3+ –O(H)–Fe 3+  in the catalytic coupling reaction of H-type 
ferritin subunit catalysis is the hydrogen peroxide when the diferric peroxo intermediate decays  [  43  ] . 
As the iron content of ferritin increases, H 

2
 O 

2
  production decreases although catalytic coupling con-

tinues  [  44–  46  ] .  
 Ferritin L cages, by contrast with ferritin H cages, are very slow to take up Fe. The diferric peroxo 

intermediate is absent, but can be observed in L ferritin chimeric proteins with H type active site 
ligands  [  47  ]  (Fig.  4.3 ). Not only are active-site ligands absent in L ferritins, but there are different 
conformations of key side chains in ferritin L protein crystals  [  48–  50  ] . While the overall similarity 
of the protein structure of ferritin L and ferritin H type subunits explains how they can coassemble 
 [  27,   51  ] , the mechanistic advantage of cell-specifi c variations in ferritin H:L subunits is not clear. 
One possibility could relate to the cell-specifi c capacity for hydrogen peroxide degradation (cell-
specifi c expression of peroxiredoxins, catalase, peroxidases) or signaling  [  52,   53  ] . 

 Another possibility is the crystallinity of the mineral, as previously observed in vivo by compar-
ing high L ferritin from liver, which is much more disordered than high H-type subunits ferritin from 
heart  [  54  ] . The absence of H-type catalytic sites and ferric post-oxidation channels in L ferritin sub-
units would eliminate the controlled mineral nucleation observed in H-type ferritins  [  36  ] . Rates of 
Fe oxidation in all H-type or all L-type ferritins differ by more than 1,000-fold  [  47  ] . The multiple 
intermediates in ferritins with H subunits are separated in both time and space (Fig.  4.2 ). While the 
initial coupling is vanishingly fast (ms), with the diferric peroxo intermediate decaying within sec-
onds into the diferric oxo-bridged mineral precursor, the decay rate is variable depending on the 
environment  [  55  ] . Release of the ferroxidase product and pre-mineralization requires minutes, but 
mature formation of mineral can take hours to complete. 

 The difference between the active (ferroxidase) sites in ferritin and the diiron oxygenases involves 
two amino acids that differ by only one nucleotide in the DNA codons. The small number of muta-
tions required to interconvert the ferritin H active sites and the diiron oxygenase sites suggest a 
simple evolutionary connection between the two families of active sites. Ferritin nanocages of 
L subunits contain all the metal sites of H subunits (pores and mineral nucleation sites) except the catalytic 
sites. Fe 2+  in ferritin cages with L subunits enters the protein cage rapidly (minutes), but is oxidized 

  Fig. 4.3    The catalytic ferroxidase site in ferritin. Active-site metal-binding ligands, suggested by co-crystals of 
ferritin H subunits with Zn and with Mg, were inserted in a L ferritin cDNA, one at a time. Each mutant was expressed 
in  E. coli  and the protein tested to determine the residues required for Fe 2+  oxidation with dioxygen and formation of 
the diferric peroxo catalytic intermediate (The fi gure is from  [  38  ]  with permission)       
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over tens of minutes inside the cavity that is fi lled with oxygenated buffer. Possibly, the small amount 
of hydrogen peroxide produced in the early stages of Fe 2+  oxidation at ferritin H subunit catalytic 
sites and known as an intracellular signal  [  52,   53  ] , induces expression of iron uptake or iron chaper-
one proteins by indicating the availability of ferritin nanocages for iron/oxygen uptake.  

   2.5 Ferritin Iron Uptake from Foods and Iron Defi ciency Anemia 

 Many seeds of nitrogen-fi xing plants that take up extra iron in the nodule, such as soybeans contain 
large amounts of iron stored as ferritin  [  56  ] , lentils, and garbanzo, also have large amounts of ferritin 
iron (EC Theil, unpublished observations). Often the ferritin is concentrated in the hull of the seed 
and is lost in many foods such as tofu and processed soy protein  [  57  ] . Soybean ferritin, as a model, 
binds to a specifi c receptor on polarized Caco-2 cells  [  58  ] , and is internalized by clathrin-dependent 
[acid-sensitive, high sucrose-sensitive, or  μ  

2
 -(subunit of AP2)-sensitive] endocytosis. Ferritin recep-

tors for animal ferritin occur in a variety of other cultured cell types such as kidney, erythroid, lipo-
cytes, and brain  [  59–  62  ] , with binding constants comparable to soybean ferritin, in the nanomolar 
range. The iron transported into cells with soybean ferritin appears in the labile iron pool (LIP)  [  58  ] . 
Ferritin receptors in the intestine can play a role in absorption of iron from ferritin in legume seeds 
since ferritin is a stable protein. Evidence that ferritin survives digestion intact and is absorbed by 
mechanisms distinct from ferrous sulfate, ferric-chelate (nitrotriacetic acid), or heme has recently 
been obtained in rat intestine transport studies ex vivo, and in humans with ferrous sulfate or hemo-
globin competitors, using fast (stomach) and slow (intestine) release capsules (EC Theil, MT Nunez, 
F Pizzarro, and K Schümann, in review). Such interactions can explain iron absorption values of 
>25% in rat  [  63  ]  and humans fed soybeans or pure ferritin  [  64–  66  ] . The effi ciency of ferritin as a 
source of dietary iron is very high, contrasting with only one iron atom in heme or Fe 2+  salts, since 
for each transport event ~1,000 iron atoms will cross the cell membrane inside the ferritin protein 
nanocage. 

 The physiological relevance of ferritin binding to the intestinal cell model is illustrated by the 
increase in the LIP. Immunoreactive, fl uorescently or  131 I labeled, soybean ferritin was detectable 
inside the cells along with the increase in LIP iron  [  58  ] . In erythroid cells  [  59  ] , the contribution of 
exogenous ferritin to the LIP was also observed. Ferritin uptake mechanisms distinct from iron in 
non-heme iron salts are illustrated by the phytate sensitivity of uptake from FeSO 

4
  and phytate resis-

tance of iron uptake from ferritin observed in humans, even when unusually high phytate concentra-
tions were present  [  64,   67  ] . Apparent inconsistencies in earlier data suggesting that iron is poorly 
absorbed from legume seeds or isolated ferritin appears related to low equilibration of iron label with 
preexisting iron mineral inside the ferritin protein cage, whether the label was exogenous or endog-
enous, and/or related to partial denaturation of ferritin, for example,  [  68–  71  ] . The studies contrast 
with more recent studies based on increased knowledge of ferritin biochemistry, where the label was 
added under conditions representative of the mineralized iron in ferritin, as discussed in  [  63,   72–  74  ] .
Such results emphasize the complexity of non-heme iron absorption and the selective recognition by 
the intestinal cell surface among different iron species. 

 The rate of iron defi ciency, the most common nutrient defi ciency in the world, is rising again in 
industrialized countries, leading to ineffi ciency and work loss. In industrialized countries such as 
Japan, the current average rate of iron defi ciency in women is 17%, with 22% for women under 
50 years of age  [  75  ] , and 10% in the US with values of 19–22% for Hispanic and African-American 
women  [  76  ] . New treatments for iron defi ciency are needed since those developed over the last 
500 years are failing. Iron nutrition is discussed in detail in Chap.   5    . Ferritin iron, naturally in whole 
legume seeds or as engineered supplements, is clearly an underutilized approach to solving the iron 
defi ciency problem.   
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   3 Ferritin Gene Transcription and mRNA Translation 

 Ferritin synthesis is coordinated by DNA promoter sequences (MARE/ARE, maf responsive/
antioxidant response elements) and mRNA promoter sequences (IRE, iron-responsive elements) 
 [  2–  4,   29  ] . The MARE/ARE sequence is also present in the genes encoding  β -globin, heme oxygenase1, 
thioredoxin reductase1, and NAD(P)H quinone oxido-reductase1, proteins involved in oxygen trans-
port, repair of oxygen/oxidant damage, or heme degradation. The IRE is also present in mRNAs 
encoding transferrin receptor1, DMT1, and ferroportin, required for Fe traffi cking/transport, as well 
as in mt-aconitase and erythroid aminolevulinate synthase, required in oxygen metabolism, and in 
both hypoxia-inducible factor-2 α   [  77  ] , and a cell-cycle phosphatase (Cdc 14a)  [  78  ] . Whether the 
sophistication of ferritin genetic regulation is a model for many proteins or refl ects the pivotal role 
of ferritins in iron and oxygen metabolism remains to be seen. 

 The rate of ferritin biosynthesis depends on the amount of ferritin mRNA and the fraction of 
MARE/ARE-DNA and IRE-RNA bound to protein repressors. Since the concentrations of ferritin 
mRNA and both DNA and mRNA protein repressors will vary under different physiological condi-
tions, the fraction of repressed RNA or the fraction of time the DNA is repressed will change as 
physiology changes. (The mRNA repressors, IRP1 and IRP2 are discussed in more detail in Chap.   3    ). 
Since DNA activity determines the rate of synthesis of ferritin H and L mRNAs, when mediated by 
the MARE/ARE/repressor interactions, ferritin mRNA is increased by antioxidant inducers such as 
t-butylperoxide, sulforophane, and heme with much greater sensitivity than by ferric ammonium 
citrate  [  1,   9,   79,   80  ] . Earlier studies in which chronic exposure to large, injected doses of ferric salts 
produced increased amounts of ferritin mRNA  [  16,   30,   31  ]  may, in fact, have been the result of oxi-
dative stress. 

 Bach1 has been identifi ed as the ferritin H and L MARE/ARE repressor  [  1  ] . When heme binds to 
Bach1, Bach1 MARE/ARE:DNA interactions are prevented both in vivo and in vitro  [  1  ] . 
Bach1:MARE/ARE-DNA interactions link ferritin H and L gene regulation to that of the other phase II 
antioxidant response genes. 

 The cellular mechanism of ferritin DNA transcription induction depends on increased retention 
of Bach1 in the cytoplasm. Under such conditions, maf, which also interacts with the MARE/ARE 
sequence, binds the transcription enhancer NF-E2 or related factors, Nrf1, Nrf2, and Nrf3, to facili-
tate assembly of the transcription complex on MARE/ARE-DNAs  [  81,   82  ] . No structural informa-
tion on Bach1:DNA complexes is available. 

 The cellular mechanism that induces ferritin translation depends on decreasing IRP/IRE RNA 
interactions. Recent studies show that ferrous iron itself weakens the IRE/IRP complex  [  5  ]  allowing 
eIF-4G mediated assembly of the translation complex on IRE-mRNAs  [  83  ]  and ribosome binding 
 [  84,   85  ] . The released IRP is targeted either to proteosomal degradation or iron–sulfur cluster inser-
tion machinery, both of which minimize RNA binding. The stability of the IRE-RNA/IRP complex 
varies for mRNA with different IRE-RNA structures  [  5,   86–  89  ] . The IRP-binding sites of each IRE-
RNA (Fig.  4.4 ) are conserved, but the base pairs differ and combined with conserved unpaired bases 
can bend the RNA helix as much as 30° from the axis of a standard RNA  β  helix. Thus the binding 
specifi city each IRE-mRNA refl ects the base pairs in the RNA helices   , which do not contact the IRP 
repressor. Interestingly, the differences in the IRE-RNA/IRP binding stability are analogous to the 
differences in the magnitude of the response to iron in vivo. When RNA and protein bind, complex 
structural changes occur in the IRP protein compared to the protein with a [4Fe–4S] cluster inserted 
(c-aconitase) or the apoprotein, based on CD, neutron scattering, and protein crystallography  [  90–  93  ] . 
Excess Fe 2+  enhances dissociation of the IRP from IRE-RNA, with the free IRP targeted prote-
osomes or to the FeS cluster insertion machinery. Evidence    of Fe 2+  binding to IRE-RNA, in the 
absence of evidence for Fe 2+  binding to IRP  [  5  ] , suggests that rather than a [4Fe–4S]/protein–
“switch,” the iron-dependent regulatory change is an Fe 2+ -RNA “switch” that enhances IRE-RNA/
IRP dissociation.  
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 Coordination of gene transcription and translation by heme binding to both the DNA (Bach1) 
and mRNA (IRP) repressors  [  94,   95  ]  is a ferritin-specifi c phenomenon, to date. The dual regula-
tory functions of heme have a synergistic effect on synthesis  [  9  ] , when both the synthesis of 
ferritin mRNA and the translation of protein are increased. While heme can bind directly to 
Bach1 to regulate ferritin gene transcription, as well as binding to IRPs to regulate translation, 
the induction of transcription by t-butyl hydroquinone and sulforophane or induction of transla-
tion by ferric salts or H 

2
 O 

2
  is less direct. One effect is the availability of Fe for FeS cluster bio-

synthesis, a series of complex regulated steps. Another is signal transduction of iron or other 
translational regulatory signals mediated by phosphorylation or dephosphorylation and/or pro-
tein turnover  [  2,   78,   96–  98  ] .  

   4 Hemosiderin 

 Hemosiderin is defi ned as non-heme, cytoplasmic iron that is insoluble  [  10,   99  ] . Hemosiderin iron 
can be used physiologically  [  100  ] . Since hemosiderin cannot be studied in solution, it remains dif-
fi cult to study at the molecular level. A variety of studies converge on the conclusion that hemosid-
erin is derived from ferritin after autophagy  [  101–  106  ]  or translocation to lysosomes or other 
subcellular compartments such as mitochondria, and in plants, to plastids  [  12,   107  ] . 

 Autophagy is used by cells to clean the cytoplasm during various types of stress by removing, 
relatively nonselectively, cytoplasmic components  [  108  ] . Experimentally, when cells are stressed by 
excess iron, the large amount of iron in lysosomes is likely the result of increased autophagy  [  109  ] . 
The distribution of ferritin between cytoplasm and lysosomes likely varies among normal cell types, 
in addition to varying with stress in a single cell type. Thus, the amount of hemosiderin, lysosomal 
ferritin, and cytoplasmic ferritin will depend on environmental and regulatory variables  [  110  ]  that 
likely contribute to the apparent inconsistencies in experiments on ferritin turnover and iron release, 
for example,  [  110–  112  ] .  

  Fig. 4.4    Structure of a eukaryotic mRNA protein repressor, IRP1, complexed to the RNA regulator, IRE. Two 
independent sites on IRP1 bind two spatially separated, loop regions of the ferritin H-IRE RNA. The structural differ-
ences between the polypeptide bound to RNA (IRP1) or bound to an 4Fe–4S cluster (c-aconitase) are very large, 
indicating a huge reorganization during “switching” or, the alternative of distinct apoprotein folding pathways that 
depend on the relative concentrations of IRE-RNA and FeS chaperones/scaffold proteins during folding. Note the 
exposed RNA surface in the protein/RNA complex, which contain the sites of Fe 2+  -binding  [  5  ]  (The fi gure is from 
 [  82  ]  with permission)       
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   5 Recovery of Iron from the Ferritin Mineral 

 There are at least two different mechanisms for the recovery of iron from the ferritin mineral. 
(1) Ferritin is degraded in lysosomes and the iron dissolved and transported by unknown mechanisms. 
(2) Cytoplasmic, and possibly mitochondrial ferritin pores that reversibly fold and unfold control 
access of cytoplasmic reductants to the ferric mineral and rates of iron release from ferritin to chela-
tors or chaperones. Ferritin has no consensus lysosomal targeting sequence  [  113  ] , making autophagy 
the likely mechanism for entry of  endogenous  ferritin into lysosomes. However, the entry of  exoge-
nous  soybean ferritin via AP-2 ( μ  

2
 )-dependent endocytosis  [  58  ]  provides an alternative route for 

exogenous ferritin to reach lysosomes. Thus, the stress associated with excess iron or infl ammation, 
which increase autophagy, may explain accumulations of ferritin in lysosomes and large increases in 
ferritin synthesis. Small molecules can also modulate the distributions between the cytoplasma and 
lysosomes as shown in a recent study  [  114  ] . In the study, desferrioxamine which enters cells by 
endocytosis removed ferritin iron in the lysosomes, while an oral chelator, such as desferasirox, 
which is in the cytoplasm, removed iron from cytosolic ferritin. 

   5.1 Ferritin-Gated Pore Structure 

 Releasing iron from the intact ferritin protein nanocage in the cytoplasm is supported by two types 
of evidence. The fi rst type of evidence is structure/function/genomic studies of the pores at the three-
fold axis of the ferritin cage. The second type of evidence is from the iron release in cultured cells. 

 The eight pores in the ferritin cage can unfold without unfolding the helices of the protein cage 
 [  115  ]  (Fig.  4.5 ). The ferritin cage itself has long been known to be very stable to heat and denatur-
ants  [  116,   117  ] . When the ferritin pores are unfolded, reductants such as NADH/FMN have access 
to more of the mineral and can reduce more of the ferric iron. The phenomenon of unfolding ferritin 

  Fig. 4.5    Structure of the ferritin protein nanocage with folded or unfolded pores. Whether the ferritin pores (eight) 
are folded or unfolded, the polypeptide chains of each subunit are intact, but in the open pore mutant, the structural 
disorder associated with unfolding is so high that no electron density was observed in protein crystals. Mineral forms 
normally in both proteins, and the minerals are stable. When reductant (NADH/FMN) is added, the mineral is dis-
solved 30-times faster in the mutant with unfolded pores than in wild type under the same conditions  [  103  ] . ( a ) 1065 
Wild-type ferritin nanocage (pores in “ball” format). ( b ) Open pore mutant (L134P) (The graphics were created by XS 
Liu and were used, with permission, from the cover of the issue with reference  [  106  ]  and from  [  5  ] )       
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pores can be measured as the increase in formation of Fe 2+  chelated complexes, usually 
Fe 2+ -bipyridyl, outside the protein cage  [  115  ]  when biological reductants are added. Fe 3+  chelators 
such as desferrioxamine B (DFO) can also be used  [  118,   119  ] , but unless the local concentration of 
DFO is high, some Fe 2+  is lost, possibly by competition between the ferroxidase binding sites and 
DFO  [  120  ] . Such observations explain, in part, why chelation therapies with Fe 3+  chelators are so 
slow  [  121  ] . Folding of the ferritin pores is controlled by two pairs of amino acids that are highly 
conserved in all known ferritins. Amino acid substitution at any of the four positions increases emp-
tying of mineral from the cage, sometimes as much as 30-fold. The pore gating amino acids were 
identifi ed by searching for amino acids that were highly conserved, present near pores in 3D space 
and with no assigned function  [  115,   122  ] . Two of the four amino acids required for normal pore 
folding are the ion pair between arginine, at the end of  α -helix B and an aspartate in the C/D loop; 
the third amino acid is a leucine in helix D. The fourth amino acid required for ferritin pore gating 
is a hydrophobic amino acid that can be leucine, as in human, animal, and plant ferritins, or isoleu-
cine in some ferritins of single-celled organisms. When the ferritin pores are unfolded by mutation, 
they can be refolded by lowering the temperature  [  7,   120  ] , suggesting a dynamic equilibrium for 
folding/unfolding that is temperature dependent  [  120  ] .   

   5.2  Ferritin    Pore Properties Related to Iron Chelation Potential 
and In Vivo Function 

 Ferritin pores melted at temperatures far below the protein nanocage itself  [  118  ] , and unfolded at 
urea concentrations 1–5,000 times lower than needed to alter the cage structure. There are eight 
pores/ferritin cage. Mutation of a single gating amino acid will selectively unfold the pores, as well 
as heat or chaotropes (Fig.  4.5 ). Interestingly, 1 mM urea, which opens the pores, is in the physio-
logical range (serum urea is 2–7 mM) and lowers the pore melting temperature (50% of the pores) 
to 43°C, in the physiological range. The iron content of serum ferritin is often very low  [  123,   124  ] , 
which may relate to the normal serum urea concentrations, which are high enough to unfold ferritin 
pores, thus exposing the ferritin iron mineral to serum reductants. Ferritin pores in wild-type protein 
cages can be unfolded with peptides identifi ed in a combinatorial phage display library (10 9  hepta-
peptides). Five peptides bound tightly to the ferritin proteins cage. When the fi ve peptides were 
synthesized and tested for function, only one of the fi ve peptides has a functional effect on unfolding 
the pores. When the synthetic peptide, which unfolded ferritin, was conjugated to desferrioxamine 
to increase local desferrioxamine concentrations around the ferritin pores were increased. With the 
desferrioxamine-peptide conjugate, the Fe chelation rate increased 3.3-fold compared to free peptide 
plus free desferrioxamine, and eightfold compared to controls  [  120  ] . Such data indicate potential 
therapeutic uses in vivo .  In the synthetic peptide experiment, a second functional peptide was identi-
fi ed that appeared to close the pores  [  120  ] . It may be that a set of proteins exists in cells to unfold 
and to fold the ferritin pores, depending on the cell need for iron (or the state of infl ammation). 

 In vivo partners that unfold the pores are suggested by the conservation of the amino acids in fer-
ritin which “gate” iron reduction/transfer from the mineral to a chelator. If so, they are likely to be 
upregulated in severe iron defi ciency. Support for such an idea comes from an experiment where 
cells were made iron defi cient by overexpression of ferroportin. In such cells, iron was released from 
the protein in the cytoplasm before protein degradation  [  111  ] , possibly through the unfolding of the 
protein pores by regulators similar in function to the pore-unfolding peptide  [  120  ] . In another experi-
ment, when human wild-type ferritin or ferritin with a pore-unfolding mutation were overexpressed 
to the same level in separate HepG2 cultured cell transfects, the amount of iron in the open-pore 
mutant protein after incubation was signifi cantly lower than in the wild-type ferritin; cell iron uptake 
was the same whether the overexpressed protein was wild-type or pore mutant. After incubation of the 
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transfected cells with desferrioxamine, more of the cellular iron was in the desferrioxamine-containing 
medium, when cells with the mutant protein than the wild protein, indicating more iron in the LIP 
for cells with the pore mutant ferritin  [  125  ] .   

   6 Perspective 

 Metabolic roles of ferritin family members are now understood to be integrated with antioxidant 
(Phase II) responses, cell cycle phosphatases, and hypoxia responses, in addition to the well-known 
role in concentrating iron. Still to be fully understood are metabolic roles of the two types of ferritin 
genes, one catalytically inactive and restricted to animals (ferritin L) and the other catalytically 
active (ferritin H-type subunit that are present in archaea, bacteria, higher plants and animals). Since 
gene deletion studies are lacking for ferritin L, and since studies that assess the impact of mRNA 
suppression of ferritin L-type and ferritin H-type subunits in different cell and tissue types and under 
oxygen and iron stress are few, the selective advantage of ferritin L in animals remains mysterious. 
Molecular mechanisms for gut iron absorption from exogenous ferritin and iron aggregates are also 
incompletely known, even though many foods such as legumes are a rich source of absorbable fer-
ritin iron. The subdivision of iron physiology into heme and non-heme iron minimizes the range of 
iron speciation and the matching molecular selectivity of intestinal cell surface recognitions for fer-
rous, ferric chelates, protein-coated minerals (ferritin). 

 Structure/function studies recently completed revealed the ferritin cage as a sophisticated protein 
reactor that manages iron as it travels ~50 Ả from entry through the pores to the active sites and 
through the nucleations channels to the cavity [ 36,   126,   127 ]. Very likely, the outer cage of the fer-
ritin surface contains docking sites for chaperones that deliver or remove ferrous ions coming into or 
out the cage. The identifi cation of ferritin catalytic intermediates and mechanisms is relatively recent, 
as is the awareness that ferritin enzyme activity is related to the diiron oxygenases important in DNA 
synthesis and desaturation of fatty acids. For that reason, the very earliest intermediates in ferritin 
catalysis, such as the Fe 2+ -protein complexes that give rise to the diferric peroxo complex, the fate of 
the O in the catalytic peroxo intermediate, and mechanistic understanding of Fe as a substrate in 
ferritin and cofactor in the other diiron proteins, are still to be discovered. Comparisons of the simi-
larities and differences in the protein sites and mechanisms of ferritin hold keys for fundamental 
understanding of differences between substrates and cofactors in enzymes while studies of ferritin 
channels and pres gating have a large potential impact on iron chelation therapies and on defi ning 
intracellular partners for ferritin in cells. Further, since ferritin pores are accessible for studies in the 
soluble protein complex, biophysical studies of ferritin pore dynamics can also model the less acces-
sible protein pores in membranes and thus increase understanding of many ion transport processes 
in cells. 

 Gene regulation of ferritin synthesis remains one of the more complicated sets of interrelated 
mechanisms in biology. Specifi c ferritin protein repressors targeted to DNA (Bach1) and mRNA 
(IRP1,2) co-regulate ferritin genes with antioxidant response (Phase II) genes and with iron traffi ck-
ing, hypoxia, cell cycle, and TCA cycle mRNAs. Heme is a corepressor that interacts directly with 
the selective repressors Bach1, IRP1, and IRP 2. But, exploration of the full complement of interac-
tions between the ferritin DNA and RNA regulatory elements,  trans  regulatory factors, cellular sig-
nals, transcription complexes, and ribosomes is recent and incomplete. In addition, knowledge of the 
postsynthetic regulation of ferritin protein stability, and thus of the formation of hemosiderin is still 
limited. The inclusion of Fe and O 

2
  among the regulatory signals for ferritin synthesis, the very sub-

strates of ferritin catalytic sites and constituents of the ferritin mineral, emphasizes the central posi-
tion of ferritin in a feedback loop that links iron and oxygen metabolism. Obtaining the answers to 
the many questions remaining about ferritin physiology, structure/function, and gene regulation are 
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crucial to both normal physiology and health as well as to understanding diseases related to abnormal 
iron and oxygen metabolism.      
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   1 Iron Requirements Across the Life Span 

   1.1 Infancy 

 Healthy term infants with normal birth weight are born with a considerable endowment of iron and 
high hemoglobin levels which together are usually suffi cient to maintain their needs for growth dur-
ing the fi rst 6 months of life  [  1  ] . Infants begin life with approximately 80 mg iron/kg body weight 
 [  2  ] , which can be compared with 55 mg iron/kg for adult men. With a concentration of hemoglobin 
of ~170 g/L at birth, a 3.5 kg term infant who doubles his or her weight by 6 months of age should 
be able to maintain a hemoglobin level of 90–110 g/L without the need for extra iron. During the fi rst 
half of infancy, infants utilize their abundant iron stores for body use and growth, which then often 
become exhausted by 6 months of age. The low iron content in human milk is believed to be ade-
quate to meet their iron needs, as exclusively breast-fed infants rarely show any signs of iron defi -
ciency during the fi rst 6 months of life  [  3  ] . With a typical milk volume of 780 mL/day and a breast 
milk iron concentration of ~0.35 mg/L, a daily intake of 0.27 mg of iron is believed to be adequate 
for infants at this stage  [  4  ] . Preterm and low-birth-weight infants, however, exhaust their iron stores 
at an earlier age as they have lower fetal iron stores and proportionately greater weight gain than 
those of term infants  [  1  ] . The size of the newborn’s iron stores is strongly affected by birth weight 
and gestational age. The transfer of iron from maternal blood to the fetus occurs mostly during the 
third trimester and contributes ~4 mg daily  [  5  ] . Hence, infants born prematurely have reduced iron 
stores. Iron requirements of preterm and low-birth-weight infants are therefore higher and iron sup-
plementation is necessary before 6 months of age  [  6,   7  ] . Besides prematurity and low birth weight, 
the timing of umbilical cord clamping and maternal iron status also affect the iron endowment of the 
newborn. Early cord clamping decreases iron transfer to the infants, whereas delayed cord clamping 
increases the red cell volume in the infants and, in turn, increases the iron endowment  [  8–  10  ] . 
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Delayed umbilical cord clamping for 2 min increases total body iron by about 33%, resulting in 
greater iron stores at 6 months of age  [  10  ] . Maternal iron defi ciency does not appear to compromise 
the iron endowment of the infants  [  11,   12  ] , but severe maternal iron defi ciency, i.e., anemia, does 
have an adverse effect on iron status of the newborn. Infants of moderately and severely anemic 
mothers have lower iron stores  [  13  ]  and a threefold increased risk of low birth weight  [  14  ] , placing 
them at higher risk of iron defi ciency at an early age. Indeed, the incidence of iron defi ciency and 
anemia during later infancy is higher in infants born to mothers with iron defi ciency anemia than in 
infants born to iron-replete mothers  [  15–  17  ] . Taken together, iron requirements during the fi rst half 
of infancy depend greatly on the iron endowment of the infants at birth. Providing that normal birth 
weight, term infants born to iron-replete mothers are exclusively breast-fed and have delayed cord 
clamping, the provision of iron from breast milk and their own stores is usually adequate to meet 
their iron needs during the fi rst half of infancy. 

 The proper level of iron fortifi cation to use in infant formulas has been a subject of controversy. 
Since early studies indicated that the bioavailability of iron is higher from breast milk than from 
cow’s milk and infant formula, it was argued that formula should contain a higher level of iron than 
that of breast milk. For many years, most iron-fortifi ed infant formulas contained 7–12 mg of iron/L, 
which appears inordinately high; this is 20–40 times more iron than in breast milk. In fact, infants 
fed formula with 12 mg of iron/L had lower copper status than infants fed formula with 7 mg/L  [  3  ] . 
The higher level of iron fortifi cation also appeared unnecessary as infants were found to absorb as 
much iron from a formula with 8 mg of iron/L as from formula with 12 mg/L  [  18  ] . More recently, 
iron levels have been decreased to 4 mg/L in many formulas, and studies have actually shown that 
1.6 mg/L is adequate to maintain normal iron status of formula-fed infants up to 6 months of age 
 [  19  ] . This issue is complicated, however, as infant formulas in some areas are primarily used up to 
6 months of age (when the iron requirements are lower) and in other areas up to 12 months (when 
iron requirements become higher, see below). From an iron nutrition perspective, it may be prefer-
able to have one level of iron for younger and another one for older infants. 

 During the second half of infancy, continued rapid growth and expansion of hemoglobin mass 
together with depleted iron stores contribute to the high iron requirement of infants. Even though iron 
in human milk is highly bioavailable, the iron concentration of 0.20–0.35 mg/L in human milk is low 
 [  4  ] . Exclusive breastfeeding alone is therefore not always adequate to meet the high iron requirement 
during this stage. The American Academy of Pediatrics (AAP) recommends exclusive breastfeeding 
for the fi rst 6 months of age and that iron-fortifi ed infant cereal and complementary food should be 
introduced to infants after 6 months of age  [  7,   20  ] . Addition of meat to infant diets has been shown to 
increase iron absorption considerably  [  21  ] . Infants who are not breast-fed should be given iron-forti-
fi ed formula, which should contain 4–12 mg iron/L  [  22  ] . Infants weaned before 12 months of age 
should not receive cow’s milk  [  7  ] , which has a very low concentration of iron (0.1–0.2 mg/L), which 
is also of poor bioavailability  [  23  ] . Whole cow’s milk may also cause gastrointestinal bleeding, which 
further increases the iron loss of the infants. The gastrointestinal bleeding is assumed to be caused by 
an allergic reaction to cow’s milk protein. For 6–12-month-old infants, the total requirement for 
absorbed iron is estimated to be 0.69 mg/day. This amount of iron is needed for the basal iron loss 
(0.26 mg/day), increase in hemoglobin mass (0.37 mg/day), increase in non-storage iron in tissues 
(0.009 mg/day) and increase in storage iron (0.051 mg/day)  [  4  ] . Iron is needed to increase the storage 
iron as iron stores are low at this stage of infancy. The daily basal loss of iron/kg body weight is 
0.03 mg  [  24  ] , which includes urinary, fecal, and dermal iron losses. The increase in hemoglobin mass 
is a function of growth rate. With a weight increment of 13 g/day  [  25  ] , a blood volume of 70 mL/kg 
body weight  [  26  ] , a hemoglobin concentration of 120 g/L blood, and an iron content of 3.39 mg/g in 
hemoglobin  [  27  ] , the amount of daily iron needed for the increase in hemoglobin mass is 0.37 mg. As 
for iron deposited in tissues, which is mainly for myoglobin and iron-containing enzymes, it is esti-
mated to be 0.7 mg/kg body weight for a 12-month-old infant  [  27  ] . With a daily weight increment of 
13 g, the amount of iron needed for tissue deposition is 0.009 mg/day, and ~12% of the total body iron 
deposited (hemoglobin mass and tissue iron) is needed for the increase in storage iron  [  28  ] . 
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 Even though there is no difference in the estimated iron requirement between boys and girls during 
infancy, substantial sex differences in iron status have been observed during infancy  [  29  ] . Hemoglobin, 
mean corpuscular volume, and serum ferritin concentrations were found to be lower and transferrin 
receptor and zinc protoporphyrin concentrations to be higher in boys than in girls at 4, 6, and 
9 months of age. Moreover, boys at 9 months of age had a higher risk of being classifi ed with iron 
defi ciency anemia than girls  [  29  ] . The sex differences in mean corpuscular volume and zinc proto-
porphyrin concentrations may refl ect normal physiological differences between genders. On the 
other hand, the differences in hemoglobin and transferrin receptors seem to refl ect a higher incidence 
of iron defi ciency in boys. Sex-specifi c reference values to defi ne iron defi ciency may need to be 
developed for some of the iron status indicators  [  29  ] . Indeed, the current reference values for iron 
status indicators may not be appropriate for infants as those values are extrapolated from older chil-
dren and adults  [  30  ] . For instance, an increase in hemoglobin after iron treatment is used as a crite-
rion for iron defi ciency anemia in adults  [  31  ] ; however, iron supplements signifi cantly increased 
hemoglobin concentrations of infants younger than 6 months regardless of initial iron status, indicat-
ing that hemoglobin response to iron is not a useful criterion to defi ne iron defi ciency in infants at 
this age  [  32  ] . During the fi rst year of life, dietary iron is channeled to erythropoiesis but not to iron 
stores even in the absence of iron defi ciency, whereas surplus iron is channeled to iron stores during 
the second year of life  [  33  ] . Iron metabolism undergoes considerable developmental changes 
during infancy. In adults, iron homeostasis is primarily regulated by intestinal iron absorption, 
which is inversely related to iron stores. Erythropoiesis and dietary iron intake also play a part in 
regulating intestinal iron absorption. Unlike adults, iron absorption of 6-month-old infants is inde-
pendent of iron status and dietary iron intake  [  34  ] . Iron absorption is not downregulated in 6-month-
old iron-replete infants receiving iron supplements, but homeostatic downregulation of iron 
absorption occurs in 9-month-old infants given iron supplements  [  34  ] . On the other end of the 
spectrum, infants with low iron status are able to upregulate iron absorption at both 6 and 9 months 
of age to compensate for their inadequate iron status  [  35  ] . To date, our knowledge regarding these 
developmental changes in iron metabolism during infancy is limited. A better understanding of iron 
metabolism and the mechanisms behind these development changes during early life are likely to 
lead to a more complete comprehension of iron nutrition during infancy.  

   1.2 Childhood 

 Children between 1 and 3 years of age still require relatively large amounts of iron for rapid growth. 
Low iron stores carried from late infancy, high physiological demands, and a diet usually not rich in 
iron-containing foods make young children susceptible to iron defi ciency. A diet containing mainly 
milk and excluding other foods is not able to provide enough iron and may cause problems with 
maintaining iron stores. Not only is the iron content of cow’s milk low, both calcium and cow’s milk 
protein inhibit iron absorption  [  36–  38  ] . A recommendation to limit cow’s milk consumption to less 
than 700 mL/day has been made  [  39  ]  and a diversifi ed diet rich in highly bioavailable iron sources 
and ascorbic acid is encouraged. The estimated requirement for absorbed iron is 0.54 mg/day for this 
age group  [  4  ] , which is needed for basal iron losses, iron storage, increase in hemoglobin mass and 
non-storage tissues iron as growth continues. Iron requirements are believed to be similar for boys 
and girls during childhood. Based on total body iron losses measured in adults  [  40  ] , the daily basal 
loss of young children is estimated to be 0.33 mg after adjusting to the children’s body surface area. 
Increases in hemoglobin mass and non-storage tissue iron require ~0.18 and 0.004 mg of daily iron, 
respectively. With a weight increment of about 6.3 g/day and tissue iron deposition of 0.7 mg/kg 
body weight, an estimate of 0.004 mg is needed for these young children to increase their non-storage 
tissue iron. Similar to older infants, the amount of iron required by young children to increase their 
iron stores is ~12% of the total body iron deposited  [  28  ] , which is ~0.023 mg/day. 
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 As for older school-aged children, iron requirements and the risk of iron defi ciency are lower 
because of a relatively slower growth rate and consumption of a more diverse diet. However, school-
age children in developing countries with gastrointestinal blood loss from hookworm infection and 
consumption of diets with low iron bioavailability still have a high prevalence of iron defi ciency 
anemia  [  41  ] . The requirement for absorbed iron in children 4–8 years old is about 0.74 mg/day, 
including 0.47 mg for basal losses, 0.25 mg for hemoglobin accretion, 0.004 mg for tissue deposi-
tion, and 0.015 mg for iron storage  [  4  ] . The amount of non-storage iron deposited in tissues is simi-
lar to younger children; however, the amount of iron needed for iron storage is comparatively less. 
Beyond 3 years of age, the percent of iron devoted to iron stores decreases progressively  [  4  ] .  

   1.3 Adolescence 

 The relatively uniform growth seen in childhood is replaced by growth with increased velocity during 
adolescence. Iron requirement increases as a result of rapid growth, greater blood volume and eryth-
rocyte mass, increased lean body mass, and the onset of menstruation in girls. The estimated require-
ments for absorbed iron in boys (1.06 mg/day) and girls (1.02 mg/day) of age 9–13 are quite similar. 
Daily basal iron losses are ~0.6 mg, which are derived on the basis of 14  μ g basal iron losses per kg 
body in adults  [  40  ] . For hemoglobin mass, boys develop greater red blood cell mass than girls. The 
estimated weight gain per year in boys is about 4.87 kg. With a blood volume of 75 mL/kg body 
weight  [  26  ] , an estimated hemoglobin concentration of 134.4 g/L  [  42  ]  and an iron content of 
3.39 mg/g hemoglobin  [  27  ] , daily iron needed for the expanded hemoglobin mass in boys is about 
0.46 mg. As for 9–13-year-old girls, with a weight increment of 4.77 kg/year, a blood volume of 
66 mL/kg body weight  [  26  ] , and a hemoglobin concentration of about 133 g/L  [  42  ] , the estimated 
amount of iron needed to support the expansion of hemoglobin mass is 0.39 mg. Besides hemoglo-
bin mass, lean body mass also increases. This, in turn, raises the iron requirement for myoglobin and 
iron-containing enzymes in muscles. Since the amount of iron deposited in tissues is ~0.13 mg/kg body 
weight gain  [  27  ] , ~0.002 mg iron is required daily for the increase in non-storage tissue for both 
genders. The provision of iron stores is not as much of a concern as in infants and young children as 
the majority of this group is believed to have adequate stores. By age 9 and further, an increase in 
iron stores is therefore not considered as a component of iron needs  [  4  ] . 

 The estimated daily iron requirements for adolescents aged 14–18 are 1.38 and 1.44 mg for boys 
and girls, respectively. The requirement for girls is large and higher than in boys, mainly because of 
the onset of menstruation. Indeed, adolescent girls are particularly prone to iron defi ciency because 
of the increased demand for iron, menstrual iron loss, and poor dietary habits. With a 28 days men-
strual cycle of 27.6 mL blood loss, an iron concentration of 3.39 mg/g hemoglobin and an average 
hemoglobin concentration of 135 g/L blood  [  42  ] , menstrual iron loss is estimated to be 0.45 mg/day  [  4  ] . 
For girls who have started to menstruate before the age of 14, the amount of iron loss from men-
struation should be taken into account when estimating their daily iron requirement. Besides men-
strual iron loss, the daily requirement for absorbed iron also covers basal iron losses (0.85 mg/day), 
an increase in hemoglobin mass (0.14 mg/day), and an increase in non-storage iron in tissues 
(0.001 mg/day). During this stage, average weights are 70.3 kg for boys and 61.4 kg for girls. Weight 
increments of boys and girls average about 2.75 kg/year and 1.63 kg/year, respectively. The amount 
of iron deposited in tissues per body weight gain is the same as for 9–13-year-old adolescents  [  27  ] . 
For boys, the amount of required absorbed iron of 1.38 mg/day is needed for basal iron losses 
(0.98 mg/day), increase in hemoglobin mass (0.4 mg/day), and increase in non-storage iron in tissue 
(0.001 mg/day). 

 The adolescent growth spurt begins at an average age of about 10 years for girls and grows 
at peak velocity at about age 12, though it varies among individuals. Menstruation usually occurs 
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1 year after peak growth. The growth spurt starts later in boys, at around 12 years of age, but they 
have a higher growth peak velocity than girls. The average weight gain for boys and girls can be as 
high as 10 and 7 kg, respectively, during the peak year of growth spurt. This dramatic weight gain 
imposes an additional iron need of 0.53 mg/day for boys and 0.2 mg/day for girls  [  4  ] .  

   1.4 Adults 

 Iron needs among adult men decrease after adolescence as growth ceases. The required amount of 
absorbed iron only needs to replace the daily basal iron losses of about 1.1 mg iron. This is estimated 
based on the median adult body weight of 77.4 kg reported in NHANES III and basal iron losses of 
14  μ g/kg body weight  [  40  ] . As a consequence of the lower iron requirements, iron stores increase 
throughout life in men, who rarely exhibit iron defi ciency  [  43  ] . 

 Unlike men, iron needs of adult women continue to be high even after the adolescent growth 
spurt. To cover menstrual losses, women have to absorb 0.51 mg iron more than adult men on a daily 
basis  [  4  ] . This is estimated using a 28 days menstrual cycle of 30.9 mL blood loss, an average iron 
concentration of 3.39 mg/g hemoglobin  [  27  ]  and an average hemoglobin concentration of 135 g/L 
blood  [  42  ] . Women’s daily basal iron loss/kg body weight is estimated to be similar to that of adult 
men, and with a median body weight of 64 kg reported in NHANES III, daily basal iron loss is 
0.9 mg. Together with the menstrual iron loss, the total iron need of adult women is about 1.4 mg/day, 
which is higher than in men. 

 Because of smaller erythrocyte mass and iron stores in women, the body iron content of women 
(40 mg/kg body weight) is lower than that of men (50 mg/kg body weight)  [  44  ] . Dietary iron intake 
is typically lower in women than in men as men have higher total energy intake from food. Having 
a higher iron requirement, smaller iron stores, and lower dietary iron intake compared to that of men 
results in women having a higher risk for iron defi ciency. On the other hand, postmenopausal women 
have a lower risk of iron defi ciency  [  43  ]  as their iron losses are small and iron stores usually increase 
through the rest of life. Postmenopausal women only need to replace their basal iron loss of 0.9 mg/
day  [  4  ] .  

   1.5 Pregnancy 

 Pregnancy is a critical period characterized by rapid growth and development accompanied by 
increased nutrient requirements. Maternal iron requirements increase substantially to support fetal 
growth and placental tissue development as well as the increased hemoglobin mass during preg-
nancy. Plasma volume increases until term to accommodate the need for extra blood fl ow to the 
fetus, placenta, and uterus as well as to compensate for maternal blood loss during delivery. 
Hemoglobin mass also expands to raise the oxygen transport capacity, which is necessary to meet 
the increased oxygen demand of the growing fetus and the mother. Since the plasma volume increases 
(45–50%) earlier in pregnancy and increases more than the red cell mass (33%), the hemoglobin 
concentration falls  [  44,   45  ] . This decrease continues until the end of the second trimester when the 
increase in the red cell mass becomes synchronized with the increase in plasma volume. Hemoglobin 
concentration then slightly rises to pre-pregnant levels by term. This normal physiological change in 
hemoglobin level is observed even in iron-suffi cient women  [  46  ] . 

 The total estimated usage of iron throughout the entire pregnancy is 1,070 mg, including 500 mg 
iron for the expansion of hemoglobin mass, 245 mg iron for fetal growth, 75 mg for placental and 
cord iron deposition, and 250 mg for basal iron losses  [  4  ] . Blood loss at delivery accounts to about 
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150–250 mg iron, which implies that 250–350 mg of iron is retained in the body. The net iron usage 
is estimated to be 720–820 mg  [  4  ] . Despite the unchanged basal iron losses of 0.9 mg/day through-
out pregnancy  [  40  ] , the demand for iron is not uniform during the course of pregnancy. During the 
fi rst trimester, the iron need of the fetus is negligible, expansion of red cell mass has not begun and 
with the amenorrhea of pregnancy, little iron is required. In contrast, almost all the iron needed for 
hemoglobin mass expansion and deposition in the fetus and placenta is utilized during the second 
half of pregnancy  [  47  ] . The iron requirement of the fetus increases proportionally with the weight of 
the fetus, with most iron deposition during the third trimester  [  48  ] . Iron deposition in the fetus and 
placenta is estimated to be 25 mg (0.27 mg/day), 100 mg (1.1 mg/day), and 190 mg (2.0 mg/day) 
during the fi rst, second, and third trimester, respectively. For hemoglobin mass expansion, 250 mg 
(2.7 mg/day) iron is needed for the second and the third trimester each. When translated into daily 
requirements, iron demand is thus quite large during the second and third trimester, averaging 5 and 
6 mg/day, respectively, compared to about 1.2 mg/day in the fi rst trimester  [  4  ] . For pregnant adoles-
cents, iron requirements are even higher as the iron need for hemoglobin mass increase and tissue 
iron deposition during growth need to be taken into account. 

 With the increased iron requirement and reduced iron stores as pregnancy progresses, the effi -
ciency of intestinal iron absorption increases during the second and the third trimester as a homeo-
static response  [  49  ] . Nevertheless, iron requirements during pregnancy cannot be easily met by diet 
alone even with a diet with highly bioavailable iron  [  50  ] . When iron is not readily available, the iron 
needs of the fetus are met at the expense of maternal iron stores. Hence, iron defi ciency anemia is 
rarely seen in infants at birth, but iron defi ciency often occurs during the later stages of pregnancy 
even in women who enter pregnancy with relatively adequate iron stores  [  46  ] . Compared to the iron 
stores of 300 mg in healthy women, the extra iron of 1,070 mg required for pregnancy is a large 
amount. In fact, most women rarely acquire suffi cient iron stores before entering pregnancy  [  50,   51  ] . 
Together, these considerations explain the high prevalence of iron defi ciency among pregnant 
women. It is estimated that most pregnant women in developing countries and about 30–40% of 
pregnant women in developed countries are iron defi cient  [  52  ] . Maternal iron defi ciency anemia 
increases the risk for preterm labor, low birth weight, and perinatal mortality  [  53,   54  ] . Iron supple-
mentation of pregnant women is therefore recommended and supported by the World Health 
Organization, Institute of Medicine, and other advisory groups to prevent iron defi ciency anemia 
during pregnancy  [  4,   39,   52  ] .  

   1.6 Lactation 

 Unlike pregnancy, the iron requirement during lactation is not increased and is in fact lower than that 
of nonpregnant, non-lactating women. The daily need for absorbed iron is 1.17 mg, which covers the 
daily basal losses of 0.9 mg and the daily secretion of 0.27 mg iron in breast milk  [  4  ] . Because of the 
low iron need, the recuperation of iron reserves after delivery, and the amenorrhea of lactation, iron 
status improves during the postpartum period. However, iron defi ciency may continue in women 
whose iron stores are low and who have substantial blood losses during delivery.  

   1.7 Elderly 

 Iron is required to replace the daily basal losses in order to maintain iron balance in elderly. It is 
assumed that basal iron losses are constant with age. Hence, the daily requirement of absorbed iron 
is estimated to be about 0.9 and 1.0 mg for elderly women and men, respectively. With low iron 
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requirements, iron defi ciency anemia is more uncommon in elderly than in young people. Moreover, 
it is rarely caused by dietary iron defi ciency, especially in developed countries  [  55  ] . The cases of iron 
defi ciency anemia in the elderly are usually related to gastrointestinal blood loss caused by diseases 
 [  56  ]  and medications or by hypochlorhydria, resulting in poor absorption of iron. The estimated 
daily average iron requirements during different life stages are illustrated in Fig.  5.1 .   

   1.8 Special Considerations 

 Several factors impact iron requirements and deserve special considerations when estimating iron 
needs. Intestinal parasitic infections which are prevalent in developing countries, can cause signifi -
cant blood loss, and in turn, raise iron requirements. This is worsened when the diet is inadequate in 
bioavailable iron, which is common in developing countries. In some cases, iron bioavailability of 
diets with a limited variety of foods can be as low as 5%. Compared with an estimated iron bioavail-
ability of 18% from a mixed Western diet including meat, the iron bioavailability of a vegetarian diet 
is only about 10%, which makes the iron requirement of vegetarians 1.8 times higher than that of 
nonvegetarians  [  4  ] . Other groups having higher iron requirements include frequent blood donors and 
endurance athletes. Blood donations of about 500 mL/year require an addition of 0.6–0.7 mg iron 
daily, which is a substantial amount when compared with the 1.1 mg daily iron need in adult men. 
With frequent exercise and intense endurance training, the estimated iron requirement can be 30–70% 
higher  [  57,   58  ] . Daily iron losses are observed to be increased in male and female athletes with pro-
longed training  [  58  ] . Depressed iron stores and reductions in hematologic parameters are also seen 
with intense physical exercise  [  59,   60  ] . It has been suggested that intense physical exercise can result 
in increased gastrointestinal blood losses and hemoglobinuria from erythrocyte rupture in the feet 
during running  [  60,   61  ] . Furthermore, suboptimal dietary intake may also play a part in the marginal 

  Fig. 5.1    Estimated daily average iron requirements during different life stages. Components used to estimate iron 
needs include basal Fe loss, increase in tissue Fe, hemoglobin mass, storage Fe, menstrual Fe loss, fetus and placenta 
Fe deposition, and Fe secretion in human milk (Data from  [  4  ] )       
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iron status of these individuals. In contrast to blood donors or athletes, women using oral contraceptives 
have lower iron needs as they have an ~60% reduction in menstrual blood loss  [  4  ] . However, 
postmenopausal women under hormone replacement therapy can have uterine bleeding, which 
increases their iron requirements  [  4,   62  ] .   

   2 Dietary References Intakes 

 The Food and Nutrition Board of the Institute of Medicine developed the Dietary Reference Intakes 
(DRIs), which is a set of reference values that serve as standards for nutrient intakes for healthy 
persons in the United States and Canada  [  4  ] . Dietary Reference Intakes (DRIs) include Estimated 
Average Requirements (EAR), Recommended Dietary Allowances (RDA), Adequate Intakes (AI), 
and Tolerable Upper Intake Levels (UL). 

 The EAR is the average daily nutrient intake level estimated to meet the requirements of half of 
the healthy individuals in a particular life stage and gender group. The EAR for iron was determined 
using the factorial modeling method. Components including basal iron losses, increased iron require-
ment during growth due to blood volume expansion and increased tissue and storage iron, menstrual 
iron losses, fetal iron requirement and hemoglobin mass expansion during pregnancy, placenta iron 
concentration, and iron secretion into breast milk were used as factors in the modeling to estimate 
the physiological requirement for absorbed iron. Iron bioavailability was also taken into account 
when determining the percentage of iron absorption. Based on the assumption that 90% of dietary 
iron is non-heme iron with 16.8% absorption  [  63  ]  and 10% of dietary iron is heme iron  [  64  ]  with 
25% absorption  [  36  ]  in the typical diversifi ed North American diet, an iron absorption of 18% was 
used to estimate EARs. For instance, the daily requirement of absorbed iron in adult men is 1.1 mg 
and with an absorption effi ciency of 18%, the EAR is 6 mg. However, an 18% absorption effi ciency 
does not apply to infants 7–12 months old or to pregnant women during their second and third tri-
mesters  [  4  ] . Because the diet of infants aged 7–12 months contains less meat and more cereals and 
vegetables, a 10% bioavailability was used when estimating their EARs  [  4,   65,   66  ] . As for pregnant 
women, the iron absorption effi ciency is increased as a physiological response; thus, 25% absorption 
effi ciency was used to estimate their EAR. 

 Based on the EAR, the RDA is calculated so that this daily intake level meets the requirements of 
nearly all (97–98%) healthy individuals in a group. However, scientifi c evidence was considered 
insuffi cient to determine the EAR for breast-fed infants 0–6 months old. As a result, an RDA for this 
group was not established. Instead, the Adequate Intake (AI) is used for breast-fed infants 0–6 months 
old. AI is the recommended average daily nutrient intake level based on observed or estimates of 
nutrient intake by a group that is assumed to be adequate in this nutrient. As breast milk is the recom-
mended sole source of food for healthy, full-term infants up to 6 months of age, the daily mean iron 
intake (0.27 mg/day) supplied by human milk was used to set the AI for these infants. 

 The Tolerable Upper Intake Level (UL) for iron is 40 mg/day for infants through 13 years old and 
45 mg/day for everyone older, including pregnant and lactating women. UL is the highest level of 
daily intake that is likely to pose no risk of adverse health effects to almost all individuals in the 
general population. The UL represents total nutrient intake from food, water, and supplements. 
Although it is recommended not to exceed the UL intake level, intakes above the UL are appropriate 
for investigations during well-controlled trials and for individuals under medical supervision. 
The UL for iron was determined based on gastrointestinal distress including nausea, vomiting, 
diarrhea, and constipation as an adverse effect observed in a controlled, double-blind study in men 
and women receiving daily iron supplements of 60 mg. Together with the estimated mean dietary 
intake of 11 mg/day in these subjects, a lowest-observed-adverse-effect-level (LOAEL) of about 
70 mg/day was determined, which was then divided by an uncertainly factor of 1.5, giving rise to the 
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UL of 45 mg/day. Only the adverse gastrointestinal effects were used to determine the UL for iron. 
The iron level for acute iron poisoning was not considered in setting the UL. Due to no evidence of 
clinically adverse effects of iron–zinc interactions and the disappearance of the impairment in zinc 
absorption when supplementary iron is consumed with food  [  67  ] , the inhibitory effect of iron on zinc 
absorption was not considered when the UL was set. Other adverse effects such as increased risks of 
vascular disease and cancer were not used either because of the unclear relationship with dietary iron 
intake at that time. The 2001 DRIs for iron are shown in Table  5.1 .  

 In the UK, estimated iron requirements are based on advice given by the Committee on Medical 
Aspects of Food and Nutrition Policy (COMA) in the early 1990s  [  68  ] . Reference Nutrient Intakes 
(RNI), which is equivalent to the RDA in the US, cover the needs of nearly all the population 
(97.5%). The RNI of iron for 0–3-month-old (1.7 mg/day) and 4–6-month-old (4.3 mg/day) infants 
are set higher than the AI (0.27 mg/day) of the DRI for 0–6-month-old infants. The RNI of iron for 
pregnant and lactating women is the same as that of nonpregnant and non-lactating women, whereas 
the RDA has a 9–12 mg/day iron increment and 5–9 mg/day iron decrement during pregnancy and 
lactation, respectively, compared to nonpregnant and non-lactating women. With the above excep-
tions, RNI and RDA of iron are quite similar during early childhood and adolescence, and in adults 
and elderly.  

   3 Dietary Sources of Iron and Iron Intake 

 Dietary iron exists as either heme iron or non-heme iron. Heme iron is derived from hemoglobin and 
myoglobin found in animal foods such as red meats, seafood, and poultry. Non-heme iron is found 
mainly in plant foods such as lentils, beans, rice, and maize. Heme iron absorption is effi cient, rang-
ing from 15% to 35%, and is not signifi cantly affected by diet, although calcium has been reported 
to inhibit its absorption  [  36  ] . On the other hand, non-heme iron absorption ranges from 2% to 20% 
 [  69  ]  and is infl uenced by inhibitors and enhancers found in the diet. 

 Phytates, polyphenols (e.g., tannic acid), as well as calcium decrease non-heme iron absorption 
 [  36,   70–  73  ] . Phytate, which is present in legumes, rice, and whole grains, and tannic acid, which is 

   Table 5.1    Dietary recommended intakes for iron   

 Group 

 EAR (mg/day)  RDA (mg/day) 

 AI (mg/day)  UL (mg/day)  Male  Female  Male  Female 

 0–6 months  0.27  40 
 7–12 months  6.9  6.3  11  11  40 
 1–3 years  3  3  7  7  40 
 4–8 years  4.1  4.1  10  10  40 
 9–13 years  5.9  5.7  8  8  40 
 14–18 years  7.7  7.9  11  15  45 
 19–30 years  6  8.1  8  18  45 
 31–50 years  6  8.1  8  18  45 
 51–70 years  6  5  8  8  45 
 >70 years  6  5  8  8  45 

 Pregnancy 
  £ 18 years  23  27  45 
 18–50 years  22  27  45 

 Lactation 
  £ 18 years  7  10  45 
 18–50 years  6.5  9  45 

   Abbreviations :  EAR  estimated average requirements,  RDA  recommended dietary allowances,  AI  adequate intakes, 
 UL  tolerable upper intake levels  



90 W.-I. Leong and B. Lönnerdal

found in tea and coffee, bind iron and form insoluble complexes in the intestinal lumen that inhibit 
iron absorption. Some proteins present in soybeans also have an inhibitory effect on non-heme iron 
absorption, and this is independent of the phytate effect  [  74  ] . Iron absorption from legumes such as 
soybeans, beans, and lentils has been reported to be as low as 0.84–1.91%  [  75  ] , and vegetarians are 
often found to have low iron status  [  76  ] . Calcium has been suggested to interfere with the degrada-
tion of phytate and also inhibit absorption during iron transfer through the enterocyte  [  77  ] ; however, 
the mechanism behind its inhibitory effect is not well understood. It is possible that calcium may 
have a transitory effect on iron absorption, thereby affecting the results from single meal isotope 
studies, as many studies on long-term feeding of high calcium diets or calcium supplements fail to 
fi nd any adverse effects on iron status of infants, adolescents, and women. The bioavailability of 
non-heme iron is enhanced by ascorbic acid and meat proteins  [  78,   79  ] . Ascorbic acid reduces 
dietary ferric iron to ferrous iron and forms soluble complexes with iron. In addition, it helps to 
release non-heme iron bound to inhibitors. Likewise, low-molecular-weight peptides, released dur-
ing digestion of meat proteins, bind to iron to form soluble complexes and prevent iron from binding 
to inhibitors  [  80,   81  ] . The enhancing effect of ascorbic acid and meat proteins is most apparent when 
these two enhancers are consumed with foods high in phytates or tannins, such as cereals, legumes, 
or tea. Vitamin A has been suggested to enhance the absorption of iron  [  82  ] , but recent studies using 
stable isotopes fail to show such an effect  [  83  ] . The bioavailability of iron from breast milk is higher 
than from formulas or whole milk. Early studies indicated that infants absorb about 50% of iron in 
human milk, but only absorb about 10% of iron in formulas or whole milk iron  [  84  ] . Recent studies, 
however, suggest that the difference is not as large, although breast milk iron is better absorbed  [  85  ] . 
The mechanism behind this high bioavailability of breast milk iron has not been fully elucidated, but 
lactoferrin, which is the most abundant iron-binding proteins in human milk, has been proposed to 
play a role in iron absorption  [  86  ] . A specifi c receptor for lactoferrin has been found in the small 
intestine of infants  [  87  ]  and as lactoferrin can resist digestion and is found intact in the stool of 
breast-fed infants  [  88  ] , this is a plausible scenario. The fact that overexpression of the lactoferrin 
receptor in human intestinal cells in culture increases iron uptake  [  89  ]  supports the notion of lacto-
ferrin receptor-mediated uptake of iron from lactoferrin. 

 Dietary iron concentration is usually about 5–7 mg/1,000 kcal energy intake. An iron intake of 
about 12 mg/day is therefore expected with a typical adult diet. In general, boys and men have higher 
iron intakes than girls and women, and their intakes usually exceed the RDA in all age groups. 
The median iron intake of men is about 16–18 mg/day, whereas the median daily intake for most 
women is about 12 mg, which is lower than the RDA  [  4  ] . Dietary iron intake of pregnant women is 
approximately 15 mg/day, which is only about 56% of the RDA  [  4  ] . The low iron intake of women 
puts them at high risk of iron defi ciency. Consumption of energy-restricted diets, low nutrient-dense 
diets, or diets with poorly bioavailable iron sources all contribute to an inadequate iron intake and 
should be discouraged. 

 It is helpful to include foods that enhance non-heme iron absorption when iron intakes are low 
and iron requirements and losses are high. Increasing ascorbic acid intake during meals and avoiding 
large amounts of tea and coffee with meals are helpful ways to improve iron absorption. Meat, poul-
try, and fi sh are good sources of iron as most of the iron provided is highly bioavailable heme iron. 
Moreover, meat proteins promote the absorption of non-heme iron  [  81  ] . Dried beans, dried fruits, 
and vegetables are also good food sources, although their non-heme iron is not as bioavailable as 
heme iron in meats. Indeed, vegetarians can also obtain adequate amounts of iron from their plant-
based diets as long as their diets contain suffi cient amounts of iron-rich plant foods. Some other food 
sources of iron are egg yolk, whole grain, cereal, and enriched breads. Milk, milk products, and corn 
are notoriously poor sources of iron. To be considered as high in iron, foods need to provide 20% or 
more of the daily value (DV), which is set as 18 mg for iron. Foods providing 10–19% of the daily 
value are considered good sources of iron, whereas foods providing 5% or less of the DV are low 
sources. Selected food sources of heme and non-heme iron are shown in Tables  5.2  and  5.3 .    
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   4 Assessment of Iron Bioavailability 

 The bioavailability of iron in different foods varies depending on the food sources, composition of 
the diet, and physiological factors. Iron bioavailability can be assessed with the use of radioisotopes, 
stable isotopes, or the hemoglobin regeneration assay. For assessment using radioisotopes, the test 
food is either extrinsically or intrinsically labeled with the radioisotope  59 Fe, which is a gamma emit-
ter. A whole body count is made shortly after the ingestion of the labeled test food using a whole 
body counter. The resulting count is considered a 100% value, which will subsequently decrease as 
a result of fecal excretion. Another count of the whole body radioactivity is made about 14 days 
later. After correcting the count for radioactive decay and expressing it as a percentage of the post-
administration count, a direct measure of retained  59 Fe is determined. Whole body counting using 
radioisotopes is a direct, simple, and possibly the most reliable measure for iron retention. Besides, 
only tracer doses are required for labeling purposes and radioisotopes are easier to measure than 
stable isotopes. However, concern about the safety of ionizing radiation exists. Though radioiso-
topes are still being used, they are considered inappropriate to use in infants and children. 

 As an alternative to radioisotopes, stable isotopes are used, especially in studies on infants, chil-
dren, and pregnant women.  54 Fe,  56 Fe,  57 Fe,  58 Fe are the four naturally occurring stable isotopes of 
iron, and the most commonly used stable isotopes in human nutrition studies are  57 Fe and  58 Fe  [  90  ] . 

   Table 5.2    Selected food sources of heme iron   

 Food  mg iron per serving  % daily value 

 Braunschweiger (a pork liver sausage), 3 oz  9.4  52 
 Breaded, fried oysters, 3 oz  6.0  33 
 Braised lean beef chunk, 3 oz  3.2  18 
 Breaded, fried clams, 3 oz  2.2  12 
 Roasted dark meat turkey, 3 oz  2.3  13 
 Roasted duck, 3 oz  2.3  13 
 Roasted chicken breast, 3 oz  1.1  6 
 Halibut, 3 oz  0.9  5 
 Broiled pork loin, 3 oz  0.8  4 
 Canned white tuna, 3 oz  0.8  4 

  From U.S. Department of Agriculture’s Nutrient Database (  http://www.nal.usda.gov/fnic/
foodcomp/Data/SR20/nutrlist/sr20w303.pdf    )  

   Table 5.3    Selected food sources of non-heme iron   

 Food  mg iron per serving  % daily value 

 Iron-fortified ready-to-eat cereal, 1 cup  18  100 
 Boiled soybean, 1 cup  8.8  48 
 Boiled lentils, 1 cup  6.6  36 
 Cooked spinach, 1 cup  6.4  35 
 Boiled kidney beans, 1 cup  5.2  29 
 Boiled black beans, 1 cup  3.6  20 
 Cooked enriched white rice, 1 cup  3.2  18 
 Seedless raisins, 1 cup  2.7  15 
 Whole egg, 1  1  6 
 Whole wheat bread, 1 slice  0.9  5 

  From U.S. Department of Agriculture’s Nutrient Database (  http://www.nal.usda.gov/fnic/
foodcomp/Data/SR20/nutrlist/sr20w303.pdf    )  
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The dose of the isotopes used depends on the natural abundance of the enriched isotope  [  90  ] . 
The natural abundance of  57 Fe and  58  Fe is 2.1% and 0.3%, respectively. Isotopes with the least natu-
ral abundance allow lower amounts of tracers to be used to achieve measurable enrichments in the 
samples. This is important as high doses of iron can make a signifi cant contribution to the total iron 
content of the tested food, which, in turn, infl uences the absorption results. Unlike radioisotopes, stable 
isotopes do not emit radiation and thus whole body counting cannot be performed. Instead, hemo-
globin incorporation of the stable isotopes is used as a direct measure of iron bioavailability. Since 
the majority of newly absorbed iron is incorporated into reticulocytes for hemoglobin synthesis, the 
proportion of the stable isotopes found in hemoglobin after ingestion of an isotopically labeled test 
food is used to determine iron bioavailability. Basically, a blood sample is obtained about 14 days 
after dosing and the isotopic enrichment of the blood sample is measured using mass spectrometry 
such as thermal ionization mass spectrometry (TIMS) or inductively coupled plasma mass spec-
trometry (ICP-MS). 

 The hemoglobin regeneration method was originally designed to determine iron bioavailability 
from different iron sources for fortifi cation purposes. This method is rarely performed in humans 
and usually is used in animal models. Basically, rats are made iron depleted by feeding them an iron-
defi cient diet until anemia develops. They are then divided into groups and fed diets containing the 
iron compounds studied in different concentrations, and ferrous sulfate is used as a reference iron 
source. After weeks of repletion, hemoglobin levels increase and these increases refl ect the bioavail-
ability of the dietary iron sources and the iron concentrations of the diets. Iron bioavailability of the 
studied iron compounds is expressed relative to the effect of ferrous sulfate.  

   5 Iron Fortifi cation and Iron Supplementation 

 Besides dietary modifi cation and diversifi cation to increase the iron content and bioavailability of 
the diet to prevent iron defi ciency  [  91,   92  ] , iron fortifi cation and iron supplementation are used to 
improve iron nutrition of the population. 

   5.1 Iron Fortifi cation 

 Iron fortifi cation of commonly consumed food staples is a practical and cost-effective strategy to 
improve iron nutrition of a large population. Iron fortifi cation has been used in developed countries 
for the last 60 years and has shown benefi cial effects. The reduction in the prevalence of iron defi -
ciency in young children in developed countries is attributed to iron fortifi cation of infant formulas 
and weaning foods  [  93  ] .Consumption of iron-fortifi ed wheat fl our is also thought to contribute to the 
low occurrence of iron defi ciency anemia in female adolescents and women  [  94  ] . However, the effi -
cacy of iron fortifi cation in developing countries has traditionally not been high. The use of poorly 
bioavailable iron fortifi cants, low fortifi cation levels, and inadequate consumption of the food vehi-
cle have led to a low impact of iron fortifi cation in developing countries  [  94,   95  ] . Recent innovative 
approaches ensuring the use of bioavailable iron in appropriate quantities have shown effectiveness 
in improving iron status of target populations. 

 Among all iron compounds used, ferrous sulfate is the most bioavailable with a relative bioavail-
ability value (RBV) set as 100 and it ranks fi rst as recommended iron compound used for food for-
tifi cation by the WHO  [  96  ] .Unfortunately, iron in ferrous sulfate reacts easily with other food 
components, causing unacceptable color and fl avor changes, and often promotes fat oxidation and 
rancidity in the food. Therefore, it is not suitable to be used in foods with air-permeable packages 
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and long storage time. Ferrous sulfate is, however, commonly used in infant formula and products 
packaged in cans and jars with short shelf life. Two other widely used iron fortifi cants are elemental 
iron (electrolytic iron) and ferric pyrophosphate. Because of their low solubility, they are unlikely to 
cause adverse sensory changes in food, but they have a lower RBV. To compensate for their lower 
bioavailability, their recommended levels used are twice as high as that for ferrous sulfate  [  96  ] . 
Another iron compound used is NaFeEDTA, which has a RBV two to three times higher than ferrous 
sulfate when used in foods with high phytic acid content. This distinct feature enables NaFeEDTA 
to be the recommended iron compound used in high-phytate cereals  [  96  ] . A summary of the charac-
teristics of selected iron compounds is shown in Table  5.4 . Apart from the RBV of the iron com-
pounds, effi cacy of the iron-fortifi ed foods also depends on the amount of iron added to the food, the 
consumption pattern of the food vehicle by the target population, presence of dietary inhibitors or 
enhancers in the diet, amount of iron lacking in the diet, and the prevalence of other micronutrients 
defi ciencies and infections, which negatively affect iron utilization.  

 WHO has recently issued recommendations for iron compounds to be used and guidelines to 
defi ne iron fortifi cation level and to assess iron status in order to monitor the effi cacy of the fortifi ca-
tion intervention. Most of the iron fortifi cation studies conducted following these guidelines have 
shown good effi cacy of the iron-fortifi ed foods and improved iron status of the studied population. 
Fortifi cation of maize fl our with ferrous fumarate and other nutrients in South Africa has been shown 
to improve iron status and motor development and to reduce anemia in infants  [  97  ] . Moroccan chil-
dren consuming ferrous sulfate or ferric pyrophosphate fortifi ed salt  [  98  ] , Vietnamese women con-
suming NaFeEDTA-fortifi ed fi sh sauce  [  99  ] , and children in Chile receiving ferrous sulfate and 
ascorbic acid–fortifi ed milk powder  [  100  ]  had decreased prevalence of iron defi ciency anemia. 
Improved iron status has been observed in women receiving fortifi ed wheat fl our snack fortifi ed with 
electrolytic iron or ferrous sulfate in Thailand  [  101  ]  and in children consuming NaFeEDTA-fortifi ed 
whole maize fl our in Kenya  [  102  ] . Ferric pyrophosphate–fortifi ed rice in India also decreased the 

   Table 5.4    Characteristics of some iron compounds used for iron fortifi cation   

 Iron compounds  Characteristics  WHO recommendation  Food vehicles 

 Ferrous sulfate  Water soluble  Ranks first as the 
recommended iron 
compound used for 
food fortification 

 Cereal-based 
complementary foods, 
dry milk 

 Most bioavailable 
 Can cause unacceptable food 

sensory changes 
 Suitable for food with fast 

turnover 
 Elemental iron 

(electrolytic 
iron) 

 Water insoluble  Recommended levels 
used are twice the 
level of ferrous sulfate 

 Electrolytic iron: cereal-based 
complementary foods, 
breakfast cereals, low 
extraction wheat fl our 

 Lower bioavailability than 
ferrous sulfate 

 Ferric 
pyrophosphate 

 Unlikely to cause unacceptable 
food sensory changes 

 Ferric pyrophosphate: rice, 
cocoa products, salt 

 NaFeEDTA  Water soluble, chelate  Recommended for 
high-phytate cereals 
and high-peptide 
sauces 

 Cereal fl our, high extraction 
wheat fl our, fi sh and soy 
sauce 

 Higher bioavailability than 
ferrous sulfate when used 
in high-phytate foods 

 Added at half the level 
of ferrous sulfate 
in high-phytate foods 

 Does not precipitate peptides 
in fi sh and soy sauces 

 Added at the same level 
as ferrous sulfate in 
low-phytate foods 
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prevalence of iron defi ciency in children  [  103  ] . Though the above studies have shown good effi cacy, 
infections or other micronutrients defi ciencies can have negative impact on the effi cacy of the iron 
fortifi cation. For instance, the fortifi cation of salt with ferric pyrophosphate improved the iron status 
of children in West Africa, but the prevalence of anemia remained unchanged. Iron utilization was 
believed to be impaired by the high prevalence of malaria and ribofl avin defi ciency in the studied 
children, in turn affecting the effi cacy of the fortifi cation  [  104  ] . In addition to iron fortifi cation of 
commonly consumed food staples, home fortifi cation of complementary foods with multiple micro-
nutrient supplements has been developed in recent years. This practice had shown benefi cial effects 
on target groups  [  105–  109  ] . Supplements in the form of powders (“Sprinkles”), crushable tablets, 
and fat-based spreads, which were added to the weaning food just before feeding, have shown posi-
tive effects on motor development in 12-month-old Ghanaian infants  [  105  ] . Sprinkles powders have 
also been effi cacious in treating and preventing anemia in Ghanaian  [  109  ]  and Cambodian infants 
 [  106  ] . Iron status and growth were also improved in moderately malnourished infants in Malawi 
when using a fortifi ed spread  [  107  ] . 

 In regard to potential adverse effects of iron fortifi cation, concern has been raised about mass iron 
fortifi cation in some segments of the population who are iron suffi cient or at risk of iron overload. 
Increased iron accumulation in individuals with hereditary hemochromatosis is a potential risk of 
iron fortifi cation. In addition, iron absorption is increased in individuals with thalassemia, indicating 
that they would absorb more iron from fortifi ed foods. Nevertheless, the level of iron fortifi cation 
used is lower and more similar to a physiological environment than supplementation, and is consid-
ered a safe intervention. Overall, iron fortifi cation imposed on existing food habits and the custom-
ary diet of the target population represents a cost-effective, feasible, safe, and sustainable approach 
in reducing the prevalence of iron defi ciency.  

   5.2 Iron Supplementation 

 Another approach to control iron defi ciency is iron supplementation. This approach is cost effective 
over short periods of time and effi cacious if well monitored  [  110  ] . Unlike fortifi cation, supplementa-
tion delivers a larger dose of iron, without food. Ferrous sulfate and ferrous gluconate are preferred 
to be used in iron supplements because of their high iron bioavailability and low cost. The recom-
mended iron dose for supplementation is about 30 mg daily in developed countries, and can be as 
high as 240 mg daily in some developing countries  [  111  ] . When an iron supplement is taken on an 
empty stomach or with juice or water rather than with tea, coffee, or milk, absorption is enhanced. 
Other factors affecting the absorption of iron from the supplements include iron dosage, iron status 
of the recipient, and whether it is taken alone or with other supplements. 

 Routine iron supplementation is sometimes advised during infancy to prevent iron defi ciency  [  39, 
  112  ] . Recommendations for iron supplementation of children in populations with high occurrence 
of anemia have been made  [  112  ]  and shown to be effective in preventing iron defi ciency. Pregnant 
women also have high iron requirements that are diffi cult to meet through diet alone; supplementa-
tion is therefore the standard recommendation and practice during pregnancy  [  39  ] . The International 
Nutritional Anemia Consultative Group (INACG)/WHO/UNICEF recommends daily iron supple-
ments of 2 mg/kg weight be given to infants and young children 6–24 months of age to prevent 
anemia and a routine daily iron supplementation of 60 mg for 6 months for pregnant women  [  112  ] . 
Iron supplementation of pregnant women increased infant birth weight and reduced the incidence of 
preterm delivery and low-birth-weight infants, though it did not decrease the prevalence of anemia 
during the third trimester  [  54,   112  ] . Improved iron status and reduced impairments in cognitive and 
motor development were seen in iron-defi cient children with iron supplementation  [  113  ] . Nonetheless, 
the prevalence of iron defi ciency remains high in developing countries, which can be attributed to 
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the poor compliance and logistics of supply  [  41,   114  ] . Due to negative effects such as gastric 
discomfort, potential toxicity, and potential interference with zinc absorption and status  [  67,   115  ] , 
the acceptability of iron supplements is low. Individuals with undiagnosed hemochromatosis taking 
iron supplements is another problem, as additional iron will accumulate in tissues that are already 
iron overloaded. Other concerns regarding potential adverse effects of iron supplementation exist. 
Growth and weight gain of iron-replete infants and young children given iron supplements have been 
shown to be adversely affected in some studies  [  116,   117  ] . Iron supplementation lowered the gain in 
length and head circumference in Swedish infants with satisfactory iron status  [  116  ] . Weight gain 
was also lower in iron-replete young children receiving iron supplements  [  117  ] . In addition, copper 
status was found to be negatively affected in iron-supplemented infants as assessed by erythrocyte 
copper/zinc-superoxide dismutase  [  118  ] . Furthermore, the benefi cial effect of zinc supplementation 
on growth in Indonesian infants was nullifi ed with iron supplementation  [  115  ] . In malaria-endemic 
populations, iron supplementation is associated with increased risk of serious infections in children 
 [  119,   120  ] . Special caution with iron supplementation should therefore be exercised, especially in 
regions with high transmission of malaria and other serious infections. There is no doubt that iron 
supplementation benefi ts individuals at risk of iron defi ciency; however, potential adverse effects to 
certain populations should not be neglected. Identifi cation of individuals with iron defi ciency or at 
risk of iron defi ciency may be needed, so that iron supplementation can be targeted to individuals 
that will benefi t from the supplementation.       
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   1 Introduction 

 The last 15 years has seen tremendous advances made in our understanding, at the molecular level, 
of the proteins involved in iron transport and regulation of iron metabolism with the major players 
involved in intestinal non-heme iron transport now identifi ed. This achievement comes after several 
decades had seen little progress in this area and it was the application of modern molecular biology 
techniques starting about 25 years ago that has revolutionized our understanding. Advances have 
also been made in understanding the regulation of iron absorption with the iron hormone hepcidin 
emerging as the key systemic regulator. Moreover, the regulation of hepcidin production by several 
well-known signal transduction pathways has been shown and the stage has now been reached where 
intervention treatments based on molecules which regulate hepcidin represent viable approaches to 
the treatment of iron disorders. The molecular regulation of the main intestinal proteins involved in 
iron absorption is well advanced. The present chapter will bring together recent fi ndings on physiol-
ogy, molecular biology, and biochemistry of iron absorption and attempt to provide an integrated 
view of the regulation of this process.  

   2 Overview of Iron Metabolism in Mammals 

 In man, the normal diet should contain 13–18 mg of iron per day, of which only 1 mg is absorbed. 
In iron defi ciency, absorptive capacity may be increased to 2–4 mg and in iron overload it is reduced 
to 0.5 mg. Under normal circumstances, the intestine takes up more iron than is required and, depend-
ing on the body’s demand for iron, a certain amount is transferred to the circulation, the rest being 
retained by the enterocyte and lost when the villus cells are exfoliated. The principle site of iron 
absorption is the duodenum and proximal jejunum. Once iron is absorbed into the bloodstream, it is 
conserved and there is little excretion via the kidneys. This was established by pioneering work of 
McCance and Widdowson who were the fi rst to suggest that body iron stores were determined by 
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regulation of intestinal iron absorption  [  1  ] . They found that when various transition metals were 
intravenously injected into the body, iron was the only metal not rapidly excreted in the urine. 

 The formation of red blood cells requires about 30 mg of iron daily and this is balanced by an 
equal fl ux of iron from the breakdown of senescent red blood cells by the reticuloendothelial (RE) 
cells in the spleen, liver (Kupffer cells), and bone marrow. Body iron losses are small in comparison 
and are associated with the sloughing of epithelial cells (skin, gastrointestinal cells, urinary tract 
cells) and the loss of fl uids (e.g., tears, sweat, and particularly in menstruating women, blood). This 
accounts for the loss of 1 mg/day of iron. In man, dietary iron intake consists of two components: 
heme iron (predominantly in red meat) and non-heme or inorganic iron (also abundant in meat, but 
the main form of iron in vegetables, cereals, etc.). The absorption of both is discussed below.  

   3 Heme Iron Absorption 

 Intestinal absorption of heme is not yet well understood and it is not clear how heme iron enters the 
intestinal mucosa. Early work established that heme is released by digestion of hemoproteins in the 
stomach and duodenal lumen  [  2–  4  ] . Heme differs from non-heme iron in its solubility and avail-
ability profi le. Heme tends to form oligomeric aggregates in acid solution and this is promoted if 
ligands can bridge between the iron atoms chelated within the heme or if neutral molecules such as 
water are the iron ligands. If high enough concentrations of charged ligands are present, bridging 
does not occur and heme becomes soluble. Examples of good ligands for heme iron are amines such 
as arginate and importantly, hydroxide. Thus, solubility of heme is promoted by high concentrations 
of hydroxide (i.e., higher pH values) or amino acids or peptides that can act as ligands to the iron 
within heme. As with non-heme iron absorption (see below), the machinery for heme iron absorp-
tion is most active in the proximal intestine  [  5  ]  and involves breakdown of the heme within the 
mucosa by heme oxygenase  [  6  ]  with release of iron that is then transported to the blood, probably 
by the same mechanism used for non-heme iron (i.e., via ferroportin as discussed in detail below). 
The mucosal uptake of heme appears to involve a receptor on the brush border membrane  [  7  ]  and 
transport of the heme into the enterocytes. HCP1 was identifi ed as a candidate transporter for heme 
 [  8  ] ; however, this protein was subsequently shown to be more active as a folate transporter and 
renamed PCFT  [  9,   10  ] . Loss of function mutations in PCFT/HCP1 are associated with hereditary 
folate defi ciency and further work is needed to clarify whether this protein plays any signifi cant role 
in heme absorption. It is noteworthy that absorption of heme iron is not regulated as tightly by iron 
stores as non-heme iron absorption  [  7  ] , presumably relating to a less tightly regulated mucosal 
uptake step. The oxidation state of heme iron does not seem to affect its solubility and the absorption 
of heme iron is not affected by food factors that alter non-heme iron absorption. Thus, heme iron has 
a relatively high bioavailability (15–30%) that is relatively constant. One result of this weaker regu-
lation and high bioavailability is that higher iron stores are associated with high intakes of heme iron 
 [  11–  13  ] .  

   4 Non-Heme Iron Absorption 

 Knowledge of non-heme iron absorption is much more extensive than that of heme absorption as the 
former is more highly regulated and more associated with iron defi ciency. The remainder of this 
chapter focuses on non-heme iron absorption. Non-heme (or inorganic) iron is present in the diet as 
either the reduced ferrous (Fe(II), Fe 2+ ) ionic form or the oxidized ferric (Fe(III), Fe 3+ ) form. Under 
normal physiological conditions (i.e., neutral pH and in the presence of oxygen), ferrous iron is 
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rapidly oxidized to the ferric form which has a strong tendency to precipitate as iron hydroxide. 
Several luminal factors, both in the diet and secreted by the gut, can have marked effects on the 
absorption of dietary iron. In studies of iron absorption in animals and humans, subjects are nor-
mally fasted before administering radioactively labeled iron into the intestine. The presence of food 
drastically reduces the bioavailability of non-heme iron due to components of the diet (such as 
phytates, polyphenols) binding the iron to form complexes that are not available for intestinal uptake 
 [  14  ] . In contrast, the presence of luminal reducing agents, such as ascorbate, is known to enhance 
iron absorption. Iron binding or complexing agents, forming weaker, soluble low-molecular-mass 
complexes (such as citrate, ascorbate, and perhaps some amino acids and peptides and other organic 
acids) can also enhance iron absorption. Non-heme iron is absorbed early in digestion mainly in the 
duodenum where the low pH favors solubility and reduction of iron. Further down the intestine, it is 
likely that the formation of insoluble ferric complexes reduces bioavailability. The transport of non-
heme iron across the duodenal mucosa has been studied intensively over the years and is highly 
adaptive to changes in iron requirements (low iron stores, pregnancy, erythropoiesis, hypoxia). Much 
progress has been made in the last few years in identifying the proteins involved in this process and 
these will be described below.  

   5 Anatomical Location of Iron Absorption 

 It has been shown that iron in the stomach is relatively soluble and signifi cant amounts are reduced 
to Fe (II) by dietary and secreted factors  [  15,   16  ] . The low pH of the stomach is a major factor in the 
release of ionized, soluble iron from the food, and loss of gastric acid secretion can compromise iron 
absorption, leading to anemia  [  17  ] . Early studies of the iron absorption mechanism and its regula-
tion established that this process was mainly confi ned to the duodenum and proximal jejunum 
where the small intestinal lumenal pH is most suited to maintaining non-heme iron in a soluble 
form (reviewed in  [  18  ] ). With the exception of hephaestin, whose mRNA is more uniformly 
expressed along the length of the gut, the duodenum and proximal jejunum coincides with highest 
expression of various iron transport molecules – DCYTB, DMT1   , and FPN. However, more recent 
data have shown that the colon also expresses relatively high levels of FPN, DMT1, and hephaestin, 
but not DCYTB  [  19,   20  ] . This would suggest that the colon may also be important for iron metabo-
lism and, given the low expression of FPN in the ileum, it is possible that some iron lost through ileal 
epithelial cell sloughing is reabsorbed in the colon. The lack of DCYTB in the colon is interesting 
and may refl ect the fact that the environment in the colonic lumen is reducing and therefore a surface 
reductase is not required, that another reductase is present, or that another form of iron is absorbed. 
Due to its high iron absorptive capacity with a high degree of regulation, the remainder of this 
chapter focuses on proximal intestine and especially the duodenum.  

   6 Iron Absorption: A Two-Step Process 

 Manis and Schachter showed in 1961 that the absorption process in the proximal intestine can be 
divided into two steps, namely,  uptake  of lumenal iron into the mucosa and  transfer  of iron from 
mucosa to the blood  [  21  ] . This terminology has been almost universally adopted in subsequent 
work, as it fi ts not only with iron absorption kinetic parameters that have been extensively measured 
in vivo, but also with the major sites of localization of the principle proteins involved in iron absorp-
tion (below). 
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 Early work provided evidence for the regulation of iron absorption at both the uptake and transfer 
steps, with a few experiments suggesting distinct mechanisms operated on the two steps. For a 
review of the early studies on iron absorption, please see  [  22  ] . Simple principles of metabolic regula-
tion would lead one to expect the primary regulated step in a pathway would be the fi rst committed 
step. In many metabolic pathways, this is indeed observed. In the case of a potentially toxic nutrient 
like iron, things get more complicated. Older ideas (“mucosal block”) focused on iron as a poten-
tially toxic metal and the body had to be protected from excess absorption. Such ideas could fi t with 
the primary regulated step being the basolateral transfer step. However, iron is essential as well as 
being potentially toxic, not only for the body but also for the enterocytes responsible for absorbing 
it from the diet. The latter consideration means that mucosal uptake also needs to be regulated and 
some regulated coordination of the two steps is needed to maintain an effi cient fl ux across the 
enterocyte and prevent enterocyte iron levels dropping too low or building up too high. Elegant 
molecular mechanisms have been identifi ed which can bring about this complex regulation and these 
will be described in more detail below. Current molecular evidence supports earlier kinetic studies 
and indicates that the basolateral transport of iron is rate-limiting for iron entry into the circulation.  

   7 Proteins Involved in Uptake: DMT1 and DCYTB 

   7.1 DMT1 

 Divalent metal-ion transporter 1 (DMT1; also known as NRAMP2 or DCT1) was the fi rst mammalian 
iron transporter to be identifi ed by two groups working independently. Gunshin et al.  [  23  ]  used the 
 Xenopus  oocyte expression cloning system to identify a cDNA that caused a rapid inward current in 
the presence of ferrous iron in the external medium in comparison with a water-injected control. The 
transport of iron into the oocyte was highly dependent on an inward-directed proton gradient. 
The mechanism of iron transport is therefore likely to be proton coupled and requires a pH gradient  [  24  ] . 
 DMT1  mRNA was shown to be highly expressed in the duodenum and strongly upregulated in iron 
defi ciency. The mRNA was later shown to contain a functional iron responsive element (IRE) in its 
3 ¢  untranslated region which can mediate iron-dependent regulation  [  25  ] . In the other study, Fleming 
et al. were working on the genetic basis of the microcytic anemia (mk/mk) mouse  [  26  ] . This mouse 
strain has a hypochromic, microcytic anemia and affected animals have both defective intestinal iron 
absorption and reduced iron uptake by developing erythroid cells. The causative gene was identifi ed 
as  Nramp2   [  26  ] . The same group later showed an identical mutation was present in Dmt1 in the 
Belgrade rat which has a similar microcytic anemia  [  27  ] . Thus, the expression pattern along with 
transport data and powerful genetic evidence are consistent with DMT1 being responsible for the 
regulated step of duodenal iron uptake. Genetic knockout experiments have since shown that DMT1 
is essential for life  [  28  ]  and human DMT1 mutations that cause anemia have been identifi ed  [  29–  31  ] . 
DMT1 plays a role in reticulocyte iron uptake (and indeed in iron uptake by most body cells) as well 
as intestinal iron uptake, and mice with global Dmt1 knockout die within a few days of birth with 
severe anemia  [  28  ] . Complete loss of Dmt1 is more severe than the mk or Belgrade mutations men-
tioned above, indicating that these mutants retain some Dmt1 function. In an intestine-specifi c Dmt1 
knockout, survival is improved but mice rapidly become iron defi cient after weaning, indicating 
DMT1 is the major pathway for iron absorption in adults  [  28  ] . A detailed study of iron absorption in 
Dmt1 knockout mice has not been published; however, there are suffi cient published data  [  28  ]  to 
estimate total body iron levels (and therefore dietary iron absorption) in such mice. The fact that the 
mice grow normally for at least 3 days after birth strongly suggests normal iron absorption from 
dam’s milk. Thus, neonatal iron absorption from the mother’s milk seems to be Dmt1 independent. 
Mice start to consume adult foods at about 15 days of age and wean at about 21 days and a progressive 
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decline in body iron seems to occur from about 15 days of age in the Dmt1 intestinal knockout. 
Intestine-specifi c Dmt1 knockout mice still grow from 4 to 8 weeks of age and therefore their calcu-
lated total body iron increases, suggesting that a non-DMT1 absorption pathway may be present 
 [  28  ] . The assumptions needed for the total body iron calculation, however, make this increase debat-
able. Suggestions have been made that in mice in which both the  Dmt1  (intestine-specifi c) and  Hfe  
genes have been knocked out, an alternative iron absorption pathway exists  [  32  ] . However, the data 
supporting this possibility have not been published and the conclusion is based on the improved 
survival of the double knockout mice  [  28  ] . This increased survival could be explained by increased 
prenatal and neonatal iron absorption associated with the  Hfe  deletion, leading to increased iron 
stores at weaning that allow the Dmt1 intestinal knockout animals to survive a little longer. In addi-
tion, the tissue-specifi c gene knockout may not be 100% effi cient in all the mice. The question of 
alternate (i.e., non-DMT1) iron absorption pathways that may make a minor contribution to adult 
iron absorption therefore remains to be resolved and more detailed studies of the Dmt1 intestinal 
knockout mouse need to be carried out. 

 DMT1 has been shown to transport other divalent metals such as Zn, Mn, Co, and Cd. However, 
whether this property of DMT1 has any physiological relevance is open to question. In the case of 
zinc, absorption from the diet is controlled by members of the ZIP and ZNT family. There is also 
evidence that ZIP4 and ZIP14 can transport iron and may play a role in iron uptake in some tissues 
 [  33,   34  ] . It has been demonstrated that manganese absorption is impaired in Belgrade rats (presum-
ably as a result of the mutation in Dmt1  [  35  ] ). Iron defi ciency or anemia cause increases in tissue 
cadmium levels, suggesting that these conditions could be risk factors for cadmium toxicity  [  36  ] . 
Interestingly, the increased Cd uptake may not be mediated by DMT1  [  37,   38  ] . On the other hand, 
Zn and Cu have been reported to regulate DMT1 expression  [  39,   40  ] , providing another possible 
mechanism for metal interactions with iron absorption.  

   7.2 DCYTB 

 DMT1 transports only ferrous iron whereas dietary iron is likely to be mostly in the ferric form. 
Thus, a ferric reductase was predicted to be present in the duodenal mucosa  [  41  ] . The presence of 
such a surface ferric reductase activity in the duodenum was fi rst described some time before the 
discovery of DMT1  [  42  ] . The reductase activity was strongly stimulated by hypoxia and iron defi -
ciency, both of which stimulate iron absorption, especially of ferric iron  [  42  ] . In addition, it was 
found that the activity was highest in the duodenum and lowest in the ileum, compatible with the 
profi le of iron absorption along the gut. Attempts to purify the protein responsible for this activity 
provided evidence that it was associated with a b-type heme center that was immunologically dis-
tinct from the NADPH oxidase GP91-Phox  [  43  ] . The protein was, however, never successfully puri-
fi ed using biochemical methods as the heme was lost early in the purifi cation  [  44  ] . The gene 
responsible for this activity, Dcytb (for duodenal cytochrome b; also called Cybrd1), was eventually 
identifi ed using a subtractive cloning strategy  [  45  ] . The protein sequence of DCYTB was homolo-
gous to cytochrome b561, a b-type heme transmembrane dehydroascorbate reductase highly 
expressed in chromaffi n granule membranes in the adrenal medulla  [  46,   47  ] . The role of b561 is to 
reduce granular dehydroascorbate to ascorbate by transporting an electron donated by cytoplasmic 
ascorbate across the granule membrane  [  48  ] . In addition to b561, DCYTB was identical to the N 
terminus of a protein called P30  [  49,   50  ] . When expressed in either  Xenopus  oocytes or cultured 
cells, Dcytb induces ferric reductase activity. The protein has recently been found at high concentra-
tions in the membrane of mature red blood cells of scorbutic species such as human and guinea pig, 
but is absent from those of non-scorbutic species (those able to synthesize ascorbic acid) such as 
mice and rats  [  51  ] . This has led to the hypothesis that DCYTB plays a physiological role in ascor-
bate regeneration; however, this has yet to be confi rmed.  
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   7.3 Dcytb Knockout Mouse 

 In 2005, Gunshin et al. described the phenotype of a Dcytb knockout mouse in which Dcytb was 
deleted in all tissues  [  52  ] . The Dcytb knockout mice on the 129 background displayed a relatively 
mild phenotype – relative to loss of either DMT1 or FPN – with a small reduction in liver iron, nor-
mal hematological parameters with no overt anemia. The authors therefore concluded that DCYTB 
was not required for iron absorption in mice. However, the study was limited to measurement of liver 
iron and no measurements of iron absorption itself or duodenal reductase activity were made to rule 
out compensatory effects from other ferric reductases  [  53  ] . The study did not address possible con-
founding strain effects, e.g., the fact that the 129 strain are highly resistant to iron defi ciency due to 
their high liver iron stores (relative to other strains such as C57) and do not become anemic even 
when chronically fed iron-restricted diets. Hence the effect of lack of DCYTB may be more obvious 
in another background such as C57. We have now examined the same DCYTB knockout mice used 
by Gunshin et al. and measured duodenal ferric reductase activity. We found that Dcytb is the only 
iron-regulated duodenal ferric reductase and that in Dcytb knockout mice inclusive there were 
signifi cant decreases in spleen iron compared to WT mice (Choi et al. 2010, unpublished). We con-
clude that Dcytb is required for optimal iron metabolism likely by increasing the bioavailability of 
ferrous iron for the transporter DMT1, a process that is likely to be important under dietary iron-
limited conditions.  

   7.4 Proteins Involved in Iron Transfer: Ferroportin and Hephaestin 

 The basolateral iron transporter was identifi ed by three groups working independently and therefore 
surfaces in the literature under three different aliases: Ireg1  [  54  ] , ferroportin  [  55  ] , and MTP1  [  56  ] . 
The more descriptive appellation of ferroportin (FPN) is now most widely used. FPN was fi rst iso-
lated and reported using the same strategy which identifi ed Dcytb  [  54  ] . The predominant mRNA for 
FPN contains a functional IRE sequence, is highly localized to the duodenum and is regulated by 
several independent stimulators of iron absorption. The presence of an alternatively spliced, non-
IRE FPN mRNA has been recently described and resolves some issues regarding FPN regulation 
(see below)  [  57  ] . The gene encodes a highly hydrophobic membrane protein with 10–12 transmem-
brane spanning domains, which bears little sequence identity with any other transporter family. 
Transfecting polarized epithelial cells with a tagged FPN showed the protein was targeted to the 
basolateral membrane. This fi nding led to the hypothesis that FPN was an iron-regulated protein 
involved in the transfer of iron to the circulation across this membrane. The  Xenopus  oocyte expres-
sion system demonstrated that FPN did indeed stimulate effl ux of iron  [  54  ] . Donovan et al.  [  55  ]  used 
positional cloning to identify the gene responsible for the  wiessherbst  (weh) mutant phenotype in 
zebrafi sh, so called because their lack of hemoglobin gives them a pale appearance. The gene they 
identifi ed was the zebrafi sh homologue of FPN. In zebrafi sh, FPN was found to be expressed in the 
yolk sac where it is likely to be responsible for transfer of iron from the maternally derived iron 
stores to the embryonic circulation. In the third report, an approach of enriching for cDNAs contain-
ing IREs  [  56  ]  was used. 

 In addition to its role in the transfer of iron from the intestine to the circulation, FPN likely also 
plays an important role in iron transport in other cells, notably the macrophages where iron effl ux is 
required to recycle iron back into the circulation from the breakdown of hemoglobin. These red cell 
recycling macrophages are found in the liver (Kupffer cells), bone marrow, and splenic red pulp. FPN 
knockout mice die early in life confi rming that FPN is essential in mammals  [  58  ] . Selective knockout 
of the gene in the intestine confi rmed that FPN was required for intestinal iron absorption  [  58  ] . 
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 Mutations in FPN cause type IV hemochromatosis  [  59–  61  ]  also known as Ferroportin disease with 
an autosomal dominant inheritance distinct from HFE mutations. The clinical data from these patients 
shows distinct differences from patients with HFE mutations  [  59  ] . In some patients with FPN muta-
tions, serum ferritin levels are very high and reticuloendothelial (RE) cells are severely iron loaded. 
In contrast, in HFE patients macrophages are low in iron  [  59  ] . These data suggest a fault in the 
recycling of macrophage iron in patients with FPN mutations, consistent with the high expression 
of FPN in these cells. In other patients, transferrin saturation is high and the defect appears to be the 
inability of FPN to recognize hepcidin, so-called hepcidin resistance  [  62,   63  ] . Hereditary defects 
causing diseases of iron metabolism are discussed extensively elsewhere in this volume. 

 Mice with sex-linked anemia (sla) develop anemia due to a defect in the intestinal transfer of iron to 
the circulation. As a consequence, iron builds up in the enterocytes and the animals become anemic 
 [  64,   65  ] . Using a positional cloning approach, the defective gene was identifi ed by Anderson, Vulpe, 
and coworkers  [  66  ] . Interestingly, the protein sequence encoded by this novel gene (hephaestin) was 
very similar to ceruloplasmin, a copper-containing protein with ferroxidase activity. However, unlike 
ceruloplasmin, which is a secreted protein, hephaestin contains a single putative transmembrane 
domain at its C terminus, which may serve to anchor the protein into a membrane. Hephaestin is highly 
expressed in small intestine, though it does not show the regional predominance in the duodenum that 
FPN1, Dcytb, or DMT1 display. In fact, hephaestin is expressed along the length of the gut with no 
obvious gradient. This suggests hephaestin may have additional roles in the intestine unrelated to iron 
absorption. The subcellular location of hephaestin is also puzzling for a protein implicated in transfer 
of iron to the circulation. Studies indicate the protein is found not only on the basolateral membrane 
but also in intracellular perinuclear vesicles  [  20,   67  ] . The transport of iron through the enterocyte itself 
is an important aspect of the absorptive process about which little has been confi rmed  [  68  ] . It is pos-
sible that hephaestin has a role in this process or has a separate function in basolateral cytoplasmic 
vesicles (see below for further discussion of vesicle traffi cking in iron absorption).   

   8 The Regulation of Iron Absorption 

 The two key membrane iron transporters, DMT1 and FPN, show remarkably complex regulation, 
with the critical levels of each in their respective membranes determined by a combination of tran-
scriptional, translational/mRNA stability and protein traffi cking and turnover mechanisms (Fig.  6.1 ). 
The regulation of FPN in particular shows an apparently inconsistent set of regulatory mechanisms, 
with transcription being increased by low iron but translation of the resulting major mRNA being 
blocked by IRPs under the same conditions. A third level of regulation operates through the action 
of hepcidin to downregulate FPN protein at the basolateral membrane when iron levels are high. The 
presence of multiple control mechanisms leads to some degree of redundancy and knockout 
and mutant mice show varying degrees of loss of iron absorption regulation. In order to understand 
this complexity, one needs to consider the fact that the enterocyte has intrinsic (housekeeping) 
iron requirements. Although these requirements may be quantitatively small compared to overall 
body requirements, they are nevertheless important to the enterocytes and may confl ict with body 
iron requirements and the need to regulate fl ux of iron across the enterocyte. DMT1 regulation 
seems relatively straightforward in that the enterocyte’s intrinsic need to control its housekeeping 
iron levels operates in the same direction as the body’s iron requirements, so both enterocyte and body 
need to increase iron uptake at times of iron depletion. There are again three levels of regulation – 
transcriptional, regulation of the stability and therefore the level of translatable mRNA by IRPs, and the 
traffi cking of the protein to/from the BBM by iron levels. DCYTB regulation seems much simpler 
with primarily a transcriptional regulation. Hephaestin regulation is less well understood. We will 
describe the various mechanisms by which iron absorption gene expression is controlled, then 
describe an integrated model that explains the functional signifi cance of these various mechanisms.  
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   8.1 Transcriptional Control of DMT1, DCYTB, and FPN by HIF2 a  

 Until recently, an iron-dependent mechanism for controlling transcription of the key iron absorption 
genes was lacking and no iron-sensitive transcription factors had been identifi ed in the enterocyte. 
However, hypoxia-inducible factors (HIFs) have recently been identifi ed as potential iron sensors in 
the duodenum. HIFs have long been known to be key oxygen-sensitive transcription factors identi-
fi ed as regulating erythropoietin expression  [  69  ] , but they are now known to regulate a host of genes 
including many iron metabolism genes  [  70  ] . At the heart of the oxygen-sensing mechanism lie the 
prolyl hydroxylases, (PHDs of which there are three isoforms PHD1-3) which hydroxylate HIF and 
potentially respond to oxygen, iron, and ascorbate levels. Thus, these enzymes have the potential 
to act as iron sensors  [  71  ]  and HIF could operate as an iron-sensitive transcription factor. 

 HIF2 α  has been identifi ed as a key transcription factor that regulates genes encoding proteins 
involved in iron absorption in landmark studies by Shah et al.  [  70  ]  and Mastrogiannaki et al.  [  72,   73  ] . 
Dcytb does not have a recognizable IRE and hence its strong regulation by iron and hypoxia therefore 
seemed likely to be transcriptionally controlled. Both studies show that DMT1 and Dcytb contain 
hypoxia response elements (HREs) within their promoters, which preferentially bind HIF2 α , rather 
than HIF-1 α , and activate transcription. Selective deletion of HIF2 α  in the enterocytes of mice results 
in low levels of DMT1 and Dcytb (as well as FPN1 and hephaestin, suggesting that these genes are also 
dependent on HIF2 α ), leading to low serum and liver iron and anemia. Interestingly, this effect could 
not be counteracted by reduced hepcidin levels in these mice. These fi ndings help resolve a long stand-
ing observation that increased iron absorption (and in particular iron uptake) is an early (6–8 h) response 
to hypoxia  [  74,   75  ] , preceding alterations in plasma iron, erythropoiesis, or liver iron levels.  

  Fig. 6.1    Iron absorption regulation in enterocytes. Regulation operates at three levels (a) transcription of iron absorption 
genes in the nucleus is controlled by HIF2 α ; (b) levels and translation rates of some mRNAs are controlled by the IRP/
IRE system in the cytosol and rough endoplasmic reticulum; and (c) the localization and degradation of some proteins 
in their target plasma membranes is also regulated. These differing mechanisms of regulation operate on differing 
timescales: transcription affects protein levels after some hours, protein turnover in membranes can be directly altered 
in minutes, and effects on mRNA can lead to changes in protein levels from minutes to hours later. ARE-Apical 
recyling endosome, BRE-basolateral recyling endosome       
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   8.2 Posttranscriptional Control by IRPs 

 Although several of the iron transporters (DMT1 and FPN) contain IREs, the control of iron absorption 
by the IRP/IRE mechanism has never been adequately explained. The IRE in the 5 ¢  region of FPN 
has been shown to bind IRPs  [  54  ] , and this strongly inhibits protein translation as intestinal Irp 
knockout mice have massive increases in FPN protein levels  [  76  ] . DMT1 protein, on the other hand, 
contains a 3  ¢   IRE which stabilizes the mRNA, resulting in increased protein levels in iron defi ciency 
 [  25,   76  ] . Dcytb and hephaestin, however, do not appear to contain IREs despite (in the case of 
Dcytb) being highly upregulated by iron defi ciency. 

 However, some clarity may now be emerging with recent studies suggesting that non-IRE splice 
forms of DMT1 and FPN may be of greater relative importance for iron absorption. The IRE forms, 
on the other hand, may regulate iron for housekeeping purposes and prevent the enterocyte from 
becoming too iron defi cient or iron loaded. Zhang and colleagues showed that two splice variants of 
FPN exist, one containing a 5 ¢  IRE (FPN1A) and a non-IRE FPN1B  [  57  ] . Importantly, the FPN1B 
transcript appears to make up over 20% of the total duodenal FPN. The FPN1B transcript was highly 
responsive to iron, implying transcriptional regulation. DMT1 also exists as a non-IRE form which 
is upregulated by iron defi ciency  [  76  ] . Hence it appears that transcriptional regulation of the non-
IRE forms of FPN and DMT1, which leads to an upregulation of these genes under iron-defi cient 
conditions and enables them to evade regulation by the IRP/IREs is of primary importance in regu-
lating iron absorption. Precisely why FPN mRNA has a splice variant that can be translationally 
blocked in iron defi ciency is unclear. Perhaps this mechanism prevents the enterocyte from becom-
ing iron defi cient to such an extent that its normal metabolism is compromised.  

   8.3 Control of Protein Traffi cking by Iron (DMT1) and Hepcidin (FPN) 

 It has been known for many years that high oral doses of iron downregulate iron absorption. Part of 
this downregulation is associated with loss of DMT1 from the brush border membrane due to altered 
protein traffi cking  [  77,   78  ] . The details of how this occurs have not been worked out. In contrast, the 
traffi cking of ferroportin away from the basolateral membrane is known to be mediated by hepcidin 
binding  [  79  ]  and this effect is thought to be central to the action of hepcidin to downregulate iron 
absorption. Hepcidin action is considered in detail in Chap.   9    . 

 It has been suggested that some fraction of iron absorption proceeds via vesicular transport mech-
anisms  [  68  ] . The possibility that some or all of the intestinal absorption of iron is mediated by tran-
scytosis, or pathways partly involving endocytosis or exocytosis of iron in vesicles was fi rst raised 
by Johnson et al.  [  80  ]  who showed that microtubule poisons are effective inhibitors of iron absorp-
tion in vivo in rats. We were not able to reproduce these fi ndings in mice ( [  81  ] ; also Simpson RJ, 
unpublished data). More recently, Peres et al.  [  82  ]  showed in rats that absorption of iron complexed 
to caseinophosphopeptide was partially inhibited by the endocytosis inhibitor phenylarsine oxide. 
The inhibition was <30% and absorption of iron complexed to gluconate was not inhibited at all. It 
is possible that the chemical form of iron given in such experiments affects the outcome, with some 
iron complexes transported by vesicular transport pathways. 

 Much more evidence that iron transport across epithelial cells depends on vesicular transport has 
been obtained in studies of cultured cells  [  68,   83  ] . The limitations of such studies as predictors of in 
vivo iron absorption mechanisms have been discussed by Sharp and Srai  [  84  ] . It should be noted that 
early data on in vivo iron absorption has frequently shown low-affi nity iron absorption that is regu-
lated by iron  [  85–  88  ] . It is diffi cult to explain such low-affi nity pathways by a high-affi nity mem-
brane transporter such as DMT1. Such a low-affi nity pathway might be explained by a gated 
pinocytotic transcytosis pathway triggered by iron interacting with DMT1, although it is diffi cult to 
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envisage a requirement for FPN for such a pathway. Given the requirement that any physiological 
pathway in adults must involve DMT1 and FPN, one may suggest that low-affi nity pathways are not 
of physiological interest but may be important pharmacologically and may not require DMT1 or 
FPN. Studies of absorption of high doses of iron have not yet been carried out in intestine-specifi c 
Dmt1 or Fpn knockout mice. Others have found that the rapid phase of iron absorption seems to 
proceed with iron gaining some access to cytosolic ferritin  [  89,   90  ] . On the other hand, others have 
found in a recent study that iron absorption was little affected by increased cytosolic ferritin  [  91  ] . 
In the absence of more detailed studies in vivo, it is not possible to rule out transcytosis; however, 
the available data remain most consistent with a membrane transport-based mechanism with iron 
traversing the cytosol. This latter pathway could also be affected by microtubule inhibitors if the 
localization of any of the key transport components (FPN, Dcytb, Heph, or DMT1) was affected by 
such inhibitors. 

 Overall, these protein traffi cking regulation mechanisms can be seen as rapidly acting controls 
that can downregulate iron uptake or iron absorption within minutes. This contrasts with transcrip-
tion regulation which likely acts on a timescale of hours to alter DMT1 and FPN levels. Translational 
control via IRPs can act on an intermediary timescale.   

   9 Systemic Regulation 

   9.1 Hepcidin 

 The identifi cation of hepcidin as a key regulator of iron absorption and iron distribution in health and 
disease has greatly advanced our understanding of iron homeostasis in humans. Hepcidin, synthe-
sized in the liver, circulates in plasma before binding to FPN on enterocytes, macrophages, and other 
cells, promoting degradation of the transporter and thereby inhibiting iron release from these cells 
 [  79  ] . Hepcidin can be regulated positively (by increased iron stores and infl ammatory cytokines such 
as IL6)  [  92,   93  ]  or negatively (by anemia and hypoxia)  [  93  ] , although the mechanism(s) involved 
have not been fully elucidated. The relative importance and crosstalk between these factors and the 
signaling pathways involved in determining net levels of plasma hepcidin is not clear. Hepcidin 
regulation is discussed in more detail in Chap.   9    .  

   9.2 Liver Iron Sensing (TfR2, HFE, TfR1, HJV, BMPs) 

 It is thought that the level of transferrin saturation or the level of diferric transferrin is an important 
determinant of hepcidin levels, but how this system operates is not completely understood  [  94  ] . 
Primary mouse hepatocytes increase hepcidin levels in response to increasing transferrin saturation 
 [  95  ] . TfR2 has been implicated in hepcidin regulation via changes in levels of transferrin    and/or 
transferrin saturation. TfR2 shares 45% sequence identity with TfR1, is abundantly expressed on 
hepatocytes, and binds diferric transferrin with 20–30-fold lower affi nity than TfR1. Whereas TfR1 
is inversely regulated by iron expression, TfR2 protein is upregulated in cell lines and animal models 
in response to increased levels of diferric transferrin, but not apotransferrin or NTBI  [  96  ] , suggesting 
that this receptor could serve as an iron sensor on the hepatocyte cell membrane. Furthermore, the 
fi nding that humans with mutations in TfR2 develop iron overload  [  97  ]  associated with hepcidin 
defi ciency and mouse models of whole body knockout (or targeted hepatocyte disruption) of Tfr2 
 [  98  ]  are also hepcidin defi cient, is consistent with the idea that this receptor is an iron-sensing 
molecule on the pathway regulating hepcidin synthesis by the liver. 
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 HFE is clearly involved in regulating hepcidin synthesis as hepcidin defi ciency characterizes 
human and mouse models of HFE-related hemochromatosis  [  99  ] ; however, its role in iron sensing is 
unclear. HFE has been shown to bind to TFR1 and to the same domain that also binds diferric trans-
ferrin; therefore, HFE and transferrin compete for binding to TfR1  [  100  ] . HFE also binds to TfR2 
and binding has been shown to stabilize the receptor  [  101,   102  ] . It has been proposed that HFE dis-
placed from TfR1 by diferric transferrin could bind to TfR2 and signal an increase in hepcidin 
expression, but this mechanism has yet to be proven in vivo. 

 Hemojuvelin (HJV) contains a C-terminal glycosylphosphatidylinositol anchor and has been 
found as both cell-associated and soluble forms. The cell-associated form positively regulates hep-
cidin gene transcription through the BMP signal transduction pathway while the soluble form, dem-
onstrated in cell culture medium and in the circulation in vivo, has been found to suppress hepcidin 
mRNA in primary cultures of mouse hepatocytes  [  103  ] . Ganz and colleagues have proposed that 
through competitive binding at the hepatocyte membrane, the two forms of HJV reciprocally regu-
late hepcidin expression in response to changes in extracellular iron concentration  [  103  ] . 

 Hence, iron sensing in hepatocytes is likely to be extremely complex and involve HJV, BMPs, 
TfR2, and HFE. Recently, a liver-specifi c type II transmembrane serine protease (TMPRSS6, or 
matriptase-2) has been shown to be required for the appropriate response of hepcidin to iron defi -
ciency  [  104,   105  ] . The enzyme has been shown to cleave membrane-bound HJV and therefore act as 
a negative regulator of hepcidin  [  106  ] . In addition, BMP6 has recently been shown to be essential for 
hepcidin production  [  107,   108  ]  with Bmp6 KO mice becoming highly iron loaded due to lack of 
hepcidin  [  107  ] . Further work in this area is clearly required.   

   10 Integrated Control of Iron Flux Across the Enterocyte 

 Balancing iron fl ux across the mucosa to provide for body iron requirements and at the same time 
satisfy the enterocyte’s own iron needs is achieved by the above control mechanisms. In addition to 
these, as in all cells, enterocytes possess ferritin to protect themselves from excess iron and this is 
regulated by IRPs via a 5 ¢  UTR translation repression mechanism. The rapid downregulation of 
DMT1 from the apical membrane seems also to operate as a defense against sudden excess iron 
entry into enterocytes. 

 Making sense of all these various control mechanisms needs consideration of their differing pur-
poses as well as the differing timescales they operate on. Regulation of iron absorption requires 
coordinated up/downregulation of all the primary iron-sensitive genes responsible for moving iron 
across the enterocytes and the HIF system plays a key role in this regulation. On the other hand, the 
IRP/IRE posttranscriptional control mechanisms perform a housekeeping role which serves to pro-
tect the enterocyte from becoming too iron defi cient or iron loaded. This is illustrated by the fi ndings 
with Irp knockout mice. Double knockout of both Irp1 and Irp2 in intestinal cells only (global dou-
ble knockout is embryonic lethal) leads to severe derangement of enterocytes early in life  [  76  ] , thus 
emphasizing the importance of the IRP system for fundamental cell metabolism. Furthermore, Galy 
et al. noticed that Dmt1 non-IRE mRNA was upregulated and Dmt1 IRE was only mildly decreased 
in these double knockout mice. This, taken with more drastic effects of the Irp knockout on other 
IRE-regulated proteins, implied some transcriptional upregulation of Dmt1 gene. The enterocytes of 
the Irp double intestinal knockout mice were likely to be severely functionally iron defi cient due to 
upregulation of FPN and ferritin protein and the Hif2 transcriptional control provides a molecular 
mechanism for a compensatory increase in Dmt1 gene transcription that can balance the increased 
degradation of the Dmt1 IRE mRNA. Irp2 is believed to be the main IRP for iron regulation in 
enterocytes and selective knockout of this gene leads to increased ferritin and FPN production  [  91  ]  
and therefore functional enterocyte iron defi ciency. Once again, Dmt1 is relatively unchanged, 
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presumably because of increased transcription of the Dmt1 gene in response to the relative 
enterocyte iron defi ciency. Overall iron absorption was found to be unchanged  [  91  ] , suggesting that 
the IRP system does not affect regulation of iron absorption  per se . 

 The hepcidin/FPN system acts as a signaling mechanism to communicate body iron requirements 
to the duodenal enterocyte. However, hepcidin itself can be seen primarily to function as the regulator 
of plasma iron levels. Regulating plasma iron is particularly important. This pool of iron turns over 
rapidly, yet must supply the erythroid marrow (and other cells) with suffi cient iron for their metabolic 
needs while at the same time preventing excess (and potentially toxic) iron accumulating. 

 In situations where iron accesses the duodenum in bursts (meal feeding, as in humans, or when 
high doses of iron are given to animals), the varying timescales of regulatory mechanisms become 
more apparent. It has long been known that transfer of an oral dose of iron to the carcass of rats fol-
lows two phases, an early burst of iron transfer to the plasma and a slower phase of transfer over 
several hours. During the early phase, existing FPN protein acts to effl ux iron to the plasma. Excess 
iron in the cytosol is taken up by ferritin but also stimulates translation of ferritin and FPN mRNAs 
and shuts down transcription of the FPN, Dcytb, and DMT1 genes. The arrival of iron in the plasma 
subsequently leads to increased hepcidin production that will tend to block further effl ux from the 
enterocytes; however, the translation of more FPN1A mRNA will leave some capacity for effl ux, 
albeit at a slower rate.  

   11 Conclusion 

 The above description highlights the complexity of iron absorption regulation and the diffi culties of 
providing a simple explanation of this complexity. The most likely explanation is that the various regu-
latory mechanisms have been acquired at different times through the evolutionary history of mammals, 
the resulting system being, like many biological structures, not designed from scratch but a make-do-
and-mend system that has evolved to meet various physiological requirements as best it can.      
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  Abbreviations  

  BCEC    Brain capillary endothelial cell   
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   1 Introduction 

 Iron is a transition element which has two biologically important oxidation states, +2 and +3. It is an 
essential trace element and, as such, takes part in a large number of varied biological processes, 
many of which utilize the interconversion of ferrous and ferric iron. Ferrous iron is relatively soluble 
but is readily oxidized to the ferric form which is sparingly soluble at physiological pH  [  1  ]  and will 
precipitate if not solubilized. It is also possible for the electron released from the oxidation reaction 
to participate in the formation of reactive oxygen species which can cause oxidative damage if pres-
ent in high enough concentrations. Consequently, many elegant processes have evolved which ren-
der iron both soluble and non-toxic, allowing organisms to accumulate iron in forms which are both 
safe and functional. 
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 This chapter will provide an overview of the normal processes of iron transport in mammals, 
including a summary of the transport molecules and their mechanisms of iron capture and release. We 
will also outline the mechanisms of iron acquisition by tissues and the regulation of these processes.  

   2 Nature of Iron in the Plasma 

 Iron circulates in the plasma in a variety of forms. The major form is bound to the glycoprotein, 
transferrin. In addition, there is a pool of minor forms, termed “non-transferrin bound iron” (NTBI), 
which includes iron bound to low-molecular-weight chelators, macromolecules, and other proteins. 

   2.1 Transferrin-Bound Iron 

 The concentration of transferrin in normal adult plasma is approximately 30  μ M and the concentration 
of iron is approximately 20  μ M. Each transferrin molecule can bind up to two atoms of iron; thus, 
plasma transferrin is approximately one-third saturated under normal conditions  [  2  ] . The remaining, 
unoccupied, binding sites on transferrin provide a large buffering capacity in the case of an increase 
in plasma iron levels. This is important given the low solubility and potential toxicity of free iron. 

 There are no gender differences in plasma transferrin concentration although plasma iron concen-
tration is slightly higher in adult men than women. Indeed, under normal conditions, plasma iron 
concentration is remarkably stable throughout life, initially dropping to approximately half its birth 
level of approximately 30  μ M within the fi rst 3–6 months of life and slowly rising to about 20  μ M 
at puberty. Following puberty, plasma iron rises slightly again by another 25% in males only. In 
contrast, plasma transferrin concentration almost doubles in the fi rst year following birth, from 
approximately 20  μ M to approximately 35  μ M, decreasing about 20% in the ensuing years until 
puberty, when the adult level is reached  [  3  ] . 

 In addition to iron, transferrin is capable of binding many other metals, including Ga 3+ , Co 3+ , 
Mn 2+ , and Cu 2+ , but with much lower affi nity  [  4  ] . It is unclear whether such binding contributes to 
transport of these metals  in vivo , although it has been speculated that transferrin may play a role in 
detoxifi cation of heavy metals or naturally occurring radioactive metals  [  5  ] .  

   2.2 Non-Transferrin Bound Iron 

 Descriptively, NTBI refers to a heterogeneous pool of plasma iron bound to molecules other than 
transferrin, including low-molecular-weight chelators, macromolecules, such as heme, and proteins, 
such as albumin or ferritin. However, in practice, NTBI is defi ned more narrowly as plasma iron 
bound with low affi nity to low-molecular-weight chelators or non-specifi cally to plasma proteins. It 
was initially postulated as a pool of iron which appeared in iron overload, when the binding capacity 
of plasma transferrin had been saturated  [  6  ] , but in the ensuing years, it has been reported in condi-
tions under which iron-binding sites on transferrin have not been limiting  [  7,   8  ] . The presence of 
NTBI in a multitude of states suggests that its presence in plasma is normal and likely to be in equi-
librium with transferrin-bound iron. The major component of this pool has been identifi ed as ferric 
citrate  [  9,   10  ] ; however, other forms are undoubtedly present as evidenced by the variation in the 
levels determined by different methods, suggesting that there are sub-pools of NTBI which are 
accessible, either chemically or physically, by some chelators and not by others  [  11,   12  ] . 

 The serum concentrations of NTBI are the subject of considerable debate. Normally, it is thought 
to represent a very small proportion of transport iron, with studies placing the concentration between 
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0 and 1  μ M  [  9,   13–  15  ] ; however, in diseases of iron overload, values up to 5  μ M are commonly 
described although values as high as 20  μ M have been reported  [  11,   12,   16–  19  ] . The ambiguity arises 
from the variety of methods employed to measure NTBI, their inherent limitations and, indeed, the 
lack of certainty about the chemical forms of the iron being measured. A study comparing methods 
used routinely and using common serum samples indicated a large variation in the values reported for 
each sample dependent on the method used and the laboratory conducting the assays  [  20  ] . 

 NTBI is considered to have the potential to catalyze toxic reactions. Iron complexed to citrate has 
been reported to induce lipid peroxidation, DNA strand breakage, and other toxic effects  [  21–  24  ] , 
but the subject is controversial  [  25–  27  ] .   

   3 The Biology of Transferrin 

 Transferrin was fi rst described as a metal-binding component in serum in the mid-1940s  [  28,   29  ] . 
Subsequently, it was found to be the major plasma iron transport protein  [  2,   30  ] . It is a monomeric, 
bilobed glycoprotein, synthesized predominantly by the liver in the normal state. Other tissues such 
as the brain, testes, and mammary glands can produce it, but this production is unlikely to contribute 
signifi cantly to plasma levels  [  31–  33  ] . In humans, it consists of 679 amino acids with a molecular 
weight of approximately 80 kDa. Its primary sequence is highly conserved amongst higher animals 
and its tertiary structure is maintained by the presence of some 19 disulfi de bonds  [  34,   35  ] . The two 
lobes, termed N- and C-lobes, are homologous and the protein is thought to have arisen as the result 
of gene duplication and combination  [  36  ] . 

   3.1 Metal Binding 

 Each lobe contains an iron-binding site in a cleft formed by two sub-domains linked by a hinge region 
 [  37  ] . The metal  co-ordination  sites are provided by similar conserved amino acids, aspartate, histi-
dine, and two tyrosines (Fig.  7.1 ). The remaining two  co-ordination  bonds are provided by a carbon-
ate anion which, itself, is co-ordinated by a conserved arginine residue  [  38,   39  ] . A number of other 

  Fig. 7.1    Schematic diagram of interactions between the transferrin receptors and their ligands. Domains of the proteins 
are indicated by different patterns.  IC  intracellular,  T  transmembrane,  S  stalk,  P  protease-like,  A  apical,  H  helical,   α 1,2  
 α 1,2 superdomain,   α 3   α 3 domain,  N1  N1-lobe,  N2  N2-lobe,  C1  C1-lobe,  C2  C2-lobe,  L  linker. Residues involved in the 
coordination of iron or bicarbonate to transferrin are shown ( fi lled circle ).  Solid lines  indicate regions of known interact-
ing residues, dotted lines indicate interacting regions where specifi c residues are unknown. Domains of TFR2 have been 
inferred from information from TFR1 as have regions of binding of TF to TFR2 (Information from  [  38–  43  ] )       
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amino acid residues act to stabilize the structure; in the N-lobe, two lysine residues form a hydrogen 
bond in the iron-containing structure at neutral pH  [  44  ] , whereas the analogous function in the 
C-lobe is provided by a bridge between a lysine, an aspartate, and an arginine residue  [  44  ] . Further 
stabilization of the metal-containing structure is provided by another layer of interactions, principally 
between a number of conserved aromatic residues, which are different for each lobe  [  45  ] .  

 Iron binding to apotransferrin is an ordered process. The initial step involves carbonate binding 
to each lobe which is followed by iron binding to the C-lobe only. This is followed by several rounds 
of proton loss and conformational changes. Iron can then bind to the N-lobe, once again followed by 
several rounds of proton loss and conformational changes. The protein then undergoes a fi nal con-
formational change to arrive at its fi nal structure  [  46  ] .  

   3.2 Iron Release from Transferrin 

 Iron release has been studied more completely in the N-lobe. Following the decrease in pH, the 
synergistic carbonate anion is protonated, causing changes in hydrogen bonding and movement of 
side chains, resulting in reductions in the affi nities of the protein for both the anion and the metal and 
also a partial opening of the metal binding site  [  47  ] . One of the two lysine residues which form the 
di-lysine bridge becomes protonated, breaking the hydrogen bond. This was postulated to result in 
electrostatic repulsion, causing the two domains of the binding cleft to rotate apart, exposing the metal 
and its binding site  [  44  ] . Recently, it has been proposed that electrostatic repulsion is not suffi cient to 
explain the change in conformation and that the proton accepted by the lysine residue is then trans-
ferred to one of the tyrosine residues involved in coordinating the iron atom, directly destabilizing 
metal binding  [  48,   49  ] . Either way, exposed side chains may then bind small anions, stabilizing the 
open binding cleft and allowing removal of the metal  [  50  ] . The identity of the anions is unknown; 
many have been used  in vitro , but whether they participate  in vivo  is uncertain. Both chloride and 
citric acid have been suggested based on their concentrations in physiological media  [  50,   51  ] , and 
citric acid has also been identifi ed in the crystal structure of apotransferrin  [  51  ] , but this may simply 
be due to its presence in the crystallization solution rather than indicating a physiological role. 

 Release of the metal from the C-lobe appears to occur in a similarly elegant manner, but does so 
without the presence of lysines in analogous positions to those in the N-lobe. Instead, metal release 
appears to be triggered by protonation at low pH of an aspartic acid residue, disrupting its hydrogen 
bonds with a lysine and an arginine residue, which results in the required conformational change 
 [  44  ] . This difference also explains the long-noted observation that iron is released from the N-lobe 
of free transferrin prior to its release from the C-lobe as the pH is reduced  [  52  ] : the p K  

a
  of the 

di-lysine system is slightly higher than that of the Lys-Asp-Arg system  [  44  ] .   

   4 The Transferrin Receptors 

 Two transferrin receptors have been identifi ed in mammals. The fi rst, transferrin receptor (TFR) 1, is an 
almost ubiquitously expressed type II transmembrane homodimer. In humans, each subunit consists of 
760 amino acids comprising a short, intracellular tail at the N-terminus, which contains the endocytosis 
signals  [  53  ] , followed by a single membrane-spanning region and a large, extracellular C-terminal region. 
The extracellular portion, which is connected to the transmembrane region by a 38-residue stalk, is folded 
into three domains: a protease-like domain, an apical domain, and a helical domain (Fig.  7.1 )  [  54,   55  ] . 
It is glycosylated, phosphorylated, and palmitylated  [  56–  58  ]  and the stalks of the homodimer are linked 
by two disulfi de bonds  [  57  ] . It binds diferric transferrin with high affi nity in a pH-dependent manner. 

 The second transferrin receptor, TFR2, is also a type II transmembrane homodimer. It shares 45% 
identity and 66% similarity with the primary sequence of the extracellular portion of TFR1. It is also 
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dimerized via one or more disulfi de bonds and contains multiple glycosylation sites  [  59  ] . The specifi c 
residues involved in these  post-translational  modifi cations are yet to be verifi ed. Like TFR1, it binds 
diferric transferrin in a pH-dependent manner and mediates uptake of iron by receptor-mediated 
endocytosis  [  59–  63  ] . However, the interaction of transferrin with TFR2 is up to 30-fold weaker than 
that with TFR1, and, in contrast to TFR1, TFR2 is predominantly expressed in hepatocytes and is 
not regulated by cellular iron levels  [  59,   61,   64  ] .  

   5 Delivery of Transferrin-Bound Iron to Cells 

   5.1 Transferrin Receptor 1-Mediated Endocytosis 

 The identifi cation of transferrin as the plasma iron-binding protein led to the discovery that the cel-
lular uptake of transferrin-bound iron (TBI) is mediated by specifi c receptors on the plasma mem-
brane  [  29,   65  ]  which we now call TFR1. Cellular acquisition of TBI mediated by TFR1 involves a 
high-affi nity receptor-mediated endocytic pathway. As shown in Fig.  7.2 , this multistep process 

  Fig. 7.2    TFR1-mediated endocytosis in mammalian cells. Cellular TBI uptake is acquired by a receptor-mediated 
endocytic process via TFR1 with high affi nity. HFE/ β 2M competes with diferric transferrin for binding to TFR1 and 
regulates TBI uptake. Upon binding of diferric transferrin to TFR1 at the extracellular pH of 7.4, the endocytic process 
is initiated. TBI is internalized into the cell and iron is released from transferrin within the endosome as the pH drops 
to 5.5 through the action of a proton pump. The released iron is reduced from ferric to ferrous iron by a ferrireductase, 
possibly STEAP3, and transported across the endosomal membrane by DMT1. Cytosolic iron is either stored as fer-
ritin or is incorporated into the mitochondria for heme protein synthesis. Apotransferrin and its receptors are recycled 
to the cell surface and the iron-free transferrin is released into the circulation       
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involves (1) transferrin-TFR1 interaction, followed by (2) endocytosis of the transferrin-TFR1 complex, 
(3) release of iron from the transferrin-TFR1 complex, and fi nally by (4) the transfer of iron across 
the endosomal membrane into the cytosolic compartment of the cell.  

   5.1.1 Transferrin–Transferrin Receptor 1 Interaction 

 Receptor-mediated endocytosis mediated by TFR1 is initiated when circulating transferrin binds to 
TFR1 at the cell surface. The transferrin–TFR1 interaction is neither temperature nor energy depen-
dent; however, the interaction is reversible, and is dependent on the pH of the milieu and iron status 
of transferrin  [  66,   67  ] . This interaction has several important consequences for transferrin-bound 
iron uptake. The interaction of transferrin with TFR1 is stable for both the iron-containing form of 
the ligand at extracellular pH and apotransferrin at the lower pH in the endosome. At the extracel-
lular pH of 7.4, TFR1 preferentially binds diferric transferrin (dissociation constant of 10 −7 –10 −9  M) 
and will also bind monoferric transferrin (dissociation constant of 10 −6  M). Apotransferrin does not 
compete signifi cantly with diferric transferrin for TFR1 binding. However, the affi nity of TFR1 for 
apotransferrin increases and for diferric transferrin decreases as the pH drops below 6.5; at pH 5–6, 
the affi nity of TFR1 for apotransferrin is similar to that for diferric transferrin at pH 7.4  [  66,   68  ] . In 
addition, the receptor appears to reduce the release rate of iron from transferrin at neutral pH  [  69  ]  
and is also involved in facilitating iron release within the endosome. 

 Both lobes of transferrin bind to the receptor (Fig.  7.1 ); binding causes a straightening of transferrin 
and it appears that the C-lobe binds fi rst followed by the N-lobe. A negatively charged area on the 
C-lobe interacts with a positively charged area on the helical domain of TFR1. The N-lobe interacts not 
only with the helical domain of TFR1 but also with the protease-like domain. The interactions are 
mixed hydrophobic and ionic in contrast to the largely ionic bonds between the C-lobe and the receptor. 
The arrangement between the two proteins is unusual and places the N-lobe of transferrin adjacent to 
the stalk region of TFR1, between the proximal surface of the receptor and the membrane  [  40,   69  ] .  

   5.1.2 Transferrin–Transferrin Receptor 1 Endocytosis 

 Following the binding of transferrin to TFR1, the transferrin–TFR1 complex is clustered into a clathrin-
coated vesicle, aided by the adaptor protein complex-2  [  70  ] , and gains entry into the cell by endocytosis 
(Fig.  7.2 ). Upon internalization, the vesicle loses the clathrin coat to form a smooth vesicle, the sorting 
endosome. From here, the apotransferrin–TFR1 complex is returned to the plasma membrane, either 
directly or via the endocytic recycling compartment. Only approximately 1% of the complex enters 
the late endosomes and is directed to lysosomes  [  71  ] . In contrast to the transferrin–TFR1 interaction, 
transferrin endocytosis is energy- and  temperature -dependent  [  72,   73  ] .  

   5.1.3 Endosomal Release of Iron from Transferrin 

 The endosome then undergoes acidifi cation which facilitates the release of iron from transferrin 
(Fig.  7.2 ). Acidifi cation is achieved by the entry of H +  via an ATP-dependent proton pump that 
reduces the endosomal pH to near 5.5  [  74,   75  ] . This is supported by studies that demonstrated a 
reduction in cellular TBI uptake due to inhibition of the acidifi cation of endosomes by weak bases, 
lysosomotropic agents, and inhibitors of H + -ATPase  [  75–  77  ] . Iron is then reduced from ferric to fer-
rous iron by a ferrireductase, probably six-transmembrane epithelial antigen of the prostate 3 
(STEAP3). STEAP3 is an NADPH-dependent ferric and cupric reductase which is highly expressed 
in erythroid cells as well as fetal and adult liver. It is a homodimer with each subunit containing a 
fl avin derivative and a heme moiety    as electron acceptors. It has been detected in recycling 
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endosomes co-localizing with transferrin, TFR1, and divalent metal transporter 1 (DMT1), and may 
form part of a larger complex with these molecules to facilitate iron transport  [  78,   79  ] . In addition, 
 Steap3  defi ciency results in low ferrireductase activity in mouse reticulocyte-rich erythrocytes while 
overexpression of STEAP3 in HEK293 kidney cells exhibits increased ferrireductase activity  [  78  ] . 
These fi ndings indicate that the ferrireductase activity of STEAP3 is important for the effi cient deliv-
ery of iron to cells by transferrin. Two other members of the STEAP family of proteins, STEAP2 and 
STEAP4, also exhibit ferric and cupric reductase activity. All three reductases are widely expressed, 
suggesting the possibility of heterodimer formation, although each is most highly expressed in dif-
ferent tissues  [  78,   80  ] . These observations raise the possibility of tissue-specifi c regulation of metal 
uptake at least partially based around the activity of the reductases.  

   5.1.4 Role of Transferrin Receptor 1 in Iron Release from Transferrin 

 The mechanism of iron release from transferrin following endocytosis and vesicle acidifi cation is 
poorly understood but there is an accumulation of evidence indicating that the receptor plays an 
important and active role in the process. It facilitates iron release at endosomal pH  [  81  ]  and, in con-
trast to free transferrin, transferrin bound to TFR1 releases iron more readily from the C-lobe than 
the N-lobe  [  82  ] . In addition, the reduction potential of ferric iron co-ordinated by transferrin is 
increased when the ligand is complexed to TFR1  [  83  ] . The drop in endosomal pH results in a change 
in the binding footprint of the C-lobe which additionally associates one and maybe two histidine 
residues of transferrin with a tryptophan and a phenylalanine in the C-terminal tail of TFR1  [  84  ] . 
TFR1 itself may also undergo a conformational change  [  85  ] . The change in the conformation of 
transferrin may be the trigger for iron release, with changes to the protonation of transferrin 
(described in Sect.  5.1.5 ), taking place subsequently  [  69  ] . The opening of the C-lobe cleft shifts the 
structure away from the receptor, possibly allowing other proteins, such as STEAP3, access to the 
metal atom. Iron release from the N-lobe appears to be directed toward the membrane  [  40  ] . 
Whether there is suffi cient room for access by other proteins or whether iron is required to diffuse 
out from the structure is unknown. The resulting apotransferrin binds to TFR1 with a  K  

d
  of approxi-

mately 5 nM  [  69  ]  and is released following exocytosis to the extracellular medium, the rise in pH 
increasing the K 

d
  approximately 25–35-fold  [  67,   86  ] .  

   5.1.5 Transfer of Iron into the Cytosol 

 The reduced ferrous ion traverses the endosomal membrane into the cytosol mediated by DMT1 
(Fig.  7.2 ). The role of DMT1 in the translocation of iron from the endosome was demonstrated in 
studies using the Belgrade ( b/b ) rat and microcytic anemic ( mk / mk ) mice which contain a G185R 
mutation in DMT1  [  87–  89  ] , resulting in impaired endosomal iron transport. The fi nding that DMT1 
is localized to the plasma and endosomal membranes corroborates its role as an endosomal iron 
transporter  [  90  ] . Cytosolic iron is incorporated into ferritin for storage or into mitochondria for heme 
protein synthesis. 

 The apotransferrin–TFR1 complex, still within the endosome, is recycled to the cell surface 
through exocytic vesicles where apotransferrin dissociates from TFR1 at the extracellular pH of 
7.4  [  3  ] . The apotransferrin can be reutilized to bind more circulating iron and another transferrin cell 
cycle commences. The cycling time of TFR1-mediated endocytosis is cell-type dependent; a cycle 
is completed within 2–3 min in reticulocytes  [  91  ]  and in up to 15 min in hepatocytes  [  92  ] . Cycling 
time is increased in reticulocytes of the hemoglobin-defi cient ( hbd/hbd ) mouse  [  93  ] . This mouse 
exhibits microcytic anemia caused by a deletion in the  Sec15l  gene  [  94,   95  ] . The increase in transfer-
rin cycling time appears to be due to a slowing of exocytosis and may also involve a slowing of 
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endocytosis  [  93,   96  ] . Under normal conditions, transferrin protein has an average half-life of 
approximately 7.5 days while that of TBI is in the range of 1–2.5 h  [  97  ] , indicating that in its lifetime 
in the circulation, a transferrin molecule may undergo up to 200 endocytic cycles  [  98  ] .  

   5.1.6 Transferrin Receptor 1–HFE Interaction and Cellular Iron Uptake 

 The physical association between HFE and  β 2-microglobulin is essential for the cell surface expres-
sion of HFE  [  99  ]  and the HFE-ß2-microglobulin heterodimer can form a ternary complex with 
TFR1. This interaction was initially reported in human placenta in 1997 and subsequently in other 
cell types  [  100–  102  ] . The interaction is pH-dependent  [  41  ]  with binding occurring at neutral pH but 
not at pH 6.0. This is similar to the pH-dependency of the TFR1–diferric transferrin interaction as 
described in Sect.  5.1.1 . 

 TFR1 binds HFE at the same site as it binds transferrin (Fig.  7.1 )  [  41  ] , directly competing with 
transferrin and causing a decrease in the apparent affi nity of the receptor for transferrin  [  103,   104  ] . 
The interaction occurs over an unusually large area, between the  α  

1
  and  α  

2
  domains of HFE and the 

helical domain of TFR1  [  42  ] . Mutagenesis studies have indicated that the two residues in HFE, 
which are most important to the interaction, are Val-100 and Trp-103. Mutation of either of these 
residues resulted in a reduction of affi nity of in excess of 4,500 times  [  105  ] . Neither Cys-282 nor 
His-63, mutation of which are associated with iron overload in hereditary hemochromatosis, are 
directly involved in the interaction: Cys-282 is in the  α  

3
  domain and interacts with ß2-microglobulin 

 [  103  ]  and His-63, while positioned in the  α  
1
  domain, does not bind to TFR1  [  42,   105  ] . Several resi-

dues in the helical domain of TFR1 participate in binding of HFE and, when mutated, severely 
reduce binding; tellingly, mutation of these same residues also reduces transferrin binding, confi r-
mation of the overlapping binding sites  [  106  ] . Despite the presence of two histidine residues (His-96 
and His-172) in the area of interaction of HFE with TFR1  [  42  ] , mutation of neither abrogates the 
pH-dependency of binding; it appears that the pH-dependence is due solely to TFR1  [  105  ] . 

 The interaction of HFE with TFR1 suggested that HFE can modulate iron transport  [  103,   105, 
  107  ] . Perhaps not surprisingly, the interaction of HFE with TFR1 causes a decrease in TBI uptake in 
hepatocyte-derived cells  [  108,   109  ] , but, interestingly, appears to increase it in duodenal crypt cells 
and a Chinese hamster ovary cell model  [  102,   110  ] , suggesting that the effects of the interaction are 
cell-type specifi c. In HFE-overexpressing cells, HFE has been shown to compete with transferrin for 
TFR1 binding  [  104,   105  ] , reducing cellular iron uptake from transferrin  [  101,   111  ] . HFE and the 
transferrin–TFR1 complex have been detected in recycling endosomes  [  112  ] . However, how HFE 
impacts on transferrin–TFR1 cycling is controversial. The decrease in TBI uptake has been reported 
to be accompanied by unaltered TFR1 cycling  [  101  ]  or a reduction in endocytosis  [  113  ]  or decreased 
exocytosis  [  109  ] . Cellular iron release does not appear to be affected  [  109  ] .   

   5.2 Transferrin Receptor 2-Mediated Iron Uptake 

 TFR2-mediated TBI uptake has been demonstrated in TFR2 overexpressing Chinese hamster ovary 
 [  59,   63  ]  and HeLa  [  61  ]  cells. TFR2 binds transferrin with an affi nity that is up to 30-fold lower than 
TFR1  [  60,   62  ] . TBI uptake mediated by TFR2 is also pH-dependent. As with TFR1, TFR2 binds 
diferric transferrin but not apotransferrin at pH 7.4 while at lower pH the converse occurs  [  60  ] . This 
suggests that TBI uptake by TFR2 also occurs by a receptor-mediated endocytic process  [  63  ] . In 
contrast to the widespread expression of TFR1, TFR2 is predominantly expressed by the liver, more 
specifi cally in hepatocytes and, indeed, TFR2 has been shown to contribute to TBI uptake by the 
liver  [  114  ] . TFR2 is also involved in the regulation of iron homeostasis as mutations in TFR2 result 
in iron overload (TFR2-associated hereditary hemochromatosis)  [  115–  117  ] . 
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 Following the identifi cation of TFR2, it was logical to determine whether it interacted with HFE, 
given the many similarities between TFR1 and TFR2. Nevertheless, initial  in vitro  studies using the 
soluble extracellular domains of HFE and TFR2 failed to show any interaction between the two frag-
ments  [  62  ] . However, TFR2 was shown to co-localize with HFE in duodenal crypt enterocytes by 
immunohistochemistry  [  118  ] . Later, the possibility of an interaction was revisited using overex-
pressed full-length proteins. These studies have shown that TFR2 and HFE do, indeed, interact, but 
in a different manner from TFR1 and HFE  [  119  ] . The interaction takes place between residues 
located between amino acids 104 and 250 of TFR2 and in the  α  

3
  domain of HFE (Fig.  7.1 ). Also, 

HFE maintains its interaction with TFR2 which contains mutations leading to TFR2-associated 
hemochromatosis in vivo  [  119  ] . Unlike the TFR1–HFE interaction, the interaction between TFR2 
and HFE is not dependent on pH between pH 6 and 7.5. As described in Sect.  5.1.6 , HFE competes 
with transferrin for its binding site on TFR1. However, this does not appear to be the case for TFR2, 
which can bind HFE and transferrin simultaneously  [  43  ] . No crystal structure is yet available to 
confi rm the details of the interaction between HFE, TFR2, and transferrin. It remains unclear whether 
HFE is involved in the regulation of TFR2-mediated TBI transport  [  108,   120  ] .   

   6 Regulation of Transferrin and the Transferrin Receptors 

   6.1 Transferrin 

 The synthesis of transferrin is regulated by cellular iron levels, hormones such as estrogen and 
hypoxia  [  3,   121–  123  ] . Plasma transferrin levels are increased in response to iron defi ciency and 
decreased in iron overload. Elevated estrogen levels are associated with a rise in transferrin levels 
during pregnancy. Transferrin synthesis is likewise stimulated by hypoxia by a mechanism that 
involves the binding of hypoxia-inducible factor-1 to the hypoxia response element on the promoter 
of the transferrin gene  [  123  ] .  

   6.2 Transferrin Receptor 1 

 TFR1-mediated iron uptake is dependent on the expression of TFR1 which is infl uenced by the stage 
of development, cellular proliferation, iron status, hypoxia, and infl ammation. TFR1 expression and 
TBI uptake are high in developing erythroid cells and reduced with cellular maturation  [  124,   125  ] . 
Similarly, TFR1 expression is high in the fetal liver  [  126  ] , with the number of TFR1 decreasing 
markedly in neonates to relatively low levels in the adult animal  [  127  ] . Cells that are actively prolif-
erating take up more TBI due to higher levels of TFR1 expression compared to cells that are quies-
cent  [  128,   129  ] . This is consistent with the high requirements of iron during development. High iron 
levels are associated with decreased TFR1 expression while iron depletion is associated with 
increased TFR1 expression  [  108,   130–  132  ] . The regulation of TFR1 by cellular iron levels is medi-
ated through the iron responsive element–iron regulatory protein (IRE–IRP) post-transcriptional 
mechanism discussed in Chap.   3    . Iron-dependent regulation of TFR1 at the transcriptional level has 
also been described, although the promoter region responsible remains to be characterized  [  133  ] . 
Hypoxia stimulates TFR1 gene transcription through the activation of the hypoxia-inducible factor-1 
 [  134,   135  ] . Nitric oxide and hydrogen peroxide  [  131,   136,   137  ]  as well as cytokines such as tumor 
necrosis factor- α , interleukin-1 β , and interleukin-6  [  138,   139  ]  enhance TBI uptake. The effects of 
nitric oxide and hydrogen peroxide are likely to be mediated by elevation of TFR1 expression 
through increased RNA-binding activity of IRP1  [  131,   136  ] , while the mechanism of action of 
cytokines is not fully understood.  
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   6.3 Transferrin Receptor 2 

 Like its interaction with HFE, regulation of TFR2 is quite different from that of TFR1. Unlike TFR1, 
TFR2 mRNA does not contain IREs in its untranslated region and hence is not regulated by iron 
status  [  59  ] . TFR2 protein expression is regulated by transferrin saturation; with higher levels of 
diferric transferrin increasing TFR2 protein expression during iron overload while lower levels of 
diferric transferrin in iron defi ciency downregulate TFR2 expression as a result of diminished stabil-
ity of the protein  [  140,   141  ] . Like TFR1, TFR2 expression is also regulated by cellular proliferation 
 [  129  ] , the cell cycle  [  60,   142  ] , and cellular differentiation  [  143  ] . The regulation of expression of 
proteins of iron metabolism is discussed in more detail in Chap.   3    .   

   7 Transferrin-Bound Iron Uptake by Mammalian Tissues 

 The widespread expression of TFR1 indicates that it mediates cellular iron uptake in most types of 
cells. TBI uptake by TFR1 occurs by a high-affi nity receptor-mediated endocytic process which was 
fi rst described in reticulocytes  [  144  ] , and thereafter, in a multitude of other cell types such as placen-
tal syncytiotrophoblasts, hepatocytes, myocytes, and fi broblasts. Due to the overall similarity of the 
process of cellular TBI uptake, it will only be described in cells and tissues which play a central role 
in iron homeostasis or those with specialized functions in iron metabolism such as erythroid cells, 
duodenum, liver, placenta, brain, and macrophages. 

   7.1 Erythroid Cells 

 Approximately 70–80% of plasma iron turnover is directed toward the bone marrow for incorporation 
into developing erythroid cells for hemoglobin synthesis. Erythroid iron is derived exclusively from 
receptor-mediated endocytosis of transferrin. The rate of TBI uptake corresponds to the stage of 
maturation of erythroid cells; there are few TFR1 in erythroid progenitor cells while maximal TFR1 
expression occurs in intermediate basophilic normoblasts  [  125  ] . The number of receptors decreases 
as the cells mature into reticulocytes, until fi nally, there is a complete loss of TFR1 as the cells 
develop into erythrocytes  [  124,   145  ] . 

 Most of what we know about TFR1-mediated endocytosis has been accomplished from studies in 
reticulocytes (see Sect.  5 ). It is a rapid and effi cient process; each endocytic cycle is completed 
within 3 min  [  91,   146  ]  with transferrin delivering two atoms of iron to the cells in each cycle  [  87  ] . 
Almost half of the iron taken up is incorporated into heme within 1.5 min, and by 10 min only 12% 
of the iron is present as non-heme iron  [  147  ] . These results indicate that endosomal iron is mainly 
directed to the mitochondria for heme protein synthesis. Embryos from mice that lack Tfr1 do not 
survive and suffer from impaired erythropoiesis  [  148  ] , indicating that functional TFR1 is essential 
for the supply of iron to developing erythrocytes. The regulation of erythroid iron metabolism is 
described in more detail in Chap.   10    .  

   7.2 Duodenum 

 The acquisition of iron by duodenal crypt enterocytes is mediated by TFR1-mediated endocytosis of 
TBI from the circulation. Duodenal iron uptake from plasma transferrin has been shown to be 
directly proportional to plasma iron concentrations  [  149  ] . TFR1 is expressed on the basal membrane 
of crypt enterocytes and as the cell matures and migrates into the villus, the level of TFR1 expression 
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decreases until it disappears in the absorptive villus enterocyte  [  150  ] . This is consistent with the high 
iron requirement by crypt cells during their proliferative stage. Unlike most cells, the uptake of TBI 
by duodenal enterocytes does not appear to involve DMT1. Iron uptake from transferrin is not 
impaired in the Belgrade rat which has a G185R mutation in the DMT1 gene  [  149  ] , suggesting that 
DMT1 is not necessary for endosomal iron transport in the duodenum. Furthermore, DMT1 expres-
sion is low in crypt enterocytes  [  89  ] , which provides support for a lack of involvement by DMT1 in 
the iron uptake process. The mechanism by which endosomal iron is released into the cytosol of 
crypt cells has not been identifi ed. The iron-free transferrin–TFR1 complex is returned to the basal 
membrane and the transferrin released back into the plasma. 

 HFE is expressed in crypt cells and co-localizes with TFR1  [  102  ] , implying that HFE regulates 
duodenal uptake of TBI from the blood. This is evident from an in vivo study in mice which demon-
strated that the loss of functional HFE resulted in impaired TBI uptake by the duodenum  [  151  ] . The 
results are consistent with the iron-defi cient phenotype of crypt enterocytes reported in subjects with 
HFE-associated hereditary hemochromatosis  [  152  ] . The loss of function of HFE leads to increased 
expression of iron absorption proteins such as DMT1 and ferroportin  [  153,   154  ]  and, thus, a dys-
regulation of non-heme iron absorption. A recent study showed that when Hfe expression was selec-
tively deleted in mouse crypt enterocytes, there was no anomaly in plasma and liver iron concentrations 
and no change in Dmt1, Dcytb, and ferroportin mRNA expression  [  155  ] , indicating that duodenal 
Hfe is not important in systemic iron homeostasis. These fi ndings support the model involving the 
hepatic peptide, hepcidin described in Chap.   9    . Although TFR2 has been detected in crypt entero-
cytes, co-localizing with HFE  [  118  ] , its role in duodenal iron metabolism is not understood.  

   7.3 Placenta 

 The placenta is an ephemeral organ that allows the maternal and fetal circulations to remain separate 
during pregnancy. Nutrients, oxygen, antibodies, and hormones from the maternal circulation are 
transferred to the developing fetus by the placenta which also allows waste products to be expelled 
from the fetal circulation. In humans, the placenta is hemochorial and consists of a single layer of 
fused cells, the syncytiotrophoblasts. These trophoblasts are in direct contact with maternal blood 
due to the breakdown of the maternal capillary endothelium. 

 Iron transport by the syncytiotrophoblasts is unidirectional toward the fetus. The syncytiotropho-
blasts are polarized cells with the apical membrane bathed by the maternal circulation and the basal 
membrane bathed by the fetal circulation. The apical membrane has high levels of TFR1 expression 
which mediate the uptake of TBI by receptor-mediated endocytosis  [  156,   157  ] . Once in the cell, iron 
is released from the endosomes and the apotransferrin–TFR1 complex is exocytosed back into the 
maternal circulation. The subsequent transfer of iron across both the endosomal and basal mem-
branes is poorly understood. DMT1 has been detected in the cytoplasm and basal membrane of the 
syncytiotrophoblasts  [  158,   159  ] , with some studies reporting little overlap between DMT1 and TFR1 
 [  157,   158  ]  while another demonstrated interaction  between  TFR1 and HFE  [  160  ] . A strong candi-
date for the basal membrane iron exporter is ferroportin. Ferroportin protein is expressed in abun-
dance on the basal surface of the syncytiotrophoblasts  [  157,   161,   162  ] . The loss of functional 
ferroportin leads to embryonic lethality in mice supporting the notion that ferroportin is essential for 
maternofetal iron transfer  [  163  ] . The presence of copper oxidase activity at the basal placental 
membrane  [  164  ]  suggests that a copper oxidase, similar to hephestin in the duodenal enterocyte or 
ceruloplasmin in hepatic cells, may oxidize the iron released by ferroportin so that it can bind to 
transferrin in the fetal circulation for delivery of iron to the fetus. 

 The localization and role of HFE in placental syncytiotrophoblasts is uncertain. Although it has 
been shown that HFE is present on the apical membrane and co-localizes with TFR1  [  100,   160  ] , 
HFE has also been shown to localize to the basal membrane  [  157  ] . Its presence on the apical surface 
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suggests that like in other cell types, HFE may regulate TBI uptake by competing with transferrin 
for binding to TFR1  [  101,   108,   110  ] . In contrast, the presence of HFE on the basal membrane of 
syncytiotrophoblasts suggests that it may infl uence iron export into the fetal circulation. 
Overexpression of HFE has been shown to inhibit iron export from macrophages and colonic cells 
 [  165,   166  ] . The role of HFE in placental syncytiotrophoblasts remains uncertain. 

 The rate of iron transfer from the mother to the fetus is greatest in the last trimester during preg-
nancy and is accompanied by increased TFR1 expression  [  167  ] . Iron uptake by placental syncy-
tiotrophoblasts is also regulated by maternal iron levels. The upregulation of the iron transport 
proteins, TFR1 and DMT1, as well as TBI uptake during maternal iron defi ciency  [  168  ]  may be a 
protective mechanism to continually provide iron to the developing fetus despite iron depletion in 
the mother. The involvement of cytokines in placental iron transfer has also been implicated. In iron-
defi cient rats, placental tumor necrosis factor- α  levels are increased while fetal growth is suppressed 
 [  169  ] , suggesting a link between iron, cytokine levels and fetal development. Hepcidin, the hepatic 
regulator of iron homeostasis, when constitutively expressed by the embryo during development 
results in transcriptional downregulation of placental TFR1 expression that is independent of iron 
levels and IRE-IRP binding activity  [  170  ] . These results suggest that embryonic hepcidin can inhibit 
iron transfer from the maternal circulation.  

   7.4 Brain 

 Although the blood–brain barrier is impervious to plasma proteins, the presence of TFR1 on brain 
capillary endothelial cells (BCECs)  [  171,   172  ]  aids in the delivery of iron from plasma transferrin. 
It is widely accepted that the brain acquires iron by TFR1-mediated endocytosis of diferric transfer-
rin. Transferrin binds to TFR1 on the luminal membrane of brain capillaries and is endocytosed by 
BCECs. The fate of iron after endocytosis, however, is less clear. Results from an early study sug-
gested that BCECs take up TBI by transcytosis, where transferrin binds to TFR1, the transferrin–
TFR1 complex then enters the cell by endocytosis and exits the cell via the abluminal surface of 
BCEC into the extracellular space  [  173  ] . However, the rate of iron accumulation in the brain greatly 
exceeds that of transferrin which argues for an endocytic–exocytic process where iron dissociates 
from transferrin in the endosome and the apotransferrin–TFR1 complex is recycled back to the 
BCEC–plasma interface  [  174–  177  ] . Cytosolic transfer of iron from the endosome is mediated by 
DMT1 in other cell types. Whether DMT1 mediates brain endosomal iron transport is uncertain as 
there is confl icting data on the expression of DMT1 in BCECs  [  177–  180  ] . Likewise, it is not known 
how cytosolic iron traverses the abluminal surface of BCEC into the central nervous system. It is 
thought to involve the iron exporter, ferroportin  [  181  ] , although there is also evidence against its 
involvement  [  182  ] . Astrocytes in close contact with the abluminal membrane of BCECs have been 
shown to generate a specialized form of the ferroxidase ceruloplasmin that attaches to membranes 
with a glycosylphosphatidylinositol anchor  [  183  ]  which may facilitate iron export via ferroportin. 

 An alternative model of TBI uptake by BCEC has recently been proposed, one that is independent 
of DMT1 and which involves astrocytes  [  184  ] . In this model, it is proposed that the endosome con-
taining transferrin–TFR1 complex is carried toward the abluminal membrane of BCECs. Iron dis-
sociates from transferrin within the acidic endosome and exits the cell when the endosome fuses 
with the abluminal membrane. Foot-end processes of astrocytes form close gap junctions with 
BCECs and the microenvironment at these junctions is likely to be low in pH and rich in ATP, nucle-
otides, and citrate released by astrocytes  [  185,   186  ] . The released iron may bind to citrate, ATP, or 
transferrin present in brain interstitial fl uid  [  184,   187  ] . The apotransferrin–TFR1 complex in 
exosomes is recycled to the luminal surface and released into the circulation. The validity of this 
model awaits confi rmation. 
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 Neurons express both TFR1 and DMT1  [  178,   180  ] , indicating that they can acquire TBI by 
receptor-mediated endocytosis where iron is transported across the endosomal membrane by DMT1. 
Cytosolic release of iron in the neuron is likely to be mediated by ferroportin  [  182  ] . The expression 
of TFR1 and/or DMT1 in astrocytes, oligodendrocytes, and glial cells is contentious and remains to 
be ascertained (reviewed in 184). 

 Iron is required for many brain metabolic processes such as ATP production, myelinogenesis, and 
neurotransmitter synthesis  [  177,   184,   188  ] . The demand for brain iron is dependent on age as well as 
iron status. In rats, the rate of TBI uptake and TFR1 expression by the BCECs are highest in the devel-
oping brain  [  189,   190  ] . Under conditions of iron defi ciency, TBI transport into the brain is also increased 
 [  174  ] ; however, TFR1 expression by BCECs is unaltered. In support of this, Moos and Morgan  [  191  ]  
demonstrated that there was no change in transferrin–TFR1 binding in iron-defi cient rats compared to 
rats with normal iron levels. It is possible that the cycling rate of TFR1 instead is increased. 

 Despite the regulation of TBI uptake by the brain in response to iron status and the protective role 
of the blood-brain barrier, the brain can be vulnerable to the harmful effects of iron defi ciency and 
iron excess as seen in neurological and neurodegenerative disorders (see Chap.   23    ). Like TFR1, HFE 
is also expressed on brain capillary endothelium  [  192  ] . It has been suggested that HFE may be 
involved in the pathogenesis of brain disorders such as Alzheimer’s Disease  [  193  ]  and Parkinson’s 
Disease  [  194  ] . While it is known that brain iron levels are altered in these diseases, the role of HFE 
is not completely understood, but mutations in the  HFE  gene are thought to impact on brain iron 
transport, resulting in dysregulated iron accumulation  [  193  ] .  

   7.5 Liver 

   7.5.1 Hepatocytes 

 Hepatocytes are the major cell type in the liver and also the main site of iron storage in the body. 
In the liver, iron delivery from plasma transferrin is specifi cally targeted to hepatocytes  [  195  ] . 
Several pathways of TBI have been characterized in hepatic cells, including the high-affi nity 
low-capacity TFR1-mediated endocytic process and at least three TFR1-independent pathways. 

   Transferrin Receptor 1-Mediated Endocytosis 

 Uptake of TBI by hepatocytes via TFR1 is similar to the receptor-mediated endocytic process char-
acterized in reticulocytes (Fig.  7.2 ). Briefl y, transferrin laden with iron binds to TFR1 at the cell 
surface and is endocytosed. Iron dissociates from transferrin in the endosome and is reduced to the 
ferrous state by a ferrireductase, possibly STEAP3, and enters the cytosol presumably via DMT1. 
The iron-defi cient transferrin still coupled to TFR1 is transported back to the cell surface by exo-
somes and released into the circulation where it can bind more iron. In adult hepatocytes, each cycle 
lasts between 4 and 15 min  [  92  ] .  

   Transferrin Receptor 1-Independent Pathways 

 The procurement of cellular TBI also occurs by TFR1-independent pathways. These mechanisms of 
TBI uptake have been described in hepatocytes and other cell types including hepatoma cells, melanoma 
cells, and fi broblasts  [  126,   196–  199  ] . Since plasma transferrin concentrations are several orders of 
magnitude greater than that needed to saturate TFR1, TFR1-independent iron transport may account 
for most of the TBI taken up by hepatocytes. 
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 The fi rst of these TFR1-independent pathways involves the binding of transferrin to low-affi nity 
binding sites at the hepatocyte cell surface. Transferrin is then endocytosed and iron is released from 
the endosome and is transferred into the cytosol presumably by DMT1. Over time, transferrin uptake 
reaches a steady state while iron continues to accumulate in the cells  [  126,   199  ] . Uptake of transfer-
rin and iron are both temperature-sensitive and energy-dependent. The use of weak bases decreases 
iron but not transferrin uptake, which is consistent with the inhibition of the acidifi cation process in 
endosomes  [  126,   199  ] . This reaffi rms that this process is mediated via a low-affi nity binding site 
which involves endocytosis and that iron release is pH-dependent. When extracellular transferrin 
concentration is raised, iron uptake by hepatoma and melanoma cells is saturable, demonstrating 
that uptake is mediated by an iron carrier  [  198,   199  ] . In contrast, transferrin binding to the plasma 
membrane in rat liver was not saturable even at a concentration of 10  μ M transferrin, highlighting 
the low-affi nity nature of this process  [  200  ] . 

 TFR2 has been postulated as the mediator of this TFR1-independent pathway. Overexpression of 
TFR2 in Chinese hamster ovary cells confi rms that it mediates iron uptake by a receptor-mediated 
endocytic process  [  63  ] . Also, TFR2-overexpressing HeLa cells take up TBI by a mechanism that is 
comparable to that seen in hepatoma cells  [  61  ] . However, results have emerged that suggest TFR2 
has a lesser role in hepatic TBI transport than fi rst thought. In these experiments, it was shown that 
an upregulation of TFR2 protein expression in hepatocytes was not accompanied by an increase in 
TBI uptake mediated by the TFR1-independent pathway  [  108  ] . Similarly, overexpression or under-
expression of TFR2 protein in in vitro studies using hepatoma cells elicits moderate changes in iron 
uptake despite large alterations in protein expression  [  201  ] . In addition, in vivo liver iron uptake 
from plasma transferrin by Tfr2 mutant mice with  non-functional  Tfr2 was only decreased by approx-
imately 20% compared with wild-type mice with similar iron status  [  114  ] . Although these observa-
tions suggest that TFR2 does mediate TBI uptake in hepatic cells, they also raise the possibility that 
another mechanism independent of TFR1 and TFR2 may mediate TBI uptake in hepatocytes. It is 
hypothesized that TBI uptake via a TFR1- and TFR2-independent pathway is a major contributor to 
hepatocyte iron loading in disorders of iron overload such as hereditary hemochromatosis. 

 There is evidence for another TFR1-independent uptake pathway in hepatic cells which does not 
involve transferrin endocytosis  [  202  ] . Instead, iron is released from transferrin at the plasma mem-
brane and enters the cell by a carrier-mediated process  [  63,   203,   204  ] . Iron release from transferrin 
appears to be facilitated by a ferrireductase at the cell surface  [  205,   206  ] . Specifi c ferrous ion chela-
tors inhibit TBI uptake in hepatocytes, suggesting that iron is reduced to the divalent form at the cell 
surface before internalization  [  196,   205,   206  ] . In hepatic cells, TBI uptake is inhibited by NTBI, and 
similarly, NTBI uptake is inhibited by TBI, suggesting that both TBI and NTBI uptake are mediated 
by a common transporter  [  203,   204,   207–  209  ] . NTBI does not affect TBI uptake by a transferrin 
endocytic process but inhibits the uptake of iron dissociated from transferrin at the plasma mem-
brane. Recently, it was shown that NTBI uptake correlated with TFR2 protein expression in TFR2-
overexpressing Chinese hamster ovary cells  [  63  ] . Whether TFR2 is involved in this uptake process 
in other cell types has not been ascertained. 

 An additional pathway for TBI uptake is fl uid-phase endocytosis. Molecules in the fl uid phase of 
the endocytic vesicles are taken up in a non-specifi c manner. The contents of the vesicles are directed 
to lysosomes for degradation or exocytosed into the circulation. This process accounts for less than 
 5–20%  of TBI uptake in hepatocytes  [  196,   210  ] .   

   7.5.2 Küpffer Cells and Endothelial Cells 

 TFR1 is expressed and can mediate TBI uptake by non-parenchymal cells of the liver, the Küpffer 
cells, and endothelial cells, which line the liver sinusoids  [  195,   211,   212  ] . TFR1 expression is 
lower in Küpffer cells  [  211  ]  and higher in endothelial cells  [  213  ]  in comparison to hepatocytes. 
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The high TFR1 expression by endothelial cells led to the suggestion that these cells play an important 
role in the regulation of liver iron transport, but this has never been confi rmed. 

 Küpffer cells are resident macrophages of the liver and receive most of their iron from eryth-
rophagocytosis, which may explain the lower TFR1 expression. In rats, Tfr1 expression by Küpffer 
cells is affected by the age as well as iron status of the animals  [  127  ] . HFE has also been detected in 
Küpffer cells  [  192  ] . In HFE-associated hereditary hemochromatosis, Küpffer cells, unlike hepato-
cytes, are relatively spared from iron loading, suggesting that HFE may regulate iron uptake in both 
cell types using distinct mechanisms. Alternatively, the cells are not as iron loaded due to higher iron 
export activity by Küpffer cells  [  214  ]  since ferroportin is highly expressed by macrophages.   

   7.6 Macrophages 

 Like Küpffer cells, macrophages in the spleen and bone marrow phagocytose senescent erythroid 
cells that are at the end of their life span. The presence of TFR1 in macrophages suggests that they 
can also take up iron from plasma transferrin via TFR1-mediated endocytosis  [  215–  218  ]  although 
iron uptake by this pathway is likely to be limited in vivo. In contrast to the iron-dependent regula-
tion of TFR1 in other cell types, elevated iron levels enhance TFR1 mRNA and protein expression 
in macrophages  [  219  ] . The presence of HFE increased rather than decreased TBI uptake by these 
cells  [  218  ] . TBI uptake and TFR1 expression by macrophages are downregulated after exposure to 
lipopolysaccharide and/or interferon- γ  despite an increase in IRP1–RNA binding activity  [  216,   217  ] . 
These observations highlight the unconventional manner in which TFR1 expression and TBI uptake 
are modulated by iron, HFE, and infl ammation in macrophages, indicating perhaps the specialized 
function of these cells of the reticuloendothelial system. Macrophage iron metabolism will be 
described in more detail in Chap.   11    .       
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   1 Introduction and Overview 

 Heme catabolism by heme oxygenases (HOs) in macrophages and liver cells allows the heme–iron 
from red blood cell hemoglobin to be recycled, i.e., to undergo reuse. Mammalian HOs generate 
Fe(II) in the cytosol from where it is distributed for biochemical and regulatory needs (e.g., heme 
synthesis, DNA synthesis, and ferritin induction), or stored safely on ferritin, or exported via ferro-
portin 1 (FPN1) to transferrin for delivery to cells throughout the body. This whole body cycle of 
iron reclamation is also maintained by several sources of heme in addition to the phagocytosis of 
effete red blood cells by macrophages. Intravascular hemolysis, whether from the normal wear and 
tear of circulating erythrocytes or during disease and trauma, provides both hemoglobin–haptoglobin 
(Hb–Hp) and heme (derived from Hb) in the circulation and within cells. Hb–heme is rapidly oxidized 
and heme then dissociates. Since heme is redox active, readily accepting and donating electrons, it 
is important to remove heme from the circulation before it damages cells and circulating molecules. 
Acting as extracellular antioxidants, hemopexin (HPX) binds heme, dampening its chemical 
activity, while haptoglobin (Hp) binds hemoglobin (Hb) and transferrin binds iron. The relative 
amounts of these metal–plasma protein complexes make an impact not only on normal health but 
also exacerbate a variety of disease states. Heme is removed safely from the circulation by receptor-
mediated endocytosis of heme–HPX complexes. The HPX normally recycles intact analogously to 
transferrin. Most iron and heme–iron, even when bound to extracellular proteins, is in the oxidized 
ferric (Fe(III)) state. The reduced heme of Hb is one notable exception. Ferro-iron and ferro-heme 
can be dangerous for cells since they may undergo chemical reactions in the presence of oxygen that 
produce reactive oxygen species including hydrogen peroxide and superoxide. It is generally 
accepted that the basis of the cytotoxicity of non-protein bound iron inside cells and non-transferrin 
bound iron (NTBI) outside cells in iron overload, is when Fe(II) undergoes the Fenton reaction 
generating the extremely reactive hydroxyl radical. 

    Chapter 8   
 Iron Salvage Pathways       

         Ann   Smith            
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 The whole body iron cycle starts with the absorption from the diet of heme by duodenal enterocytes 
and of iron by all enterocytes. The absorption of heme–iron (i.e., radioactive Hb) is far more effec-
tive than that of inorganic iron in humans. More than one third of the body’s total daily iron require-
ment (3 mg) comes from dietary heme–iron (hemoglobin and myoglobin in an average normal diet 
 [  1,   2  ] ). Heme is extensively catabolized by HOs in enterocytes  [  3  ]  or is exported from cells, possibly 
including enterocytes, via a facilitative transporter, feline leukemia virus subgroup C (FLVCR), 
which is a member of the major facilitator group of transporters. Recent evidence reinforces the 
concept that iron supply across the basolateral membrane of enterocytes into the circulation is prin-
cipally coordinated by systemic signals from the liver with consequences for that organ, for the 
enterocytes themselves and also for cells of the erythropoietic system. Thus, iron fl ux across the 
enterocytes likely responds to the extent of transferrin saturation with iron (normally ~30%) and 
also, in hemolytic conditions, to the levels of hemoglobin, hemoglobin–haptoglobin  [  4  ] , heme-HPX, 
and NTBI. In iron overload conditions, the predominant form of iron in the plasma is NTBI whose 
uptake via the ion channels DMT1 and ZIP14 into cells, including hepatocytes, is unregulated. FPN1 
has been located on the basolateral membrane of enterocytes as well as on the plasma membrane 
along the sinusoidal border of hepatocytes, where it likely also contributes to the known biliary 
excretion of iron. Bile fl ows into the duodenum. Iron is fi nally removed from the gut as aged entero-
cytes are “sloughed off ” taking their iron with them. This explains why there is no active excretion 
of iron from the body, and hence why iron reclamation from iron and heme–iron metabolism is so 
important. 

 In the context of iron salvage, it is signifi cant that after hepatic uptake of heme–HPX, heme–iron 
is subsequently incorporated into red blood cells. Heme–HPX can replace iron-transferrin as a 
growth factor for cultured cells in vitro and may be an iron source for cancer cells in vivo. HPX 
contributes to iron recycling from heme catabolism and also binds heme in a manner that protects 
cells and circulating molecules (e.g., HDL  [  5  ] ) from its oxidizing, chemical reactions. Thus, HPX 
defi ciency states are deleterious since when HPX is low or absent, heme binds to lipids in lipopro-
teins, cell membranes and induces many events that promote or stimulate infl ammation. 

 Heme–iron for recycling leaves macrophages via ferroportin which is then reutilized by erythro-
blasts for Hb synthesis. Iron may also leave associated with H- or L-ferritin, which are secreted by 
macrophages. Ferritin is taken up into certain cells including hepatocytes by receptor-mediated 
endocytosis followed by catabolism in the lysosomes. Iron is exported from late endosomes and 
lysosomes into the cytosol via mucolipin and then via FPN1 to transferrin. 

 Hemoglobin and its globin chains are toxic. Intravascular and extravascular hemolysis releases 
Hb, and unstable hemoglobins are found in patients with sickle cell disease or thalassemia. In sickle 
cell disease, HbS will polymerize at low levels of oxygen, sickle erythrocytes generate superoxide 
and HbS is found deposited in various aggregated and oxidized forms (low-spin ferric denatured 
HbS) on the cytosolic surface of sickled erythrocyte membranes  [  6  ] . Hebbel et al.  [  7  ]  showed that 
HbS is inherently unstable and ferro-oxyHbS rapidly loses its heme almost twice as fast as ferro-
oxyHbA just like methemoglobin (ferric-Hb). Heme bound to the oxy-form of the  α -chains of Hb 
undergoes auto-oxidation faster than heme bound to the  β -chains and like the Hb tetramer, mono-
meric  β -chains bind ferric-heme but less tightly than ferro-heme. After ferric-heme dissociates from 
globin, the protein itself is cytotoxic and causes vascular damage  [  8  ] , as shown by in vitro studies 
with primary bovine aortic endothelial cells. After heme dissociates, a large hydrophobic surface is 
exposed on globin  [  9  ] . Damage by globin to endothelial cells comes not only by absorptive pinocy-
tosis to the plasma membrane but also from membrane insertion of globin as recently shown for 
neuroglobin  [  10  ] . Unlike globin, apo-hemopexin (HPX; at plasma concentrations of 20  μ M or 
higher) is not harmful to cells, e.g., endothelial cells  [  8  ]  or neurons  [  11  ] . 

 The maintenance of whole body iron homeostasis is complex, involving principally the duode-
num, liver, and spleen, requiring coordination among several different cell types and proteins. 
Binding of iron, heme, and Hb by plasma proteins prevents iron loss by the kidneys. Furthermore, 
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copper is needed for normal iron transport across membranes and in the HPX–heme uptake system 
for coordinated gene regulation (e.g., metallothionein 1 and HO1). The focus here is on the proteins 
and processes that maintain iron homeostasis. When there are defects in the iron “salvage” path-
ways, there are serious consequences that can become life threatening. Systemic infl ammation-
driven pathology, e.g., lipid and lipoprotein oxidation, predominates when heme and iron are 
present, especially when Hp is low. In such situations, HPX is needed as the last defense against 
heme toxicity and can become depleted. The importance of transferrin, haptoglobin, and hemopexin 
as extracellular antioxidants rapidly removing redox-active iron and heme from the circulation but 
in a manner that safely retains and recycles both heme and its iron is established. Furthermore, iron 
recycling is important because the body’s iron status affects not just iron and heme metabolism but 
also the functioning of immune system cells. The key and complex relationships between the HPX 
and Hp systems with macrophages that express CD163 and heme catabolism by heme oxygenases 
that control whole body heme and iron redistribution are only just being recognized.  

   2 Hemolytic Anemias, Iron Overload, and Non-Transferrin Bound Iron 

   2.1 Non-Transferrin Bound Iron (NTBI) 

 When iron overload develops, transferrin becomes saturated with iron. This can occur in alcoholic 
cirrhosis, HFE-related hereditary hemochromatosis (HHC), and in certain hemolytic anemias. 
Clinically, iron overload is defi ned by more than 75% saturation of transferrin in plasma. As iron 
levels in the circulation continue to rise, then NTBI is produced whose cellular uptake via ion chan-
nel transporters is not regulated. (In contrast, high levels of iron in cells downregulate the levels of 
transferrin receptors that takes up diferric-transferrin complexes). NTBI is not yet characterized but 
has been shown to be of relatively small size and was generally assumed to be iron bound to small 
molecules, e.g., anions such as citrate, or loosely associated with serum albumin. However, Evans et al. 
 [  12  ]  concluded that NTBI is not associated with serum albumin. Furthermore, differences must 
exist between NTBI in mice and humans because in several mouse models of iron overload, mouse 
NTBI is not detected by the methods used routinely to detect NTBI in humans  [  12  ] . For in vitro 
studies on NTBI, ferric citrate is the predominant model for NTBI Fe(III) uptake. To study Fe(II) 
uptake, ferric citrate with cell reduction, ferrous sulfate with ascorbate, and some iron chelator com-
plexes have all been employed. Human erythroleukemic K562 cells reduce NTBI by transmembrane 
ascorbate cycling. Ascorbate dose-dependently stimulates both iron reduction by cells and uptake of 
iron from  55 Fe–ferric citrate  [  13,   14  ] , and intracellular ascorbate levels rise when cells are incubated 
with dehydroascorbate. This iron uptake is due to a direct chemical reduction of ascorbate since iron 
uptake is prevented when ascorbate oxidase is added to the ascorbate-supplemented medium. 
Importantly, more NTBI enters cells as Fe(II) provided that there is a means to reduce the iron at the 
cell surface. 

 The liver is the principal organ for iron storage and, thus, is the main organ affected in iron over-
load. However, in chronic and/or acute severe iron overload, the cells of the heart and pancreas also 
succumb to iron toxicity. NTBI uptake takes place via ion channels such as DMT1, where iron is 
co-transported with protons  [  15  ] , and also by the zinc transporter, ZIP14  [  16  ] , and both depend 
principally upon iron gradients. Depending upon the needs of hepatocytes and the body’s iron status, 
iron is used for biochemical and metabolic purposes, stored on ferritin or is exported by ferroportin 
(FPN1) for loading onto transferrin and thus distributed to cells throughout the body, including 
reticulocytes for heme synthesis (Fig.  8.1 ). The iron export rate is determined by the number of 
FPN1 molecules on the plasma membrane, which in turn are regulated by any circulating hepcidin. 
The classic pathway of iron uptake by transferrin receptor 1 (TfR1) is presumed not important in 
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  Fig. 8.1    Sources of heme and iron for recycling hemoglobin and its heme–iron via the hepatocyte to maintain heme 
and iron homeostasis in the whole body. A representative liver parenchymal cell with pathways of iron and heme 
uptake as well as the intracellular movement of these two molecules is depicted. The secreted proteins or exported iron 
and heme are exchanged with macrophages (shown in Fig.  8.2 ) in the spleen and Kupffer cells in the liver, and poten-
tially also in the bone marrow. Uptake of heme–HPX complexes requires a high-affi nity, low-capacity receptor 
HPXR1, the best candidate to date is LRP1/CD91 j, which is a scavenger receptor with more than 50 ligands, and also 
by a low-affi nity, high-capacity “selective” HPXR2, which may be toll-like receptor 4 k. Hb uptake via a Hp receptor 
l, which appears to differ from CD 163 since it is reported to be expressed only by cells of the monocyte/macrophage 
lineage; Hb uptake by unknown means. Heme from both Hb–Hp and heme–HPX complexes is degraded by HOs 
releasing Fe(II). High intracellular iron levels damage cells due to the chemical reactions of non-protein bound intra-
cellular iron, which often referred to as the “labile iron pool (LIP),” but remains controversial  [  20  ] . LIP is detected 
using the fl uorescent iron chelators like calcein  [  21  ]  and LIP is assumed to be the reactive Fe(II) and to increase when 
cell iron uptake exceeds the storage capacity of iron on cytosolic ferritin. Here, we refer to this iron as “iron in transit” 
since it is moving from one site in the cell to another (Figs.  8.1  and  8.2 ). Such free iron has not been incorporated into 
heme, iron sulfur clusters, or high-affi nity mononuclear sites within proteins but is in transit or bound adventitiously 
to the surface of biomolecules  [  22  ] . Biochemical and metabolic purposes for iron include regulation via the IRP/IRE 
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iron overload due to its inherently low capacity. The importance of the liver for Hb and heme clearance 
by Hp and by hemopexin (HPX), respectively, as well as for iron recycling is addressed below 
(and see Fig.  8.1 ).  

 What are the possible sources of NTBI in humans? Under normal conditions, iron overload from 
the diet can be controlled by hepcidin secreted by the liver. As iron levels rise in the liver, hepcidin 
synthesis is stimulated leading to a downregulation of FPN1, on cells, including enterocytes and 
macrophages as well as hepatocytes. Thus, iron is retained within these cells. Nonregulated iron 
uptake across the enterocyte can take place in response to anemia 1 when hepcidin levels are low, 
e.g., in  β -thalassemia  [  24  ] . However, if circulating NTBI increases due to increased enterocyte 
absorption or after a blood transfusion, then NTBI uptake leads to hepatocyte iron overload with 
anemia because iron is not available to erythroblasts but is retained within the liver and macrophage 
cells. Urinary hepcidin increases after blood transfusion in  β -thalassemia when erythropoiesis is 
maximally suppressed [ 208 ]. Iron administration expands the extramedullary erythropoiesis which 
improves the anemia in a mouse model of thalassemia intermediary  [  25  ] . This suggests that expan-
sion of extramedullary erythropoiesis suppresses hepcidin in  β -thalassemic mice. 

 An increase in intracellular iron from heme catabolism after erythrophagocytosis explains the 
predominant increase in reticuloendothelial iron seen in type 4 hemochromatosis where there is a 
missense mutation in the FPN1 gene  [  26  ] . Delaby et al.  [  27  ]  incubated artifi cially aged murine red 
blood cells with murine bone marrow-derived macrophages, causing a rapid increase in HO1 and 
FPN1 RNA and protein as well as ferritin protein. Subsequently, FPN1 levels decreased although 
HO1 and ferritin levels remained high. The gene expression profi le of this iron storage state thus 
resembled that in infl ammation although the pro-infl ammatory response of the macrophages was 
attenuated.  

   2.2 Iron Loading of Macrophages by Erythrophagocytosis and in Hemolysis 

 Changes in the surface proteins of red blood cells take place as they age. The modifi ed proteins are 
recognized by specifi c receptors on macrophages resulting in erythrophagocytosis. After surface 
binding and engulfment, the heme from hemoglobin is released and degraded by heme oxygenases, 
thus raising intracellular Fe(II) (Fig.  8.2 ). It is presumed that, as in hepatocytes, iron is stored, used 
for regulation and other cellular needs, or is excreted froe macrophages but in this case most likely 
bound to ferritin rather than loaded onto transferrin. Additional details of reticuloendothelial cell 
iron metabolism are covered elsewhere (see Chap.   11    ). It is generally assumed that all of the heme 
taken up by receptor-mediated endocytosis either as Hb, Hp–Hb, or as heme–HPX is degraded by 
the macrophage HOs, although this has not yet been shown directly. If any heme avoids breakdown, 
it may be exported from macrophages by the heme transporter, feline leukemia virus subgroup C 
receptor (FLVCR; Fig.  8.2 ), but direct evidence is lacking that this takes place in vivo. Perturbation 
of the erythrophagocytotic pathway of macrophages in the bone marrow, lung, and liver (Kupffer 
cells) plays a pathophysiological role in several diseases including HHC, the anemia of chronic 

Fig. 8.1 (continued) system or storage on ferritin. Any intracellular iron in excess is presumably exported via FPN1 
across the plasma membrane. In addition, several synthetic pathways are shown including those for hepcidin secretion 
and for the plasma proteins needed to transport redox-active metals: heme, iron, and copper. Heme can also be excreted 
in the bile  [  23  ] , likely via FLVCR, as well as iron via DMT1. Iron is recycled via endocytosis of transferrin ma via the 
high-affi nity, low-capacity TfR1/CD71 and by the low-affi nity, high-capacity TfR2; and catabolic non-receptor-medi-
ated transferrin uptake (not shown); by unregulated NTBI uptake via the channels DMT1 and ZIP14 mb; and by 
receptor-mediated uptake of ferritin from macrophages mc       
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disorders as well as in the thalassemias. Loss of the macrophage population expressing the receptor 
for Hb–Hp    (CD163) has dire consequences and is discussed further at the end of this chapter.  

 Heme–iron recycling in macrophages requires the iron exporter FPN1 as shown by studies with 
human macrophages and the J774 line of murine macrophages in vitro. Data from type 4 HHC in humans 
as well as animal models of HHC also support this. Furthermore, the copper status of macrophages 
affects FPN1 regulation  [  28  ]  due to the need for the multicopper ferroxidase hephestin for iron export in 
this cell type. Heme and iron are regulatory molecules, and both are needed to regulate macrophage 
FPN1 induction, thus infl uencing release of iron for recycling after hemoglobin catabolism (Fig.  8.2 ). 

  Fig. 8.2    Routes of heme transport in the macrophages for whole body iron recycling. A representative macrophage 
is depicted with pathways predominantly for heme uptake including phagocytosis of senescent red blood cells (RBC; j) 
and low levels of the scavenger receptor, LRP1/CD91 that binds heme-HPX may be present k and binding of Hb–Hp 
or Hb to the scavenger receptor CD163 l with some extracellular metabolism of Hb by the lipochalin,  α 1-microglob-
ulin (not shown). Heme may be exported by FLVCR to HPX n as well as iron export by ferritin ma and by FPN1 mb. 
Limited iron uptake may take place by the TfR1/CD71. The heme exporter in endosomes may be heme carrier protein 
1, HCP1, which has been detected in macrophage endosomes together with Hb–Hp  [  17  ] . HRG1 is another candidate 
endosomal heme exporter  [  18  ] . Transported heme is degraded by HOs releasing Fe(II). Additional abbreviations used 
are listed in the legend to Fig.  8.1 . Alpha1-microglobulin circulates in blood either free or bound to immunoglobulin 
A and is proteolytically processed and can be released from IgA in the presence of membranes from ruptured eryth-
rocytes and also by Hb. Whether intact or truncated, it binds heme and degrades it to unknown metabolites with an 
(as yet uncharacterized) yellow–brown chromophore derived from heme  [  19  ] . A truncated  α 1-microglobulin 
predominated in the urine of a patient with  extravascular  hemolysis, and was proposed to play a role in extracel-
lular heme catabolism for Hb clearance in hemolytic states. However, whether this protein is involved in iron recy-
cling is currently unknown       
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After erythrophagocytosis of aged murine or human red blood cells by primary cultures of mouse 
bone marrow-derived macrophages  [  29  ] , heme acts to activate transcription fi rst of the HO1 gene 
and then the FPN1 gene, followed by iron-dependent expression of FPN1. FPN1 mRNA is decreased 
upon iron depletion by iron chelators and increased with iron loading  [  30  ] , implicating iron in 
translational regulation but FPN1 lacks a canonical iron response element like that needed for 
the translational regulation of ferritin. The iron is presumably derived from the degradation of eryth-
rocytic Hb–heme. Furthermore, transcriptional regulation is supported by the observation that actino-
mycin D blocked the induction of both FPN1 mRNA and protein after incubating J774 macrophages 
with senescent erythrocytes. Thus, the iron status of cells expressing FPN1 such as macrophages 
(and also enterocytes) affects FNP1 in addition to its downregulation by the physical binding of 
circulating hepcidin, which leads to FPN1 degradation by the proteasome  [  31  ] . Three hours after 
erythrophagocytosis, there was a tenfold increase in HO1, the levels of the iron transporter NRAMP1 
had doubled but there was no change in DMT1 protein level. After incubation with  59 Fe-labeled rat 
erythrocytes, iron export rates in J774 macrophages engineered by retroviral transduction to stably 
express FPN1 were 70% higher than in the control cells. Furthermore, addition of hepcidin to the 
medium dramatically decreased both FNP1 levels and  59 Fe effl ux. While non-heme 59 Fe release was 
reduced by 50%, there was no change in  59 Fe–heme effl ux  [  32  ] , consistent with a specifi c effect of 
iron on FPN1. In the context of the whole body, when the liver synthesizes and secretes hepcidin, the 
predominant cells in which FPN1 levels are decreased are considered to be splenic macrophages and 
both hepatic parenchymal and Kupffer cells. Cellular iron overload is produced when iron export 
stops while iron uptake continues, e.g., from NTBI (and iron-transferrin). Heme uptake from Hb, 
Hb–Hp, and heme-HPX in hemolytic states presumably also contributes to iron overload. 

 In a related study, erythrophagocytosis increased intracellular heme levels 3.5-fold within 30 min, 
declining signifi cantly by 3 h but remaining above normal for another 4 h. Heme-arginate (or as the 
pharmaceutical preparation, Normasang, at 10 or 50  μ M) induced FPN1, HO1 and ferritin (FtnH) 
mRNAs within 4 h. Heme, not iron, is a well-established inducer of HO1 gene transcription  [  33,   34  ] , 
and the iron chelator Salicylaldehyde isonicotinoyl hydrazone (SIH) does not decrease HO1 induc-
tion. On the other hand, iron is needed for H-Ftn induction since it was prevented by SIH, whereas 
FPN1 induction was only slightly inhibited. In macrophages and in contrast to the transcriptional 
regulation of HO1 and FPN1, H-Ftn regulation appeared to be principally at the translational level 
and iron-dependent. However, FPN1 is regulated transcriptionally by heme in murine Friend eryth-
roleukemia cells  [  35  ] . FPN1 and H-Ftn induction by Normosang required heme–iron since Ftn and 
FPN1 levels were not decreased by SIH when HO1 was inhibited by incubation of the macrophages 
with tin-PPIX. Consistent with a role for iron, protoporphyrin IX arginate was not an inducer. Thus, 
FPN1 is regulated by heme at the transcriptional level  [  36  ] , as previously shown for HO1 regulation 
in a variety of cell types, including hepatocytes and enterocytes. HO1 is regulated by the transcrip-
tional activator, Nrf2, its binding partner, and a MARE/ARE element  [  37  ] , and recently similar regu-
lation was reported in murine macrophage line, RAW 264.7 cells incubated with Hb  [  36  ] . HO1 is not 
regulated by iron unless the conditions increase intracellular heme levels, i.e., iron supplementation 
for extended time periods. Discrepancies in the reported translational regulation of FPN1 by iron are 
due to multiple transcripts that were fi rst detected in erythroid cells, some of which lacked a 5 ¢ IRE 
 [  38  ] . In duodenal and erythroid cells, FPN1B thus evades translational regulation by iron  [  39  ] . Heme 
regulation at the transcriptional level is more important in these two types of cells likely for the 
coordinate regulation of HO1 and FPN1. 

 Rapid removal of metHb from the circulation is important to minimize infl ammatory responses to 
the potentially toxic heme and also globin. Hb–Hp complexes are endocytosed by a scavenger recep-
tor, CD163, expressed at high levels on the surface of macrophages  [  40  ] . In human macrophages, Hp 
enhances Hb uptake at low concentrations (e.g., 1  μ g/mL), consistent with a high-affi nity receptor 
like CD163, although not at high concentrations (e.g., 100  μ g/mL). CD163 is reported to be restricted 
to cells of the macrophage/monocyte lineage. Hb competes with Hb–Hp for CD163  [  41  ] , and therefore 
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likely enters macrophages by this route as well, especially when Hp has been depleted. Uptake of 
Hb–Hp or Hb leads to both HO1 and ferritin induction  [  42  ] . Macrophages play important roles in the 
immune system and CD163 +  macrophages are anti-infl ammatory. Dexamethasone, the only docu-
mented HO2 inducer, strongly induces CD163 mRNA, resulting in a tenfold increase in these surface 
receptors. This augments the specifi c uptake of Hb–Hp complexes  [  43  ] , which has been proposed to 
be the basis of a novel anti-infl ammatory action of CD163 +  macrophages. However, in infl ammation 
when levels of hydrogen peroxide increase, Hb–Hp complexes are oxidized and the heme becomes 
covalently bound to protein, consequently HO1 is not induced  [  44  ] . 

 It is established from patient studies that the binding capacity of Hp is readily exhausted by mod-
erate to severe hemolysis. This is due to the rapid breakdown of Hb–Hp complexes in the lysosomes 
of hepatic parenchymal cells seen after intravenous injection of radiolabeled Hb–Hp complexes in 
intact rats (described further below). Presumably, this endocytotic pathway is similar in macrophages. 
CD163 reportedly undergoes constitutive endocytosis, recycling from early endosomes after ligand-
independent internalization  [  42  ] .   

   3 Hemoglobin–Haptoglobin (Hb–Hp) 

 Evidence from both human and animal studies supports that Hp aids in iron recycling of the heme 
of Hb. Hp binds Hb in a manner that prevents the dangerous oxidizing effects of Hb. Hb is a peroxi-
dase, although not a strong one  [  45  ] , but is rapidly oxidized in vivo releasing the pro-oxidant heme. 
Peroxidase cycles of Hb can be activated by H 

2
 O 

2
  to generate active oxyferryl radicals similar to 

horseradish peroxidase compounds. When Hp is depleted or low, endotoxin activity catalyzing free 
radical formation is enhanced as is macrophage activation, platelet adhesion, and even neurotoxicity. 
In infl ammation, nitric oxide (NO) from activated macrophages and other cells binds to the ferro-
heme of Hb as well as to the thiol of Cys β 93 of globin  [  46  ] . This nitrated Hb causes vasoconstriction 
which leads to ischemia. This NO scavenging of Hb is inhibited by Hp  [  47  ] . 

   3.1 Differential Protective Effects of Hp Subtypes 

 The Hp locus is polymorphic with two common alleles 1 and 2. Thus, Hp exists as three phenotypes: 
Hp1-1, Hp2-1, or Hp2-2. Homozygous Hp1-1 ( β - α 1- α 1- β ) is composed of two identical  α 1 chains 
(Mr 9,000 kDa) and Hp2-2 is composed of two identical  α 2 chains, and Hp2-1 contains one  α 1 and 
one  α 2 chain. The  α 2 chain has an extra free thiol group, which contributes to the polymerization of 
Hp2-1 and Hp2-2. Polymers can include up to six or more molecules. Hemoglobin released from 
erythrocytes during intravascular hemolysis binds immediately to Hp and forms a stable complex. 
Each Hp molecule binds two  α  β  Hb dimers ( α  β Hp β  α ), essentially irreversibly (Kd of 1 × 10 −15  mol/L) 
 [  48,   49  ] . Asleh et al.  [  50  ]  reported a slightly lower value (Kd of 1 × 10 −10  mol/L) using surface plas-
mon resonance. Hp1-1 and Hp2-2 bind Hb dimers equally well but there are differences in function. 
Signifi cantly, the Hp1-1 phenotype is protective and provides resistance to the development of 
retinopathy, nephropathy, and cardiovascular disease in diabetes. 

 In general, Hp1-1–Hb complexes are cleared more rapidly from the circulation than Hp2-2–Hb 
complexes  [  51  ] . Hp2-2 binds Hb with threefold lower affi nity than Hp1-1  [  50  ] . Furthermore, Hp2-2 
is redox-active and generates free redox iron which leads to, and exacerbates, oxidative stress. In 
diabetes, Hb is glycated  [  50  ]  and diabetics with glycated Hp2-2 have greater oxidative tissue injury 
and vascular disease compared with those expressing Hp1-1, while heterozygotes have an intermediate 
risk  [  51  ] . Glycosylated Hb is bound signifi cantly less tightly (threefold) by both Hp1-1 and Hp2-2. 
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NTBI is increased in diabetes, and has been proposed to be a better measure of whole body iron than 
serum Ftn. However, the catalytic iron in these patients differs from NTBI in the plasma of thalas-
semic patients. CD163 is the receptor responsible for uptake of Hb and Hb–Hp in macrophages and 
this is downregulated in diabetics. Certainly in the presence of strong oxidants like peroxides, heme 
can be broken down releasing iron. Fe(III) is probably released, not Fe(II) as from HOs. 

 One key variable in patient and animal studies that affects iron uptake is the ascorbate (vitamin 
C) levels in the circulating plasma because reducing systems, particularly ascorbate/dehydroascor-
bate are needed to generate Fe(II) for uptake across the plasma membrane by divalent metal trans-
porters such as DMT1. The levels of ascorbate in the circulation vary with Hp-type. In men, they are 
approximately equal in Hp1-1 and Hp2-1 but about 20% less for the Hp2-2 phenotype. In mice, the 
levels of ascorbate are ~114  μ M for the C57Bl/6 strain and, like humans, guinea pigs lack the capac-
ity to synthesize ascorbate de novo and thus are defi cient in ascorbate unless receiving a dietary 
supplement, which clearly impacts studies on iron metabolism  [  52  ] . 

 Given the drastic and ongoing increased incidence in obesity and metabolic syndrome in many 
countries, with the accompanying rise in diabetes (affecting 350 million people worldwide in 2011 
and doubled since 1981), glycated Hp2-2 is an additional complicating factor that can generate 
redox-active iron, which leads to cardiovascular disease  [  50  ] . Iron is bound aberrantly by glycated 
proteins and more loosely than on normal proteins with the potential to increase redox-active iron in 
the serum and tissues. This was investigated using Hp transgenic mice: the Hp knockout (Hp0) and 
the same mice expressing human Hp2-2 (Hp2). The amount of redox-active iron in serum, (deter-
mined after the addition of 40  μ M ascorbate in the presence and absence of iron chelators, e.g., 
deferiprone), is increased compared with WT in the Hp0 and Hp2 mice. It is further increased by 
streptozotocin-induced diabetes (after 40 days). The levels of “free” redox-active iron were deter-
mined to be ~60–70 nM and were measured in the presence of transferrin whose iron-binding capac-
ity was not saturated.  

   3.2  Contribution of Haptoglobin Iron Reclamation to Hepatic 
Iron Overload in Hereditary Hemochromatosis 

 Hp −/−  mice develop abnormal iron deposits in the proximal tubules of the kidney as they age but not 
in the liver or spleen  [  53  ] . Iron also accumulated in the proximal tubules after renal ischemia-reper-
fusion injury or after muscle injury. This provides additional evidence that Hp prevents loss of Hb in 
the urine and modulates iron loading of the kidney. In HH/HHC, the prevalence of mutations in HFE 
is high but clinical penetrance of the disease is low. Thus, the hemochromatosis protein HFE is nec-
essary but not a suffi cient or sole cause of clinical HHC. Previous studies in humans have shown that 
the Hp 2-2 phenotype is over presented in Cys282Tyr (C282Y) homozygous HHC patients  [  54  ] . 
Furthermore, iron overload is more pronounced in males (higher serum iron and ferritin levels), sug-
gesting that Hp polymorphisms affects iron metabolism in HHC and that there are gender differ-
ences. In men, Hp2-2 has been shown to be associated with an increase in the accumulation of iron 
by macrophages accompanied by increases in serum ferritin (sFtn). The amount of iron removed by 
phlebotomy was higher also in patients carrying Hp2-2  [  54  ] . However, in the UK, where 90% 
patients with HHC are homozygous for HFE C282Y (as are 1 in 150 of the general population), only 
a minority develop HHC. The Hp2-2 frequencies did not differ and Hp2-2 was, therefore, not con-
sidered a risk factor for this population. Blood donors with and without clinical features suggestive 
of HHC were phenotyped and genotyped but neither transferrin saturation nor sFtn levels differed 
with Hp type. 

 The role of Hp as a modifier gene in HHC has been addressed using Hfe knockout mice, 
as a model of HHC, crossed with mice lacking Hp (i.e., the Hfe −/− Hp −/−  double knockout  [  55  ] ). 
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In the absence of Hp, signifi cantly less iron was found in the liver than in the Hfe −/−  mice. Thus, 
haptoglobin-mediated heme–iron recovery was proposed to contribute signifi cantly to iron loading 
in HHC by delivering Hb to liver cells.  

   3.3  Coordination of Haptoglobin Recovery of Hemoglobin 
Iron with Heme Reclamation by Hemopexin 

 The Hp system is coordinately regulated with the hemopexin heme transport system to recycle 
heme–iron (discussed further below). In HPX null mice, liver Hp mRNA is increased in response to 
chemically induced hemolysis in HPX null mice  [  56  ] . Whether this might lead to the “rebound” in 
plasma Hp after several transfusions, noted in more than 50 years ago in monkeys  [  57  ]  and humans 
 [  58  ] , is unknown. As a backup    system for Hp and for body heme–iron retention, the co-receptors, 
megalin and cubulin, take up Hb by receptor-mediated endocytosis in kidney proximal tubule cells 
 [  59  ] . This occurs when Hb levels exceed the Hp-binding capacity in plasma or when Hp has been 
depleted. HPX also prevents loss of heme via the kidney since hemoglobinuria can take place with-
out urinary heme loss  [  60  ] .   

   4  Plasma Clearance of Hemoglobin by Haptoglobin 
and Its Contribution to Iron Recycling 

 Plasma clearance studies of Hb and Hb–Hp complexes were fi rst undertaken about 40 years ago in 
man  [  60–  62  ]  and monkeys  [  57  ] . Although preformed Hb–Hp complexes were not used, physiologi-
cally relevant levels of Hb were employed and these early fi ndings have subsequently been con-
fi rmed in rats injected intravenously with doubly radiolabeled Hb (e.g.,  59 Fe-heme- 125 I Hb) or Hb–Hp 
complexes. The early work revealed that Hb is cleared rapidly from the circulation, that Hp plays a 
role in this process, and that the site of uptake is the liver where both Hb and Hp are degraded. 
Autoradiography fi rst revealed that after i.v. injection, cyano-metHb was taken up into the parenchy-
mal cells of rabbit liver  [  63  ] . More defi nitive studies with double-radiolabeled Hb provided evi-
dence, over 30 years ago, that hepatic parenchymal cells, not Kupffer cells in the sinusoids, removed 
Hb intact from the circulation as well as Hb bound to Hp. Thus, heme–iron recovery of  59 Fe-Hb by 
Hp takes place after uptake of intact Hb or of  59 Fe-Hb-Hp by the liver  [  64  ] . This is intriguing since 
the scavenger receptor CD 163 for Hb and Hb–Hp is reported to be restricted to cells of the mac-
rophage/monocyte lineage. Thus, it appears that another Hb–Hp receptor may be expressed on 
hepatic parenchymal cells unless the heme from Hb had been transferred to HPX (see below and 
Fig.  8.2 ). Hb appears in the kidney and urine only when Hp is depleted and when plasma Hb levels 
are extremely high (51 and therein). 

 To compare the fate of Hb whether bound to Hp or free in plasma, the amount of [ 59 Fe]heme 125 I-
globin injected intravenously is increased relative to the circulating Hp levels. Low amounts of Hb 
produce Hb–Hp whereas high levels generate free Hb. In either case, 85–95% of [ 59 Fe]Hb was asso-
ciated with parenchymal cells and less than 15% in sinusoidal Kupffer cells, which constitute only 
about 5% of the liver volume  [  65  ] . In contrast, [ 59 Fe]spherocytic red blood cells were taken up solely 
by the Kupffer cells. Furthermore, based upon the increased microsomal heme oxygenase (HO) 
activity, the heme from Hb, Hb–Hp, or from red blood cells was broken down in the same cells into 
which it had been transported. HO activity in the liver parenchymal cells detectably increased within 
4 h after i.v. infusion of soluble Hb. The half-life of Hp-bound Hb was about 20 min compared with 
10–15 min for free Hb, i.e., quite rapid and thus consistent with receptor-mediated uptake. Catabolism 
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was also rapid: degraded globin was detected within 15 min after i.v. Hb, with a loss of  125 I from the 
liver. Consequently, about 75% of the Hb was cleared from the circulation within 30 min. When the 
amount of Hb administered intravenously was within the Hp-binding capacity, liver uptake was 
about 66% of the dose. In contrast, Hb in excess of Hp was sequestered principally in the kidney, not 
the liver, as previously reported [ 66 ] and some Hb was excreted in the urine. In the liver, non-Hp 
bound Hb was taken up into parenchymal cells as was Hb–Hp   . 

 Subsequently, Kino and colleagues determined that the clearance rate of preformed [ 59 Fe]Hb–Hp 
complexes was rapid and similar in human, rats, and cats. The amount of [ 59 Fe]Hb–Hp transported 
into the liver was saturable (~400  μ g Hb–Hp/liver/100 g body weight for 1.5–4 mg Hb–Hp/100 g 
body weight  [  67  ] ), and thus indicative of a receptor-mediated process. At a dose of 0.15 mg/100 g 
body weight, ~66% was recovered in the liver within 30 min with less than 0.5% or 5% in the 
kidney and spleen, respectively. At the higher concentrations of Hb–Hp, an increasing percentage 
remained in the blood with a very slight increase in the kidney (overall recoveries ranged from 75% 
to 84%). They also specifi cally addressed the relative roles of liver parenchymal cells and Kupffer 
cells in the uptake of Hb–Hp complexes since this issue remained unresolved  [  63  ] . Low-speed cen-
trifugation techniques were used to separate the populations of parenchymal and non-parenchymal 
cells and after i.v.  125 I-Hb–Hp (0.5 mg), the complex was located in the parenchymal cells. Uptake 
was competed only by unlabeled Hb–Hp, not by asialo-orosomucoid or heme-HPX  [  67  ] , consistent 
with distinct and specifi c binding sites for Hb–Hp on liver parenchymal cells. [ 59 Fe]Hb uptake by rat 
liver was highest for rat Hp compared with Hb bound to human Hp1-1 and least with Hp2-2. If the 
hepatic receptor recognized the Hb moiety, then uptake of the heterologous complexes should be 
similar. Overall, these data support that hepatic parenchymal cells express a Hp receptor, which 
recognized changes in Hp caused by binding to Hb dimers (see Fig.  8.1 ). In contrast, the scavenger 
receptor CD163, reported to bind non-native forms of Hb as well as Hb–Hp complexes  [  44  ] , appears 
to preferentially recognize structural determinants on the Hb moiety of Hb–Hp complexes (shown 
using competitive inhibition  [  68  ] ). 

 Signifi cantly, and in contrast to the hemopexin–heme reclamation system, both Hb and Hp are 
rapidly degraded by the liver  [  69  ] .  125 I-Hb-Hp passes from organelles of low density (1.05–1.07 g/mL) 
to those with a higher density (1.07–1.15 g/mL) likely secondary lysosomes  [  69  ] . The complex 
dissociated into two 82 kDa subunits, indicating an initial limited proteolysis, but heme remained 
bound to the protein. The distribution of radioactivity in various subcellular fractions was consis-
tent with rapid movement of ~40% of the  3 H-heme from hemoglobin to both the smooth and rough 
endoplasmic reticulum within 10 min. However, heme catabolites were not detected until 40–90 min 
after injection  [  70  ] . This    is much slower than the heme breakdown following intravenously injected 
 59 Fe-heme-HPX complexes when  59 Fe is detected and incorporated into hepatic ferritin within 
10 min  [  71  ] . 

 Body iron homeostasis is perturbed in Hp −/−  mice since these animals have higher than normal 
iron levels in the kidney proximal tubule cells  [  4  ] . Otherwise, the mice are viable but with a small 
decrease in postnatal viability  [  72  ] . These mice are more susceptible than WT mice to the toxic 
effects of Hb released by phenylhydrazine-induced hemolysis. Phenylhydrazine at 2 mg/10 g body 
weight is toxic and killed 18% of the WT mice and ~3 times as many Hp −/−  mice (55%). In both the 
WT and Hp −/−  mice after 48 h, the hematocrit had decreased to less than 35%, and hemoglobinemia 
and hemoglobinuria developed that was so severe that both the urine and serum were dark brown in 
color. Hepatic Hp mRNA was induced in WT mice 4 h after phenylhydrazine. Such an increase 
would be consistent with the Hp rebound effect after transfusion seen in man  [  58  ]  and monkeys  [  57  ] , 
where plasma Hp levels were increased within 2 h after phenylhydrazine. It is not yet established 
whether this is due to the effects of heme, iron-induced oxidative stress, or to the ensuing infl amma-
tory response (since Hp is an acute phase reactant). These    Hp −/−  mice had increased lipid peroxida-
tion in the kidney, but not liver, as shown by elevated lipid peroxidation end products, malonaldehyde 
content, and 4-hydroxy-2(E)-nonenal. After phenylhydrazine, both WT and the Hp −/−  mice had 
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signifi cant amounts of Hb “precipitated” in their renal tubular cells and had similar degrees of 
hemoglobinuria. This is consistent with acute renal tubular necrosis seen in severe hemolysis or dur-
ing transfusions with stroma-free Hb, which presumably caused death by renal dysfunction. Even the 
control mice had compromised renal function. The kidney damage and acute renal failure was due, at 
least in part, to vasoconstriction since function was restored by administration of vasodilators. 

 The organ distribution of Hb differs from normal when Hp is lacking. Thus in Hp −/−  mice, i.v. 
 125 I-Hb was taken up predominantly in the kidney whereas the liver and spleen are the major sites in 
WT mice  [  53  ] . Also, there was twice as much  125 I-Hb in the duodenum and lung compared with WT 
mice. Tissue iron levels were doubled in the spleen and kidney of Hp −/−  but were similar to WT in 
the liver, duodenum, and serum. The Hp −/−  spleen was only half the normal size, although the spleen 
cell population appeared normal by histology  [  4  ] . The acute phase response appeared more robust in 
the absence of Hp, which is known to be immunosuppressive  [  73  ] . Hp is a potent immunosuppres-
sors of lymphocyte function since the levels of alpha1-glycoprotein were signifi cantly higher after a 
subdermal injection of turpentine in the Hp − / −  mice than in WT mice  [  72  ] . In their comparison of 
WT and Hp −/−  mice, Lim et al.  [  72  ]  reported that Hp did not affect the rate of  125 I-Hb clearance from 
the plasma (100  μ g  125 I-Hb/10 g body wt). However, in these plasma protein clearance studies, the 
amount of total  125 I (i.e., intact and degradation peptides) in plasma was used as an indicator of the 
remaining Hb, instead of intact  125 I-Hb protein solely (e.g., using TCA-precipitable radioactivity). 
Thus, the total  125 I radioactivity includes signifi cant amounts of  125 I peptides of Hb destined for 
excretion. Evidence from several groups shows that Hb is catabolized in lysosomes of both paren-
chymal cells  [  69  ]  and of Kupffer cells after uptake by CD163. 

 Studies with Hp −/−  mice have helped reinforce the concept that body iron homeostasis is regulated 
via systemic signals on cells of the liver, spleen, and duodenum. Based on the premise that the levels 
of FPN1 control the rate of iron release from enterocytes into the circulation, then circulating levels 
of hepcidin control absorption of iron from the gut lumen (i.e., diet) by modulating the rate of iron 
export from the duodenal enterocytes. Iron is also produced from absorbed dietary heme, which at 
doses designed to mimic normal human meals, is extensively catabolized by enterocytes  [  3  ] . Proof 
of principle studies have demonstrated that enterocytes are the fi rst point for convergence of heme 
and iron metabolism in the body since only the heme–iron is targeted to transferrin  [  3  ]  not heme to 
HPX  [  3  ]  in the circulation. Whether heme is exported intact across the basal–lateral membrane of 
enterocytes to HPX under physiological conditions is not known. 

 Lack of circulating Hp increased iron export from ligated duodenal segments of Hp −/−  mice com-
pared with WT but did not alter iron uptake from the lumen. Export was assessed by an indirect 
method using iron retention in the segment after 5 min of iron uptake followed by a washout  [  4  ] . The 
mRNA levels of DMT1, its reductase duodenal cytochrome b (dCytb), ferritin H and L chains or of 
duodenal tissue iron were similar in Hp −/−  and WT mice. However, FPN1 protein, but not its mRNA, 
was increased supporting transcriptional regulation of FPN1. The expression of several enzymes of 
heme biosynthesis, e.g., coproporphyrinogen oxidase, uroporphyrinogen oxidase, protoporphyrino-
gen oxidase, and uroporphyrin synthase, was decreased in the spleen of Hp −/−  mice. The elevated 
FPN1 in Hp −/−  mice was proposed to be a compensation that facilitates iron uptake, allowing more 
iron into the body. (It is established that FPN1 decreases in mice on an iron-defi cient diet and 
increases in iron overload). Consequently, the Hp −/−  liver is presumed to not secrete hepcidin under 
these circumstances. Based on these observations, Marro et al.  [  4  ]  proposed that Hp −/−  mice mimic 
the situation where Hp is saturated by Hb, i.e., no circulating Hp. If Hb–Hp is normally cleared from 
circulation by liver cells (whereas macrophages are presumed crucial for free Hb), then the reason 
the liver iron is not decreased in Hp −/−  mice is because of increased iron fl ux across the duodenal 
enterocyte followed by iron uptake into liver. Regulation of FPN1 was perturbed in the Hp −/−  mac-
rophages: FPN1 mRNA and HO1 mRNA were increased although this was not refl ected at the pro-
tein level. However, when RAW264.7 macrophages were incubated with Hb in vitro, a signifi cant 
increase in FPN1 and HO1 mRNA took place after 4 h and FPN1 protein levels remained high for 
more than 24 h  [  4  ] .  
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   5  Plasma Clearance of Heme by Hemopexin and Its Contribution 
to Heme–Iron Recycling 

 The transport of heme (iron-protoporphyrin IX) and conservation of body iron stores are part of the 
overall cyto-protection by the heme-binding plasma protein hemopexin (HPX). HPX links heme and 
iron metabolism since it delivers heme to liver cells and within minutes, much of this heme is 
degraded by heme oxygenases releasing the heme–iron. This iron has several fates depending upon 
the cell type in which it is released and the iron status of the body. It can be used in metabolism 
including DNA and heme synthesis, and for the regulation of proteins of iron metabolism, or exported 
or stored on ferritin. The HPX system has a role in iron recycling to erythrocytes. This is strongly 
supported by published data, but this important activity of HPX is often overlooked. Signifi cantly, 
the biological function of HPX in iron reclamation has been further substantiated by recent studies 
in mice that lack HO1, which alters the normal distribution of iron from the liver and spleen to the 
kidney. This organ then becomes the bastion of protection against iron loss, as discussed later in this 
section. In the absence of HO1, the metabolism of HPX and Hp is altered as CD163-expressing 
macrophages die after ingesting erythrocytes. 

 In this section of the review, we will focus on the role of HPX in iron recycling after describing 
heme binding by HPX, heme transport, and the biological consequences that are relevant for iron 
recycling. A comprehensive review of the literature on HPX has recently been published that 
provides additional details about HPX itself and the HPX-heme transport system  [  74  ] . Due to the 
toxicity of heme that has been well documented, its rapid removal from the circulation by HPX is 
vital. Lack of HPX increases morbidity in sepsis and contributes to the pathology of sepsis, 
hemoglobinopathies, malaria, rhabdomyolysis, acute renal failure after hemolysis, tissue injury 
induced by ischemia/reperfusion  [  60,   75–  78  ] . When heme and iron levels rise and HPX and Hp are 
depleted, oxidative stress develops, which contributes to the chronic infl ammation observed in some 
hemolytic diseases  [  77,   79,   80  ] . 

 In the brain, free heme from red blood cell hemoglobin or from dying or injured cells, such as 
neurons, glia, and endothelial cells, has been proposed to substantially contribute to morbidity in 
cerebral hemorrhage and stroke  [  81  ] . Signifi cantly, HPX protects the brain from damage in a mice 
model of stroke  [  11  ] , providing the fi rst evidence that heme is toxic to brain cells in stroke. 
Subsequently, HPX has also been shown to protect the brain in a mice model of intracerebral hemor-
rhage  [  82  ] . 

   5.1 Heme Toxicity 

 HPX is an important extracellular antioxidant  [  72  ] , which protects all cells from the chemical activ-
ity of redox-active heme. Signifi cantly, as recently reviewed  [  83  ] , HPX is not cytotoxic, nor is it a 
protease or a hyaluronidase. Furthermore, HPX is diffi cult to isolate and purify in its native, i.e., 
properly folded and glycosylated state and, unfortunately, recombinant HPX isolates have not 
been fully characterized as heme-binding proteins  [  83  ] . The toxicity of heme comes from its 
redox-active iron and the variety of chemical reactions that heme undergoes with oxygen that can 
destroy essentially all biological molecules. This is seen when HPX levels are reduced by extensive 
hemolysis. Heme causes lipid peroxidation, a free radical chain reaction, and also affects the func-
tion of cells of the immune system, thus contributing to infl ammation. Heme triggers the oxidative 
burst in neutrophils, acts as a mitogen for human peripheral blood mononuclear cells  [  84,   85  ] , and 
increases the recruitment of leukocytes to organs  [  77,   86  ] . It also activates the toll-like receptor 4 
 [  87  ] , increases the expression of adhesion molecules on endothelial cells  [  88  ]  and the activity of 
matrix metalloproteinases contributing to infl ammation and autoimmune diseases  [  89  ] . 
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 HPX is the principal heme-binding protein in essentially all biological fl uids including plasma, 
cerebrospinal fl uid  [  90  ] , amniotic fl uid  [  91  ] , saliva  [  92  ] , tears  [  93  ] , and lymph  [  94  ] . As described 
below, heme transfers from albumin to HPX after intravenous heme injection into dogs and kinetic 
studies in vitro with purifi ed proteins, consistent with the differences in the strength of heme bind-
ing by these two proteins. Plasma heme sources for HPX are Hb, myoglobin (Mb), cellular heme–
proteins from damaged cells, Hb–Hp complexes, and heme exported by FLVCR to HPX  [  95  ] . 
Other body fl uids can contain Hb and Hb–Hp. Plasma HPX is synthesized by hepatocytes whereas 
other fl uids derive HPX from ganglia and photoreceptor cells of the neural retina  [  96  ] , brain neu-
rons  [  11  ] , and ependymal cells  [  97  ] . When CD 163 expressing macrophage function is compro-
mised, then HPX mRNA increases not only in the liver but also in the spleen and kidney  [  98  ] . 

 In contrast to the heme transport function of HPX, all published evidence supports that the abundant 
albumin, which also binds heme is merely a reservoir for heme as originally proposed in 1971  [  99  ] . 
Lacking a specifi c receptor albumin cannot target any of its ligands, including heme, to cells. Albumin 
does not protect cells from heme toxicity because HPX −/−   [  56  ] , Hp −/−   [  72  ]  mice, and the double knock-
out HPX −/− Hp −/−   [  100  ]  mice die after chemically induced hemolysis. Human HPX binds heme more 
tightly (Kd <1 pM;  [  101  ] ) than human serum albumin (HSA  [  101–  103  ] ) or human globin. HSA binds 
heme at two sites and relatively weakly (Kds 1 and 10  μ M  [  104  ] ). Heme transfers from HSA to HPX 
in vitro  [  103  ]  at physiological molar ratios of the two proteins (ca.70 HSA:1 HPX). Normal adult 
human plasma HPX concentrations are ~0.6 mg/mL (i.e., ~10  μ M)  [  105–  108  ] , ranging from 0.5 to 
1.2 mg/mL (~20  μ M) in adults. In newborns, levels are ~20% of adults and increase immediately after 
birth, presumably as the population of hepatocytes increases  [  109  ] . In man the heme-binding capacity 
of HPX would be exceeded by ~95 mg heme/100 mL serum. Intravenous (i.v.) injections of heme 
(hydroxyhemin) were used to raise heme levels seven times higher than the plasma HPX-heme binding 
capacity. The concentrations of heme–HPX complexes were initially equal to heme–albumin became 
tenfold higher within ~2 h  [  99  ] . This rapid transfer of heme to HPX was even faster if heme-albumin 
was injected i.v. instead of heme. This produced twice as much heme bound to HPX than to albumin 
within 10 min. Heme from [ 59 Fe]-heme-  125 I-albumin was taken up by the liver faster than from doubly 
radiolabeled Hb–Hp complexes, and the induction of microsomal heme oxygenase activity mirrored 
these heme uptake rates. Overall, these data support that heme dissociation refl ected transfer from 
albumin to HPX before transport to the liver as heme–HPX  [  64  ] . 

 A role for HPX in the catabolism of the heme moiety of Hb has been supported by: physical-
chemical evidence showing that HPX is the principal heme-binding protein in plasma; autor   adio-
graphic studies showing HPX and heme associated with liver parenchymal cells  [  110  ] ; heme delivery 
for catabolism in the isolated perfused rat liver; and by studies in animals and in humans  [  61,   62,   99  ] . 
In vivo, after lysis of red blood cells, the released Hb with ferrous heme is rapidly oxidized to metHb 
(ferric heme) and this heme is then distributed throughout the body by HPX. When equimolar apo-
HPX and methemoglobin are incubated together in vitro, 50–70% of hemoglobin heme is bound to 
HPX at equilibrium  [  101  ] .  

   5.2  Heme Uptake by Receptor-Mediated Endocytosis of Heme–Hemopexin 
Complexes with Recycling of Intact Hemopexin 

 There is strong evidence that hemopexin recycles intact after delivering heme to cells by receptor-
mediated endocytosis and co-localizes with transferrin in endosomes. HPX recycling was seen after 
the uptake of heme from well-defi ned equimolar [ 59 Fe]-heme- 125 I-hemopexin complexes both in vivo 
with intact rats  [  111  ]  and also after endocytosis is human HepG2 cells  [  112  ] . 

 Support for HPX recycling in vivo fi rst came from an analysis of bile pigment formation to assess 
heme degradation following i.v. heme injection in dogs  [  99  ] . Based on a whole body plasma volume 
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of 450 mL and a HPX concentration of 20  μ M (0.02 mmol/L), equimolar binding of heme by HPX 
is equivalent to 5.87 mg heme, which is ~2.45 higher than the amount of heme normally converted 
to bile pigments (i.e., ~49 mg total and ~2.4 mg/h). Taking into account the fi nding that heme was 
cleared from the plasma at a rate of 19.93 mg heme/h, which is very rapid  [  99  ] , bile pigment produc-
tion from heme is ~eightfold more than the HPX concentration. Importantly, this is consistent with 
recycling of HPX. 

 There is also direct evidence for extensive recycling of  125 I-HPX after hepatic uptake of heme-
 125 I-HPX or  59 Fe-heme- 125 I-HPX after i.v. injection in intact rats  [  111,   113  ] , and from isolated rat 
hepatocytes  [  114  ]  and after endocytosis of heme- 125 I-HPX in human HepG2 hepatoma  [  112  ]  cells. 
The in vivo studies clearly revealed that: HPX rapidly targets heme to the liver for catabolism, 
uptake occurs via a fi nite number of receptors, and  125 I-HPX returns to the circulation intact since it 
is precipitable from plasma samples with trichloroacetic acid or mono-specifi c antibodies to HPX 
and was shown to be the mature size using electrophoresis  [  111  ] . Importantly, only a few minutes is 
needed for the clearance from the circulation of heme-HPX followed by heme catabolism since the 
heme–iron is detected stored on ferritin within 10 min after i.v. heme-HPX  [  71  ] . Iron incorporation 
into ferritin is sustained for at least 2 h. 

 Using a tracer dose of 700 pmol of [ 59 Fe]heme- 125 I-rabbit HPX, the ratio of  59 Fe/ 125 I radioactivity 
in the liver was already 2:1 by 10 min. In addition, there was an inverse relationship between the 
levels of TCA-precipitable  125 I-HPX in liver and serum during the course of heme uptake, consistent 
with release of intact HPX back to the circulation  [  113  ] . The maximal levels of  125 I-HPX in the liver 
occurred 5–10 min after injection and declined by 2 h, while  59 Fe-heme uptake accumulated linearly 
over 2 h. After the i.v. injection of 11 nmol heme-HPX/rat, uptake was saturated at 5 min (~170 pmol 
 125 I-HPX/g liver). HPX delivered heme to the liver and no signifi cant urinary excretion of either 
 125 I or  59 Fe was detected and only 1–2% of the dose was found in extra hepatic tissues. In contrast to 
heme-HPX, only ~3% dose (~3 pmol/gliver) of apo- 125 I-HPX and  125 I-albumin were detected after 
i.v. injection. All in vivo data show that uptake of heme-HPX and subsequent heme catabolism is 
faster than uptake of Hb–Hp complexes and Hb degradation. 

 The receptor-mediated endocytosis of heme-HPX and heme uptake was fi rst revealed by bio-
chemical and morphological studies using human HepG2 and mouse Hepa cells  [  112  ] . Furthermore, 
after endocytosis, HPX returned intact to the medium. Morphological studies using colloidal gold-
conjugated heme-HPX and electron microscopy autoradiography of heme- 125 I-HPX and Hep G2 cells 
showed HPX in clathrin-coated pits, endosomes, and multivesicular bodies, not lysosomes. 
Importantly, their orientation in multivesicular bodies relative to the membrane was consistent with 
that established for ligand-receptor complexes that recycle. HPX was shown to co-localize within 
vesicles with transferrin by biochemical and morphological techniques: the diaminobenzidine density 
shift assay with heme- 125 I-HPX and iron- 125 I-transferrin and colloidal gold derivatives, respectively. 
Exposure to the PKC-activating phorbol ester PMA caused a rapid redistribution of HPX receptors 
from the cell surface that was prevented by a PKC inhibitor, suggesting that this downregulation was 
due to PKC activation. The receptors were not degraded but recycled back to the cell surface  [  115  ] . 
Thus, HPX and transferrin are the only known recycling metal protein transporters. 

 The biochemical responses of cells to heme-HPX have been studied in a variety of human cell 
types including polymorphonuclear leukocytes  [  116  ] , promyelocytic (HL-60)  [  117  ] , K562  [  118  ] , 
retinal pigment epithelial (RPE) cells  [  96  ] , U937  [  119  ] , HepG2  [  112  ] , placental syncytial BeWo 
cells  [  120  ] , and also in rodent cell models including mouse hepatoma cells  [  121  ] , rat hepatocytes 
 [  114  ] , and mouse primary neurons  [  11  ] . The    number of surface receptors varies slightly with cell 
type; it is generally similar to transferrin receptors (~40,000 per cell). Internal pools of receptors 
were detected in mouse Hepa and RPE cells, and while the reported apparent Kd values vary, most 
are in the nanomolar range. 

 Two processes of HPX-mediated heme (iron protoporphyrin IX) uptake have been detected in 
intact rats  [  111  ]  and isolated rat hepatic parenchymal cells  [  114  ] . The “specifi c” high-affi nity uptake 
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has a low capacity whereas the other “selective” uptake has a lower affi nity and, interestingly, a high 
capacity. Both require heme-HPX complexes and have been distinguished from the uptake of non-
HPX bound heme by their response to metabolic inhibitors  [  114  ] . Thus, there are two types of HPX 
receptors: one high affi nity, low capacity (HPXR1) and one high affi nity, high capacity (HPXR2). 
The specifi c system in vivo is saturable, has a high affi nity (apparent  Km , approximately 100 nM), 
and thus exhibits the characteristics of the receptor-mediated system observed in vivo  [  111  ] . 
The cell-associated molar ratio of heme to HPX increased from 1:l with time since heme 
(1.25 ± 0.25 pmol/10 6  cells in 1 h at 37°C) but not protein (0.51 ± 0.05 pmol/10 8  cells) accumulated. 
The low-density lipoprotein receptor-related protein (LRP1/CD91) is a high-affi nity HPX-binding 
protein with a reported affi nity for heme-HPX of 0.5 nM  [  122  ] . LRP1 may be HPXR1 but it is a 
scavenger cargo receptor that binds a plethora of more than 50 structurally diverse protein ligands 
 [  123  ] . These ligands are usually not native proteins but have either been inactivated or covalently 
modifi ed sometimes by cleavage (e.g., activated  α -2macroglobulin). LRP1 is constitutively endocy-
tosed, targeting some ligands to the lysosomes for degradation, whereas others are effi ciently recy-
cled like apolipoprotein E  [  124  ] . Sorting nexin 17 is needed for targeting LRP1 to the recycling 
endosome pathway rather than to lysosomes  [  125  ] . In 2005, following some in vitro studies with 
Chinese hamster ovary cells over expressing LRP1, this scavenger molecule was reported to be the 
sole receptor for heme-HPX complexes targeting HPX to the lysosomes for degradation  [  122  ] . As 
described here, this is clearly not the normal route. In human promyelocytic HL60 cells, which lack 
LRP1, heme-HPX induces HO1  [  126,   127  ]  and delivers heme to myeloperoxidase  [  117  ] . LRP1-
negative PEA 13 murine embryonic fi broblasts take up heme-Alex-Fluor-HPX by endocytosis  [  74  ] . 
The multiple examples of evidence for HPX recycling intact from cells after heme delivery from 
several groups has been summarized above and include data from studies with intact rats  [  111  ]  and 
human hepatoma, HepG2 cells  [  112  ] . 

 The selective process is needed for the copper-dependent interaction of heme-HPX with the cell 
growth-associated plasma membrane electron transport pathway in mouse Hepa cells since it is half-
saturated at 5  μ M complex  [  128  ] . Heme-HPX has been identifi ed as a ligand for toll-like receptor 4 
 [  87  ]  and, intriguingly, this binding prevents the release of pro-infl ammatory cytokines, indepen-
dently of HO1 induction. Thus, this may be one way that decreasing HPX levels “opens the door” 
for pro-infl ammatory events to develop.   

   6 Hemopexin and Iron Salvage 

   6.1  Plasma Clearance of Heme by Hemopexin in Intra- and Extravascular 
Hemolysis 

 Many in vivo studies published in the 1960s and 1970s showed that the liver takes up heme and that HPX 
is the principal binder and transporter of heme in plasma. The amount of Hb–Hp complexes normally 
present in plasma from blood collected into anticoagulant is based on the Hb levels that are very low 
(4–7  μ M; 0.04–0.07% of the Hb content of whole blood). Only low protoheme-HPX levels are detectable 
spectrophotometrically in similarly prepared plasma samples. Any heme-HPX formed from the normal 
wear and tear of red blood cells in capillary beds will be rapidly removed from the circulation to the liver 
within 2–3 min. HPX was fi rst characterized in 1971 as a heme complex with a stoichiometry of heme 
binding of 1:1  [  129  ]  in samples of plasma from monkey  [  130  ] , human  [  61,   62  ] , and dog  [  99  ] . 

 Several features of heme transport by HPX were revealed more than 40 years ago after i.v. 
injection of  14 C-porphyrin-ring labeled heme into dogs  [  60  ] . First, HPX is the sole high-affi nity 
heme-binding protein in the plasma. Second, HPX binds both oxidized and reduced heme (ferri- and 
ferro-protoporphyrin IX, respectively). Third, HPX rapidly clears heme from the circulation mainly 
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to the liver. And, fourth, heme catabolism and heme–iron reutilization starts almost immediately and 
HPX normally recycles intact from cells. This role for HPX in heme clearance was further supported 
by studies in humans and primates once again several decades ago. In those days, both heme-HPX 
and methemalbumin complexes were detected in plasma samples by staining for heme after electro-
phoresis and quantitation by densitometry. Plasma HPX protein levels were quantitated by immu-
nodiffusion using mono-specifi c antibodies.  

   6.2  Enhanced Catabolism of Hemopexin in Severe Hemolysis 
Depletes Plasma Levels 

 HPX normally recycles intact after endocytosis and heme delivery but plasma HPX levels are low in 
chronic and severe hemolytic states  [  60,   131  ] . They also decline after intravenous hematin  [  132–  134  ]  
used as an experimental model of hemolysis, and after heme infusion (heme-arginate) as therapy for 
the “heme-defi ciency” state in patients with acute intermittent porphyria  [  135  ] . “Free” heme, i.e., non-
Hb heme, was fi rst found in the plasma of patients with intravascular hemolysis in 1912, detected using 
a spectrophotometric test now termed the Schumm test after its inventor  [  136  ] . Heme bound to HPX 
and albumin (methemalbumin) was also found in plasma from patients with chronic intravascular 
hemolysis as fi rst described by Neale  [  137  ]  and then by Wheby  [  138  ] . Notably, in these early studies 
with hemolytic patients and i.v. hemoglobin, HPX did not completely disappear despite high levels of 
Hb from hemolysis  [  62  ] , nor was Hp completely depleted. Based on normal, circulating plasma HPX 
concentrations, HPX should bind 0.6 mg heme/100 mL (or 16 mg/100 mL if expressed as Hb) and be 
saturated by 1 mg hematin/kg body weight injected intravenously. At high heme (hematin) levels, HPX 
is depleted but not at lower levels  [  61,   62  ] . Although heme binding to HPX is equimolar, HPX amounts 
did not decline in molar proportion to the heme dose  [  132,   134  ] . Catabolism of HPX leading to lower 
plasma levels occurs when there is hemoglobinuria and Hp is completely depleted. Also, in the early 
studies in which the clearance of HPX was determined after injection of heme, it was much slower than 
that observed for other receptor-mediated uptake processes and for heme- 125 I-HPX in rats. This is likely 
due to the transfer of heme from albumin to HPX  [  103  ] . The decreases in HPX are due to an increase 
in the fractional catabolic rate of HPX  [  131  ] . HPX levels are depleted when heme is present in the 
circulation, e.g., when free Hb is present after Hp depletion (both Hb and Hp are degraded in the 
lysosomes), or when Hp is present but so it non-hemoglobin heme as in hemorrhagic pancreatitis  [  61  ]  
or in some, but not all, children with thalassemia major  [  139  ] . Thus, under conditions of unusual heme 
load, either HPX recycling is not 100%, likely also true for transferrin (Evans Morgan, personal com-
munication), or other mechanisms come into play to account for the enhanced catabolism of HPX. The 
loss of CD163 expressing macrophages after erythrophagocytosis in HO1 −/−  mice alters the distribution 
of iron in the body, requiring the kidney to take over from the liver and spleen as the stronghold for iron 
reclamation. Certainly, when liver function is compromised or HPX is treated with neuraminidase 
 [  133  ] , then the asialo-HPX is rapidly removed via the galactose receptor and degraded  [  140  ] , as is a 
chemically modifi ed form of HPX  [  141  ] . 

 HPX defi ciency states are clearly deleterious in humans and in mice models of i.v. hemolysis. 
They also contribute to the development of sepsis, where HPX has been shown to be protective  [  142  ] . 
The kidney becomes the organ of last defense against iron loss from the body. When HPX −/−  mice are 
exposed to extensive hemolysis, kidney damage was far more extensive and life threatening than in 
their WT counterparts  [  56  ] . Serum levels of bilirubin, iron, total protein, albumin, WBC, RBC, Hb, 
HCT, MCV, MCH, RDW, platelet count, PDW, or MPV in HPX −/−  mice were the same as WT ani-
mals, leading the authors to conclude that HPX does not contribute to iron metabolism or protect 
against oxidative stress. Importantly, it was later found that as HPX −/−  mice mature, the levels of iron 
increase in the brain accompanied by an increase in malonaldehyde and Cu, Zn superoxide dismutase 
as parameters of oxidative stress  [  97  ] , associated with low ferritin expression.  
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   6.3 Body Iron Stores Regulate Heme–Iron Reutilization by HPX 

 Iron reutilization from  59 Fe-heme (as hematin) has been compared in normal subjects before and after 
multiple hematin injections suffi cient to deplete HPX and also in patients undergoing intravascular 
hemolysis. The  59 Fe in plasma samples was still heme because it was not removed by dialysis against 
EDTA, which removes iron from transferrin. Thus, in normal subjects, all of this i.v.  59 Fe-hematin was 
immediately bound to HPX and albumin. One day later, only small amounts of heme-HPX were detected. 
The plasma clearance rate of heme-HPX was ~7–8 h in three patients and whole body scanning over 
time showed that heme was fi rst taken up by the liver and its iron rapidly returned to the bone marrow 
(i.e., sacrum  [  60  ] ). Notably, this iron was rapidly and extensively reutilized into circulating RBCs 
(more than half within 48 h, i.e. within one cell life span) and remained for 2–3 months. 

 Iron defi ciency led to a more rapid reutilization of the heme–iron from the liver  [  60  ] . When iron 
overload developed from transfusions in patient with thalassemia, little of the heme–iron injected 
was incorporated into red blood cells and no radioactivity was detected in the urine. This heme–iron 
reutilization was slightly slower than for hemoglobin iron  [  143  ]  or for effete red blood cells  [  144  ] . 
When HPX had been depleted due to suffi ciently severe intravascular hemolysis, then the injected 
heme bound solely to albumin, which produced two components with half-lives averaging 3.9 and 
22.2 h in the plasma clearance curve. Some radioactivity was still transported to liver, but the iron 
reutilization was variable. Similar biphasic clearance curves were seen when a normal person was 
injected with high heme levels that depleted HPX  [  60  ] . In addition, lower amounts of  59 Fe-heme did 
not decrease the endogenous HPX nor increase plasma bilirubin  [  61  ] .  

   6.4 Heme Transport by HPX Is Linked to the Iron Status of Cells 

 The effect of changes in iron metabolism on the regulation of heme uptake and the expression of 
HPX receptors has been studies using a highly differentiated mouse hepatoma cell line (Hepa cells), 
originally derived from hepatoma BW7756  [  145  ] . After incubation with desferioxamine, iron-defi cient 
Hepa cells express twice the number of high-affi nity cell surface HPX receptors (Kd 17 nM; 65,000/
cell) and heme uptake increased 60–80% (apparent Km of 160 nM;  V  

max
  of 7.5 pmol heme/10 6  cells/h) 

 [  121  ] . This change did not require protein synthesis and was due to recruitment from internal pools 
of HPX receptors. However, when cell iron levels were raised by incubation with ammonium ferric 
citrate (8.5 and 20  μ g/mL for 24 h), heme uptake was only slightly decreased (by 25%), with no 
discernible effect on the number of surface HPX receptors.  

   6.5 The HPX and Hp Systems Are Linked 

 HPX is considered the fi rst line of defense against heme-mediated damage to cells during hemolysis, 
trauma, and ischemia reperfusion injury. A key role for hepatocytes in the metabolism of plasma 
hemoglobin, in addition to that of macrophages, was fi rst supported by data from rats more than 
35 years ago  [  64  ] . In mice, HPX prevents endothelial and liver cell damage in chemically induced 
intravascular hemolysis  [  56  ]  or an in vitro model for hemolysis that uses high levels of intravascular 
hematin  [  146  ] . When HPX is absent as in the HPX null mice, Hp metabolism changes and compen-
sates (i.e., Hp mRNA in the liver is stabilized  [  56  ] ). However, when both HPX and Hp are knocked 
out, lethal infl ammation of the liver ensues  [  100  ] . Thus, macrophages, which express the CD163 
receptor for Hb and Hb–Hp complexes  [  147  ]  as well as the heme–hemopexin binding proteins, 
LRP1 and TLR4, are not able to compensate for the loss of both HPX and Hp. 
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 Impairment of CD 163 +  macrophages or their loss, as in murine and human HO1 defi ciency 
(described below), is associated with very low HPX but elevated Hp. Transiently impaired Hb scav-
enging was detected in acute retroviral syndrome (HIV) with Hb–Hp present in the circulation. Early 
in HIV-1 infection, free Hb in the serum was extremely high (1.68 g/L; normally <0.11 g/L), although 
there no were other clinical or biochemical signs of hemolysis  [  148  ] , and the levels of CD163 were 
only slightly below normal. Overall, these observations suggested that uptake of Hb–Hp by CD163 
was somehow defective. This had previously been reported after treatment with gemtuzumab ozo-
gamicin  [  149  ] , which is a monoclonal antibody used to treat bone marrow cancer (acute myeloid 
leukemia). This molecule was withdrawn from US markets due to the side effects of hepatotoxicity 
and liver veno-occlusive disease. In acute syndromes of HIV-1 infection, viral particles compete 
with Hb–Hp for CD163, which is known to bind porcine reproductive and respiratory syndrome 
virus and bacteria. In addition, the Hp phenotype might contribute to loss of Hb clearance and affect 
prognosis in acute viral load. This patient had a Hp2-2 phenotype and Hp2-2 has a higher affi nity for 
CD163 than other Hp phenotypes.   

   7 Heme Oxygenases Are Linked with Iron Recycling and Iron Overload 

 Heme oxygenases (HO1 and HO2 isozymes) are the rate-limiting enzymes in the degradation of 
heme, releasing iron, biliverdin, and carbon monoxide after cleavage of the porphyrin ring  [  150, 
  151  ] . HO1 is highly inducible whereas HO2 is induced ~twofold by dexamethasone  [  152  ]  and basal 
HO2 levels are constitutively higher than those of HO1, especially in barrier tissues like testis and 
brain. The levels of HO1 increase in response to stress  [  153–  155  ] , and conditions that alter iron 
metabolism, e.g., hypoxia, endocytosis of heme-HPX  [  126  ]  or of Hb–Hp  [  42  ]  among others, e.g., 
infl ammation. Overexpression of HO1 prevents cells from dying and provides protection against 
oxidative stress during organ transplantation and brain neuronal injury  [  156  ] . Furthermore, CO 
exposure often mimics these protective effects by vasodilation  [  157  ]  and other heme catabolites are 
also cytoprotective. Biliverdin reductase generates bilirubin, which acts as a free radical scavenger 
 [  158  ] . The Fe(II) released has the potential to be protective due to its regulatory properties via the 
IRP/IRE system. These include induction of the iron storage protein ferritin, downregulation of iron 
uptake by TfR1 and DMT1 (IRE). When heme is delivered to cells by HPX, the levels of non-protein 
bound iron need to be kept low, presumably by promoting storage and export, minimizing iron 
uptake by TfRs  [  71  ] . The heme–iron enters regulatory pools for ferritin and the transferrin receptor 
1, which are up-  [  159  ]  and down-  [  126  ]  regulated, respectively. HO1 is also induced by heme itself 
and via Nrf2 (NF-E2 related factor), which is induced by heme-HPX  [  74  ] . The genes of the iron 
exporter FPN1 and HO1 may be coordinately induced by heme, rather than directly by iron. If intra-
cellular Fe(II) levels rise above a certain threshold, then this is potentially toxic to cells (see NTBI 
section above). 

 Catabolite protection requires a source of heme and likely at quite high concentrations given the 
therapeutic levels of CO. Extracellular heme in hemolysis is predominantly in the form of heme-
HPX or Hb–Hp, both of which induce HO1. Erythrophagocytosis may become toxic to CD163 +  
macrophages when intracellular heme levels rise due to inadequate catabolism by HOs and/or 
diminished export by FLVCR when plasma HPX is depleted. Both HPX and a Albumin accept 
heme from FLVCR, unless saturated due to hemolysis. 

 Intriguingly, HO1 and HO2 are cytoprotective even when not enzymatically active. Transfection 
of catalytically inactive HO1 or HO2 protects U937 and HEK 293 cells, respectively, from peroxide 
toxicity  [  158,   160  ] . Regulated intracellular proteolysis (RIP) generates a soluble form of HO1 
(HO1 

sol
 ) that migrates to the nucleus after hepatoma cells are incubated with heme-HPX or non-

protein bound heme, and after lung cells are exposed to hypoxia  [  161,   162  ] . HO1 
sol

  increases nuclear 
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levels of DNA binding proteins and transcription factors, e.g., c-Jun, AP2, CBF and Brn-3, and activates 
an oxidant-response promoter in  ho1   [  161  ] , thus increasing  ho1  transcription when there is oxidative 
stress  [  163  ] . Overexpression of active HO1 in RAW 264.7 macrophage cells reduces NADPH oxi-
dase activity, which is an intracellular source of superoxide  [  164  ] . Presumably, this is due in part to 
competition for the coenzyme NADPH with the obligatory cytochrome-P450 reductase for HOs. 
HO2 activity is regulated by increasing the affi nity for heme at the active site in oxidative stress via 
two conserved heme regulatory motifs that form a reversible thiol/disulfi de redox switch, which is 
reduced at ambient intracellular redox (range – 170–250 mV)  [  165  ]  but converted to the disulfi de in 
oxidative stress  [  166  ] . This provides a means whereby HO2 integrates heme and carbon monoxide 
with the redox regulation of metabolism  [  166  ] . 

 HO1 is required for normal iron reutilization  [  167,   168  ]  and hemolytic anemia develops in HO1 
defi ciency in humans with marked erythrocyte fragmentation and intravascular hemolysis with 
hematuria but unexpectedly low levels of bilirubin. There is also severe and persistent damage to 
endothelial cells together with hyperlipidemia and oxidative stress  [  169  ] . Although serum iron levels 
were normal, serum ferritin was elevated and the kidney and liver had extremely high amounts of 
iron. There were no effects on HO2 expression or on its tissue distribution. In spite of the severe 
hemolysis, Hp levels were signifi cantly increased whereas HPX was depleted  [  169  ] . This is reminis-
cent of the situation in HPX null mice where Hp and HPX are coordinately regulated after phenyl-
hydrazine-induced hemolysis  [  56  ] , and perhaps the CD163 +  macrophages had been depleted by this 
treatment. 

 A principle difference between human HO1 defi ciency and young HO1 − / −  mice is that the 
mice have splenomegaly and the human patient lacked a spleen (asplenia). In these mice, the lack 
of HO1 leads to anemia since upon aging there is a loss of CD163-expressing macrophages. HO1 
is needed to survive the heme toxicity after erythrophagocytosis  [  98  ] . Furthermore, hepatic lev-
els of HPX mRNA and protein are signifi cantly induced even at 7 weeks of age in HO1 − / −  mice 
but serum HPX remains low, presumably due to increased catabolism in an effort to keep clear-
ing the heme load in the absence of CD163 expressing macrophages. This loss of the CD163-
expressing Kupffer cells in liver, spleen, and also likely in bone marrow, leads to a redistribution 
of iron reclamation processes in the body. The kidney, an organ that normally plays no role in 
iron-recycling, now takes over from the liver and spleen. The HPX system is turned on not only 
in the liver but HPX mRNA is increased in the kidney and spleen as well. The kidney has ele-
vated levels of HPX protein and heme-HPX and heme-albumin may get into the glomerular fi l-
trate and be reabsorbed in proximal tubules of the kidney by nonspecifi c mechanism such as 
cubulin and megalin. 

 Finally, HO1 also regulates iron release from cells and HO1 − / −  mice and HO1 − / −  embryonic fi bro-
blasts in vitro are more vulnerable to oxidative stress. In murine HO1 − / −  fi broblasts, desferioxamine-
induced iron effl ux was decreased compared with cells from WT mice, whereas iron uptake, either 
from FeCl 

3
  (in medium containing 10% FBS) or from iron-transferrin, was increased. HEK293 cells 

overexpressing HO1 together with its obligatory cytochrome p450 reductase  [  170  ]  had lower iron 
uptake than controls, although ferritin levels were the same. However, iron effl ux (determined after 
addition of DF to the medium) was twofold higher in the HO1/CPR-293 cells. This iron release was 
prevented by inhibiting HOs with the heme analog tin-PPIX, supporting that the iron came from 
heme breakdown. One complicating factor is the presence of high HO2 levels but the HO inhibitor, 
SnPPIX, also blocked basal levels of iron release. Under conditions of oxidative stress, i.e., selenium 
defi ciency, phenobarbital (PB), which is an inducer of P-450 among other actions, induces HO1 and 
serum iron levels almost double  [  171  ] . The ferrochelatase inhibitor DDC prevented both HO1 induc-
tion and the rise in serum iron by PB but not HO1 induction by heme. When oxidative stress was 
induced by GSH depletion in response to phorone, HO1 was induced and the concomitant rise in 
serum iron was prevented by the HO1 inhibitor tin-PPIX. 

 Signifi cantly, ferritin induction is needed for cell survival and forms of ferritin are protective in 
the cytosol, mitochondria, and nucleus. Ferritin induction requires the iron from heme catabolism, 
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e.g., after endocytosis of heme-HPX since its induction is prevented by simultaneous incubation 
of heme-HPX with the iron chelator, desferal  [  159  ] . The H-ferritin chain  [  35  ]  is transcriptionally 
regulated by heme, presumably before regulation by iron from heme catabolism at the transla-
tional level. This is an emerging pattern for the regulation of FPN1 too, although it lacks a canoni-
cal IRE. Chemical inhibition of HO1 induction prevented ferritin synthesis by exogenous heme 
 [  172  ] . In RAW 264.7 macrophages, heme the oxidant stressor, sodium arsenite, both induced HO1 
but only heme increased ferritin synthesis and this was due to iron from heme catabolism. HEK 
cells overexpressing HO1 had slightly higher ferritin than untransfected cells but were protected 
from oxidative stress, but without signifi cantly raising ferritin levels. These observations support 
that heme levels, rather than HO1, limit cellular heme catabolism  [  173  ] . A threshold of HO1 
expression has been proposed  [  174  ] , which would be benefi cial to cells since it is related to the 
amount of iron released intracellularly from the active site of HO1. Depending on its rate of 
release from HO1 and storage on ferritin, this reactive, potentially toxic iron is en route for export 
by FPN1. HO1 −/−  animals remain sensitive to hyperoxia-induced injury. These animals had signifi -
cantly increased levels of hemoproteins and iron but without increased ferritin, suggesting that 
redox-active iron is accumulating intracellularly. Induced HO1 did not compensate for HO2 loss 
 [  175  ]  and this was further supported by disrupting HO1 in the lung implicating iron  [  176  ] . Also, 
iron from heme catabolism by HO1 regulates hyperoxia-dependent induction in human pulmo-
nary endothelial cells  [  177  ] .  

   8  Cytoprotection by Hemopexin Requires Heme Oxygenase-1 
and Signaling Cascades 

 The basis for the cytoprotection by the HPX system against heme toxicity comes in part from HO1 
induction and ferritin induction but HO1 is one direct link between heme and iron metabolism with 
iron recycling  [  11  ] . Importantly, after endocytosis of heme-HPX, several signaling pathways are 
activated due to receptor binding that are  not  activated by “free” heme, which is an established 
inducer of HO1 (and other proteins via the transcription factor, Nrf2). Some of the pathways that 
come into play in response to receptor binding of heme-HPX, but not heme, activate transcription 
factors that regulate the expression of proteins that help control copper homeostasis, e.g., metallothi-
oneins that sequester copper and zinc, ferroxidases needed for iron export are copper proteins and 
copper chaperones like CCS1 for Cu Zn superoxide dismutase (A. Smith; unpublished data). These 
changes in response to heme-HPX play a key role during oxidative stress in protecting cells from 
heme and the heme–iron derived from heme catabolism. H-HPX also down regulates the transferrin 
receptor-1  [  126  ]  and decreases synthesis of transferrin (Tf) itself  [  178  ] , both known iron-regulated 
proteins. Heme-HPX also induces H-ferritin, a ferroxidase, and to a lesser extent L-ferritin  [  159  ] . 
Ferritin and TfR1 regulation occur principally at the translational level in response to protein binding 
(IRP1) to iron-responsive elements (IRE) in their mRNA  [  179  ] , although H-ferritin is regulated 
by heme. Iron released from the breakdown of heme taken up into cells by HPX will regulate 
IRP-1/IRE interactions. Unlike heme, heme-HPX regulates metallothioneins  [  180  ] , stress-activated 
protein kinase/N-terminal cJun kinase (SAPK/JNK)  [  181  ] , NFkB  [  182  ] , PKC  [  183  ]  and the tran-
scription factor MTF1  [  182  ]  for metallothionein synthesis and for the rate-limiting enzyme for 
GSH synthesis, as well as Nrf2 for quinone    oxidoreductases and other protective proteins. Receptor-
mediated heme uptake from H-HPX increased transcription of the  ho1  gene  [  126  ] , thus elevating 
this enzyme protein level two- to four-fold, and also stimulates RIP to produce a soluble form of 
HO1 that also activates the  ho1  gene (see section on HOs above). 

 Few mechanisms for neuroprotection have been established and the neuroprotective effects of 
HPX via HO1 are important. This was shown using a genetic approach with primary cultures of neurons. 
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Heme-HPX protects neurons from wild type, but not  ho1   −/−   mice, against heme toxicity and 
chemical-mediated oxidative stress, i.e., the free radical generator,  tert  butyl hydroperoxide  [  11  ] . 
Infl ammation accompanies brain injury like stroke and intracerebral hemorrhage, and HPX main-
tains its structure in an oxidizing extracellular environment due to an extensive disulfi de bond net-
work and a lack of free sulfhydryl groups. The heme-HPX complex is stable in the presence of 
peroxides due to the hindrance of access of hydroperoxides to the bound heme  [  184  ]  and the heme 
is prevented from producing radicals. This supports that heme-HPX is able to survive infl ammatory 
conditions in contrast to Hp, which does not protect Hb from peroxide damage. Heme becomes 
covalently attached to protein in the Hb–Hp complex and cannot reach the nucleus for  ho1  gene 
activation  [  44  ] .  

   9 Iron Recycling via Ferritin 

 Although ferritin is the principal protein for iron storage and detoxifi cation within cells, it is also 
considered to help recycle heme–iron after erythrophagocytosis by macrophages. It is not known if 
hepatic ferritin recycles iron after heme catabolism by the liver and, if so, whether this is part of 
normal or only pathological conditions. In    vitro L-ferritin is secreted from macrophages and 
H-ferritin from hepatocytes these cells, both ferritins contain iron  [  185  ] . The levels of the iron 
exporter FPN1 play a key role in the erythrocyte Hb-iron cycle by exporting iron for loading onto 
transferrin (Fig.  8.2 ). When macrophages depleted of the iron exporter FPN1 by RNAi are incubated 
in iron-supplemented medium, intracellular iron rises and H-ferritin synthesis is increased. FPN1 is 
normally downregulated when hepcidin in the circulation binds to it; however, hepcidin is presumed 
absent in this in vitro system since it is synthesized by the liver. Intracellular heme and iron levels 
also regulate FPN1 (as described above). Most iron storage takes place within cytosolic ferritin but 
there are also mitochondrial and nuclear forms that are protective against iron toxicity, particularly 
in models of oxidative stress in vitro  [  186,   187  ] . 

 A dynamic direct role for ferritin in supplying iron for intracellular iron traffi cking, e.g., for 
heme, iron–sulfur center and DNA synthesis, and in iron homeostasis by supplying iron for regula-
tion seems likely but there is little direct evidence. The mechanism for iron release from the ferritin 
shell is still being characterized and iron chaperones for these processes have not yet been identifi ed. 
There are two known processes of ferritin degradation. Cationic ferritin was taken up by human 
fi broblasts and degraded in lysosomes in a chloroquine-inhibitable manner  [  188  ] . The iron was pro-
posed to be transported back to cytosol. When FPN1 was overexpressed in HEK293 cells, iron loss 
from ferritin occurred in the cytosol before mono-ubiquitination of ferritin subunit dimers, which is 
needed for disassembly of the ferritin nanocages. Ferritin degradation required the proteasome and 
was unaffected by chloroquine and leupeptin  [  31  ] . 

 In iron overload, ferritin containing some iron circulates in plasma and its level is used by physi-
cians to assess the extent of body iron accumulation in patients with inherited or secondary iron 
overload  [  189  ] . This ferritin is the more basic and glycosylated L-subunit rather than the H-subunit, 
which has ferroxidase activity needed for iron incorporation. One long-held view is that serum fer-
ritin is released when macrophages lyse after extensive erythrophagocytosis. However, more recent 
evidence suggests active secretion of L-ferritin by hepatocytes  [  190  ] , although L-ferritin mRNA 
lacks any obvious sequence that might encode a signal peptide, needed for secretion. Furthermore, 
ferritin mRNA is found associated with membrane-bound polysomes where proteins destined for 
secretion are synthesized. Kannengiesser and colleagues  [  191  ]  explain this apparent anomaly by 
suggesting that L-ferritin is secreted ineffi ciently like Plasminogen Activator Inhibitor Type 2, which like 
ferritin exists in two forms: a non-glycosylated cytosolic form and a glycosylated extracellular form. 
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A new mutation in ferritin (Thr30Ileu) seems to allow more effi cient secretion of ferritin, leading to 
hyperferritinemia in the absence of iron overload  [  191  ] . 

 Recent data support that H-ferritin suppresses the growth of both T- and B-lymphoid cells of the 
immune system (consistent with the consequences of recombinant ferritin overexpression in HeLa 
cells observed several years ago  [  192  ] ). In this process, the secreted H-ferritin also delivers iron to 
these cells of the immune system  [  193  ] . 

 Several lines of evidence support that ferritin is taken up into cells by receptor-mediated endo-
cytosis. The fi rst evidence for ferritin receptors came from classic binding studies using human 
placenta brush border membranes  [  194  ] , guinea pig reticulocytes  [  195  ] , human and porcine  [  196  ]  
and rat  [  197  ]  liver membranes. Later studies revealed that H- and L-ferritins bind to distinct recep-
tors in transformed human B- and T-lymphoid cells  [  198  ]  and human T-lymphoid MOLT4 cells 
 [  199  ] . In these studies, the majority of receptors bound H- rather than L-ferritin, with affi nities 
that averaged ~700 nM. The number of sites, but not binding affi nity, varied with growth and cell 
cycle in transformed cells and human erythroid precursors  [  200  ] . Maximal binding took place 
during exponential growth S phase  [  201  ]  and was also regulated by the iron status of the cell. The 
fact that no difference in binding affi nity was detected in any of these published studies suggests 
that ferritin receptors are not regulated upon ligand binding by covalent modifi cations like phos-
phorylation. Ferritin became pronase-insensitive, supporting internalization via receptor-mediated 
endocytosis, and this was decreased by chloroquine, which is consistent with a role for lysosomes; 
however, whether the ferritin receptors are degraded or recycled remains to be established. Like 
iron uptake by transferrin, ferritin uptake is regulated by cellular iron status. Three iron chelators, 
desferal, citrate, and diethylene-triamine-pentacetate, all decreased iron uptake from ferritin into 
rat hepatocytes by 35%, 25%, and 8%, respectively. In contrast, ascorbate increased iron accumu-
lation by 20%  [  202  ] . Ferritin binding to microvilli from placental membranes was signifi cantly 
higher in pregnancy with moderate iron defi ciency. Thus, this pathway may help regulate mater-
nal–fetal iron homeostasis  [  203  ] . 

 Additional evidence for a role for ferritin in iron recycling has been shown in two types of cells 
that lack transferrin receptors, which provide evidence that ferritin is potentially the principal nutri-
ent iron source for these cells rather than transferrin. Ferritin-binding sites have been identifi ed in 
white matter where levels of the transferrin receptor are low  [  204  ] . In mouse oligodendrocytes, the 
T cell immunoglobulin and mucin-domain containing protein Tim 2 is an H-ferritin receptor as 
shown by binding and antibody blocking studies  [  205  ] . These cells require iron to produce myelin 
 [  205  ] . As in macrophages, the number of ferritin-binding sites on oligodendrocytes decreases with 
iron loading and increases when oligodendrocytes are incubated with iron chelators. The human 
homolog of Tim2 has not been identifi ed. Serum ferritin levels are three- to eightfold higher in the 
embryo than in the maternal circulation. Iron is supplied to the stroma and capsule of the developing 
kidney by Scara-5, a novel ferritin receptor  [  206  ] . Thus, ferritin is used instead of transferrin as the 
iron source for organogenesis. Ferritin can cross endothelial cells in an in vitro model of the blood 
brain barrier  [  207  ] . Thus, ferritin in the systemic circulation likely delivers iron to brain cells in 
conditions of primary and secondary iron overload.  

   10 Conclusions 

 Body iron recycling requires: the plasma proteins transferrin and ferritin which bind iron; hemopexin 
and haptoglobin, which bind heme and hemoglobin, respectively; heme oxygenases for heme catab-
olism; as well as the multicopper oxidases including ceruloplasmin and hephestin for iron movement 
across membranes   . The role of these proteins is now recognized as a vital part of the whole process 
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of maintaining body iron, in part via reclamation of heme–iron by CD163-expressing macrophages 
from the engulfment of effete red blood cells. Hemolytic events occur even in the context of every-
day physical exercise like running. Hb is bound by Hp but the catabolism of Hb–Hp complexes after 
endocytosis means that Hp is readily depleted (e.g., by the lysis of less than 5 mL of blood). Any free 
Hb is readily oxidized releasing its heme, which is then bound by HPX. Endocytosis of heme-HPX 
is analogous to that of transferrin and HPX normally recycles intact, the heme is degraded by HOs 
releasing iron, which can be reutilized by reticulocytes. Thus, a role for HPX in iron recycling is 
established. This is especially important when Hp levels have declined and to prevent damage to, 
and iron loss from, the kidney. 

 Heme does not appear to be effectively reused as an intact molecule and its iron is released by 
HOs for biochemical and regulatory purposes, for storage, or for export and recycling by trans-
ferrin. The levels of these metal-plasma protein complexes in the circulation regulate heme and 
iron absorption from the gut lumen by changing the expression of molecules including HO1 and 
FPN1, involved in heme catabolism and iron movement across the basal lateral membrane of the 
enterocyte. Secreted ferritin is presumed to act in iron recycling from the macrophage to the 
liver, the organ where most iron is stored. Intact heme delivery from cells by FLVCR to HPX 
takes place in vitro and may also take place in vivo although it should be noted that some of the 
cells like macrophages also express surface proteins, including LRP1, that bind heme-HPX com-
plexes. Transferrin receptors are ubiquitously expressed on essentially all cell types unlike those 
for Hp, HPX, and ferritin. Transferrin is therefore able to distribute iron from heme catabolism 
to many different tissues and cell types throughout the body. Ferritin replaces transferrin iron in 
a few cells, e.g., stroma of the developing kidney and in certain brain cells. Iron metabolism in 
the liver regulates iron recycling via hepcidin. Intracellular iron levels rise when hepcidin levels 
are increased, since iron is no longer exported from cells via FPN1, which is targeted to the pro-
teasome by hepcidin. Heme activates FPN1 gene expression, as it does HO1 and H-ferritin genes, 
whereas iron regulates certain FPN isoforms, ferritin, transferrin, and the transferrin receptor1 at 
the translational level. Much of this information currently comes from studies in rodents. The 
details of how these events are coordinated in human health and disease, including the respective 
roles of HPX and Hp, remains to be completely documented. Variations of these mechanisms in 
barrier tissues also remain to be defi ned. Such knowledge will likely improve diagnosis and 
treatment of many hemolytic and neurodegenerative conditions, including the use of hemopexin 
replacement infusions as therapy.      
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   1 Introduction 

 In humans, plasma iron concentrations are normally maintained in a relatively narrow range of 
10–30  μ M with transferrin saturation 20–40%. Prolonged decrease of iron concentrations causes 
cellular dysfunction and anemia (Chap.   15    ). Severe and prolonged increase of iron concentrations 
results in iron deposition in vital organs with consequent tissue injury (Chap.   18    ). With an average 
plasma volume of 3 l and iron concentration of 1 mg/l, plasma contains only about 3 mg of iron, a 
small fraction of the total body iron content of 3–4 g. Assuming free equilibration of iron–transferrin 
into 15 l of extracellular fl uid, extracellular iron amounts to only 15 mg. Under normal circum-
stances, an average of 25 mg of iron enters this compartment every day, from macrophages recycling 
the iron of senescent erythrocytes, from hepatocyte storage, and from dietary iron intake. An equal 
amount of iron exits from the extracellular fl uid, largely for hemoglobin synthesis but also for the 
synthesis of other iron-containing proteins, and to replenish iron stores in hepatocytes. Without 
regulation, the extracellular fl uid compartment would be subject to large changes in iron infl ux from 
variable dietary iron content and erythrocyte destruction, and large changes in iron effl ux due to 
variations in erythropoietic and other demand for iron. Mechanisms that adjust iron absorption and 
recycling to keep extracellular iron concentrations constant also effectively match iron supply to iron 
demand but would not assure stable iron reserves. Additional circuits must regulate iron absorption 
to maintain iron stores in the liver that help buffer surges in iron demand. Based on studies of iron 
absorption in animals and humans, it has long been suspected that a homeostatic system for the regu-
lation of extracellular iron concentrations and iron stores must exist  [  1  ] . However, the specifi c 
molecular mechanisms, centered on the regulation of the iron effl ux channel ferroportin by the 
hepatic peptide hormone hepcidin (Fig.  9.1 ), were identifi ed only recently.   
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   2  The Interaction of the Hormone Hepcidin and Its Receptor Ferroportin 
Regulates Systemic Iron Metabolism 

   2.1 Hepcidin 

 Hepcidin is a 25 amino acid (2.7 kD) peptide containing four disulfi de bridges  [  2–  4  ]  (Fig.  9.2 ). It 
is synthesized in vertebrate hepatocytes as an 84 amino acid prepropeptide that undergoes rapid 
intracellular processing to mature hepcidin followed by secretion  [  5  ] . Hepcidin is an amphipathic 
cationic peptide that structurally resembles antimicrobial peptides such as defensins and protegrins 
and displays weak antimicrobial activity in vitro  [  2,   3  ] . Although iron- and copper-associated forms 
of hepcidin have been detected in human urine  [  6  ] , the biological role (if any) of metallated 
hepcidin is uncertain.  

 Hepcidin differs from antimicrobial peptides by greater evolutionary conservation  [  3  ]  indicative 
of stricter functional constraints. The involvement of hepcidin in iron metabolism was suggested by 
its overexpression in the livers of iron-overloaded mice  [  4  ] , and its essential iron-regulatory role was 
established by the rapidly progressive iron overload of mice and humans with genetic hepcidin defi -
ciency  [  7,   8  ] , and the development of severe iron defi ciency refractory to oral iron in mice and 
human overexpressing hepcidin  [  9,   10  ] . The administration of synthetic hepcidin peptide to mice 
produced prolonged hypoferremia  [  11  ] , demonstrating the in vivo iron-regulatory activity of the 25 
amino acid hepcidin peptide.  

   2.2 Ferroportin 

 Vertebrate ferroportin  [  12–  14  ]  is also known as solute carrier family 40 (iron-regulated transporter), 
member 1 (SLC40A1); iron regulated gene 1 (IREG1); solute carrier family 11 (proton-coupled 
divalent metal ion transporters), member 3 (SLC11A3); and metal transport protein 1 (MTP1). 
Ferroportin is a 571 amino acid membrane protein with 10 or 12 transmembrane domains and cytoplasmic 

  Fig. 9.1    The interaction 
of hepcidin with ferroportin 
controls the major fl ows of 
iron into extracellular fl uid 
and plasma       
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amino and carboxy termini  [  15,   16  ]  (Fig.  9.3 ). Ferroportin constructs expressed in  Xenopus  oocytes 
or mammalian cells cause iron effl ux  [  12,   13,   17  ] . Moreover, the mRNA and protein are found in all 
the cell types that export iron: duodenal enterocytes, placental syncytiotrophoblast, hepatocytes, and 
macrophages. The iron export function of ferroportin is essential as shown by the embryonic lethal 
systemic iron defi ciency in mice and zebrafi sh that lack ferroportin  [  14,   17  ] . Mice with inactivation 
of ferroportin in the embryo but not the maternal–fetal interface survive to birth but rapidly become 
iron defi cient and anemic, and manifest abnormal iron accumulation in iron-exporting tissues, 
including duodenal enterocytes, macrophages and hepatocytes  [  17  ] . These fi ndings confi rm the 
essential cellular iron export function of ferroportin.   

human DTHFPICIFCCGCCHRSKCGMCCKT
chimp DTHFPICIFCCGCCHRSKCGMCCKT
rhesus DTHFPICIFCCGCCHRSKCGMCCRT
marmoset DTHFPICIFCCGCCRQSNCGMCCKT
pig DTHFPICIFCCGCCRKAICGMCCKT
dog* DTHFPICIFCCGCCKTPKCGLCCKT
cow DTHFPICIFCCGCCRKGTCGMCCRT
rat DTNFPICLFCCKCCKNSSCGLCCIT
mouse DTNFPICIFCCKCCNNSQCGICCKT
horse DTHFPICTLCCGCCNKQKCGWCCKT
zebrafish QSHLSLCRFCCKCCRNKGCGYCCKF
xenopus QSHLSICVHCCNCCKYKGCGKCCLT

  Fig. 9.2    Conservation of hepcidin in vertebrates.  Dark gray shading  denotes the strong conservation of the six 
N-terminal amino acids that are essential for interaction with ferroportin.  Light shading  denotes the conserved cysteine 
framework and  the underlined sequence  indicates the highly variable loop region of hepcidin.  Asterisk  multiple dog 
sequences differing at the C-terminus (…LCCIT, …FCCKT, …LCCKT) are listed in NCBI Protein Database (  http://
www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&id=51095241    ) and may represent polymorphic variants       

  Fig. 9.3    A model of the topology of mammalian ferroportin. Extracellular loops are on the  top , intracellular on the 
 bottom . N- and C-termini and amino acids involved in internalization and degradation are  highlighted        
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   2.3 Regulation of Ferroportin by Hepcidin 

 Hepcidin regulates cellular iron export by a surprisingly simple mechanism, dependent on hepcidin-induced 
ferroportin internalization and degradation  [  18  ] . This was shown by analyzing the fate of green fl uo-
rescent protein (GFP)-tagged ferroportin after exposure to hepcidin in model cell systems  [  18,   19  ] . 
Ferroportin preserves its iron-export function when marked with protein or peptide tags at its carboxy 
terminus. When expressed in mammalian cell lines, the ferroportin-GFP fusion protein generates 
membrane-associated fl uorescence but upon exposure to 0.1–5  μ g/ml hepcidin, the fusion protein is 
taken up into lysosomes within 1 h and degraded. The molecular mechanism of ferroportin internaliza-
tion is similar to that of other receptors internalized by their ligands, and involves hepcidin-induced 
serial phosphorylation and ubiquitination of ferroportin  [  20  ] . The large cytoplasmic loop containing 
residues 229–306 contains the motifs that undergo ligand-induced modifi cation. Tyrosine phosphory-
lation is required for ferroportin internalization, as revealed by the resistance of Y302F, Y303F double 
mutants to tyrosine phosphorylation and hepcidin-induced internalization. Subsequent lysine ubiquit-
ination on K253 is required for effi cient ferroportin degradation, as the K253A mutant (but not other 
lysine mutants) is not ubiquitinated and its degradation is very slow. The effect of all these mutations 
is specifi c for internalization as they do not impair the iron-exporting function of ferroportin. 

 In ex vivo macrophages or macrophage-like cell lines, endogenous ferroportin also undergoes 
internalization and degradation  [  21,   22  ] . Conversely, macrophages subjected to iron loading or 
erythrophagocytosis not only induce hepcidin synthesis but also translocate intracellular ferroportin 
to the membrane  [  21  ] . In duodenal enterocytes, ferroportin is located on basolateral membranes and 
it is also degraded by a systemic signal, most likely hepcidin  [  23  ] , as indicated by dramatically 
increased duodenal ferroportin in states of hepcidin defi ciency  [  24,   25  ] . Although ferroportin appears 
to be controlled by hepcidin in both macrophages and enterocytes, the specifi c mechanisms that 
determine the subcellular location of ferroportin may differ  [  22,   23  ] .  

   2.4 Genetics of Ferroportin-Related Disorders 

 A number of genetically dominant missense (but not nonsense) mutations of ferroportin have been 
identifi ed. They are manifested either as loss of ferroportin function  [  26  ] , leading to iron accumula-
tion in macrophages due to decreased cellular iron export, or less commonly, as gain of function 
 [  27  ] , leading to hyperabsorption of dietary iron presumably from inappropriately high iron fl ow 
through enterocyte ferroportin. In cellular models, loss of function mutations cause defective traf-
fi cking of ferroportin to the cell membrane  [  16,   28  ] , while gain of function mutations cause resis-
tance to hepcidin-induced internalization  [  16,   28  ] . A mouse model of heterozygous ferroportin 
ablation does not manifest disease  [  17  ]  but a recently identifi ed missense mutation  [  29  ]  causes iron 
accumulation in macrophages with iron-restricted erythropoiesis. Based on the genetics of ferropor-
tin-related disease, on biochemical studies, and the dominant-negative effect of clinically signifi cant 
ferroportin mutations, ferroportin is dimeric or multimeric  [  30  ] , but this interpretation is not univer-
sally accepted  [  31–  33  ] .  

   2.5 Structure–Function Analysis of Hepcidin 

 Evolutionary analysis of mammalian hepcidin sequences indicates a strong conservation of the dis-
ulfi de bridge structure and the N-terminal six amino acids (Fig.  9.2 ). The N-terminus differs in fi sh 
and amphibian hepcidins (Fig.  9.2 ) but the substitutions are quite conservative. Deletion of amino 
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acids from the N-terminus causes progressive loss of activity  [  34  ]  so that the 20 amino acid form of 
hepcidin, also naturally found in urine and serum  [  2,   3  ] , is inactive in cellular ferroportin internaliza-
tion assays  [  18,   34  ]  and in vivo  [  11  ] . In contrast, the hepcidin structure retains bioactivity in cellular 
assays when amino acids in the rest of the structure, including the disulfi de bonds, are altered  [  34  ]  
although the stability of the molecule may be decreased.  

   2.6 Hepcidin Catabolism 

 Fluorescently tagged hepcidin is taken up by ferroportin-expressing cells in culture and colocalizes 
in lysosomes with GFP-ferroportin (G. Preza et al., in preparation). When radiolabeled hepcidin is 
given to mice, the tracer is predominantly found in urine but is also taken up by ferroportin-rich tis-
sues  [  11  ] , indicating that both renal excretion and uptake and degradation in ferroportin-rich tissues 
could contribute to hepcidin clearance from plasma.  

   2.7 Cellular Regulation of Ferroportin 

 Hepcidin is not the only signal that regulates ferroportin. Each macrophage that ingests senescent 
erythrocytes faces a large load of iron that must be stored or exported, depending on systemic 
requirements for iron. Whereas the systemic regulation of macrophage iron export is mediated by 
plasma hepcidin, which internalizes and degrades membrane-associated ferroportin  [  19  ] , ferroportin 
is also subject to independent cellular regulation by macrophage heme and iron levels  [  21,   35,   36  ] . 
Cellular iron and heme increase ferroportin mRNA and protein, and induce the translocation of fer-
roportin from intracellular vesicles to the cellular membrane. The increase in ferroportin is mediated 
by both transcriptional and translational mechanisms, the latter involving the 5   iron regulatory ele-
ment (IRE) located in the ferroportin mRNA  [  37,   38  ] . The amount of ferroportin on the membrane, 
and therefore the ability of macrophages to export iron, is thus closely linked to the iron and heme 
content of each macrophage. In combination, the cellular and systemic regulators deliver iron to 
extracellular fl uid and plasma when iron is required for systemic needs, obtaining it from those mac-
rophages that contain abundant iron and heme.   

   3 Regulation of Hepcidin Synthesis by Iron 

   3.1 Hereditary Hemochromatosis Proteins Are Hepcidin Regulators 

 Analysis of hepcidin expression in patients with hereditary hemochromatosis  [  8,   39–  42  ]  and in 
mouse models  [  7,   25,   40,   43–  47  ]  revealed that the major forms of juvenile and adult hereditary 
hemochromatosis are due to defi ciency of hepcidin that allows excessive iron absorption and reticu-
loendothelial iron recycling. The rate of development of iron overload is most severe in the juvenile 
form of hemochromatosis, which manifest the lowest hepcidin expression, usually caused by 
homozygous disruption of hepcidin (HAMP) or hemojuvelin (HJV) genes. The adult forms are less 
hepcidin defi cient and are usually caused by homozygous disruption of the genes encoding transfer-
rin receptor 2 (TfR2) or the hemochromatosis gene HFE. Two siblings with phenotypically juvenile 
form of hereditary hemochromatosis were found to have both homozygous Q317X TfR2 mutations 
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and compound heterozygous C282Y/H63D HFE mutations, suggesting an additive effect of HFE 
and TfR2 disruption  [  48  ] . The simplest explanation of the genotype–phenotype relationships is that 
HFE, TfR2, and hemojuvelin are regulators of hepcidin, and that HFE and TfR2 are partially redun-
dant and perhaps operating on parallel pathways that converge on hepcidin or hemojuvelin.  

   3.2 Hemojuvelin 

 Hemojuvelin (also known as HFE2 and RgmC) was identifi ed as a hepcidin regulator through posi-
tional cloning of the gene mutated in most cases of juvenile hemochromatosis  [  41  ] . The gene encodes 
a GPI-linked membrane protein with homology to repulsive guidance molecules (RgmA and RgmB) 
involved in the development of the central nervous system. Suppression of hemojuvelin by siRNAs 
proportionally decreased hepcidin mRNA in hepatic cell lines, indicating that hemojuvelin, unlike 
other Rgm  [  49  ] , directly regulates hepcidin synthesis and is not principally a developmental media-
tor. In addition to the membrane-associated GPI-linked form, hemojuvelin also exists as a soluble 
protein that acts as a suppressor of hepcidin synthesis by hepatocytes in cell culture  [  49  ]  and in vivo 
in the mouse  [  50  ] . The prohormone convertase furin is responsible for the release of soluble hemo-
juvelin and may act in the Golgi or on the membrane  [  51,   52  ] . The shedding or secretion of hemojuvelin 
is suppressed by iron  [  49,   53  ]  through an as yet undefi ned mechanism and stimulated by hypoxia 
and iron defi ciency in part through increased synthesis of the prohormone convertase furin  [  51  ] . 
Other Rgms act, at least in part, through their interactions with the receptor neogenin, and indeed, 
such an interaction may modulate the effect of hemojuvelin as well  [  53,   54  ] , probably through the 
regulation of hemojuvelin shedding. However, the predominant effect of hemojuvelin on hepcidin 
synthesis is mediated by its interactions with the BMP pathway  [  55  ] . The BMP-dependent effect of 
hemojuvelin is required for the regulation of hepcidin synthesis by iron-transferrin in primary 
hepatocytes  [  56  ] .  

   3.3 The Bone Morphogenetic Protein (BMP) Pathway in Hepcidin Regulation 

 With the exception of hepcidin itself, all the genes disrupted in hereditary hemochromatosis encoded 
proteins whose function was not known. An important insight into how these proteins may fi t 
together came from the phenotype of a liver-specifi c SMAD4 knockout mouse  [  57  ]  which mani-
fested systemic iron overload and nearly complete defi ciency of hepcidin. SMAD4 is a transcription 
factor used by the BMP and TGF β  pathways and the phenotype of the SMAD4 knockout implicated 
both pathways in iron regulation. In unrelated studies  [  58  ] , RgmB (Dragon) was shown to act as a 
coreceptor for the BMP receptor and to enhance its signaling, and subsequently, hemojuvelin 
(RgmC) was also found to act as a coreceptor for the BMP receptor  [  55  ]  and BMP2, 4 and 9 were 
shown to be strong inducers of hepcidin synthesis  [  50,   55,   59  ] . Based on the comparative potency of 
their respective ligands, the role of the BMP pathway in hepcidin regulation appears to be much 
greater that of the TGF β  pathway  [  50  ] . 

 The BMP signaling pathway is activated by dimeric ligands that bring together type I and type II 
receptor serine/threonine kinases on the cell membrane. The constitutively active type II receptor 
kinase phosphorylates and activates the kinase activity of type I receptor, which in turn phosphory-
lates the receptor-regulated Smads, Smad 1, 5, and 8. Upon phosphorylation, these Smad proteins 
form a complex with the common mediator Smad-4. The activated Smad complex translocates into 
the nucleus and regulates transcription of its target genes. The BMP receptor heterodimers are 
formed by combining one of three type II receptors (BMPRII, ActRIIA, and ActRIIB) with one of 
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three type I receptors (ALK3, ALK6, and ALK2). Specifi c combinations of type I and type II receptors 
are preferentially utilized by different BMP ligands, and additional coreceptors can modify this 
preference and the intensity of signaling  [  60  ] . Multiple BMPs and other potential ligands are 
expressed in the liver  [  50  ]  but only a few appear to be involved in the regulation of hepcidin by iron. 
Although BMP2 and BMP4 interact with hemojuvelin and appear to function in the pathway by 
which iron regulates hepcidin  [  56  ] , BMP9 does not interact with hemojuvelin and uses a different 
BMP receptor heterodimer not involved in iron-related signaling  [  50,   56  ] . The dramatic effect of the 
BMP pathway on hepcidin transcription and the strong phenotype of the hemojuvelin-defi cient mice 
and humans puts them at the center of current models of hepcidin and iron regulation. However, 
neither hemojuvelin nor the BMPs and their receptors are iron-binding molecules and so they must 
interact with other molecules that bind iron and can “sense” iron concentrations.  

   3.4 Transferrin and Transferrin Receptors 1 and 2 

   3.4.1 TfR   1 

 Transferrin receptors 1 and 2 bind holotransferrin (diferric transferrin) as well as monoferric trans-
ferrin and both can mediate the cellular uptake of iron (see Chap.   7    ). The affi nity constants for TfR1 
and TfR2 binding of holotransferrin are 1.1 and 29 nM, respectively  [  61  ] , indicating that both recep-
tors would be saturated at physiologic extracellular holotransferrin concentrations which are thou-
sand times higher than the affi nity constants. TfR1 is expressed abundantly on erythropoietic 
precursors and present in most other cell types while TfR2 is hepatocyte-specifi c. Homozygous 
ablation of TfR1 is embryonic lethal, producing severe anemia and malformation of the central ner-
vous system  [  62  ] . TfR1+/− heterozygotes have iron-defi cient erythropoiesis despite iron reserves in 
macrophages, indicating a defect in iron uptake by erythrocyte precursors  [  62  ] . Despite the lack of 
direct involvement of TfR1 in intestinal iron absorption, iron stores in TfR1 +/− mice are dimin-
ished, indicating that the receptor could play a role in iron regulation.  

   3.4.2 TfR2 

 The effects of TfR1 defi ciency on iron regulation contrast with the effects of TfR2 or transferrin 
defi ciency. Defi ciency of TfR2 in mice or humans causes systemic iron overload  [  63–  65  ]  and liver-
specifi c defi ciency of TfR2 is suffi cient for iron overload, clearly indicating TfR2 involvement in 
iron regulation  [  66  ] . Hepcidin is very low in TfR2-defi cient humans  [  42  ]  and mice  [  46,   65  ] , indicat-
ing that TfR2 defects cause iron overload through the lack of hepcidin.  

   3.4.3 Holotransferrin 

 Genetic defi ciency of transferrin is associated with a very severe form of iron overload in humans 
(summarized in  [  67  ] ) and in mice  [  68  ] , indicating that transferrin is required for systemic homeo-
static regulation of iron. After a test dose of iron, transient increases in transferrin saturation elicit 
proportional changes in urinary hepcidin concentrations  [  56  ] . Holotransferrin, but not elemental 
iron, induces hepcidin mRNA in freshly isolated hepatocytes  [  56  ] . These observations suggest that 
holotransferrin is an important (although perhaps not the only) form of iron sensed by the systemic 
homeostatic mechanisms.  
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   3.4.4 Iron Sensing 

 In the aggregate, genetic studies of transferrin and its receptors suggest that all three are involved in 
iron regulation, acting by regulating hepcidin synthesis. Based on their reported affi nity constants, 
both transferrin receptors would be saturated with iron-transferrin at physiologic concentrations. 
Current models of the involvement of TfR1 and TfR2 in iron sensing propose complexes of TfRs 
with other molecules that effectively lower the affi nity of TfRs for holotransferrin so that such com-
plexes could sense changes in holotransferrin concentration in its physiologic range.   

   3.5 HFE 

   3.5.1 HFE Regulates Hepcidin 

 Mutations in the gene HFE are responsible for most cases of hereditary hemochromatosis in 
patients of European descent. Patients with HFE hemochromatosis carry homozygous or com-
pound heterozygous mutations, and manifest hepcidin mRNA and protein levels that are either 
lower than normal or normal but inadequate for the high iron load and transferrin saturation  [  40, 
  69  ] . Moreover, patients with HFE hemochromatosis lack the acute hepcidin response to iron 
ingestion but the chronic response to iron loading is at least partially preserved  [  69  ] . Both humans 
and mice with HFE hemochromatosis are defi cient in hepcidin mRNA  [  40,   43,   45  ] , suggesting 
decreased hepcidin gene transcription (or less likely, mRNA instability). Transplantation of nor-
mal livers into HFE recipients is not followed by reaccumulation of iron, suggesting that HFE 
expression in the liver is suffi cient for iron homeostasis  [  70,   71  ]  but enterocyte-specifi c ablation 
of HFE in mice does not cause an iron disorder  [  72  ] . These studies support the idea that HFE acts 
primarily in the liver by regulating hepcidin. Transplantation of HFE mice with wt bone marrow 
 [  73  ]  ameliorated the iron overload and increased hepatic hepcidin mRNA compared to HFE mice 
transplanted with HFE bone marrow, indicating that HFE in myeloid cells could also contribute to 
hepcidin regulation.  

   3.5.2 HFE Interacts with Transferrin Receptors 

 The HFE gene encodes a membrane protein that forms a heterodimer with  β 2-microglobulin, and is 
similar to proteins of the type I major histocompatibility complex. HFE lowers the affi nity of TfR1 
for holotransferrin  [  74  ] . The HFE ectodomain competes with holotransferrin for binding to the TfR1 
ectodomain, and the binding sites of HFE and holotransferrin on TfR1 overlap  [  75,   76  ] . Moreover, 
complete TfR1 and holotransferrin compete for HFE in cellular models  [  77  ] . Although the TfR2 
ectodomain was reported not to bind to the HFE ectodomain, in cellular models with overexpressed 
whole proteins, TfR2 competed with TfR1 for binding to HFE  [  78  ]  and TfR2 was stabilized by its 
interaction with HFE  [  79  ] . Unlike the interaction of TfR1 with HFE, the interaction of TfR2 with 
HFE was not diminished by holotransferrin. In fact, holotransferrin stabilized TfR2  [  80,   81  ] , enabling 
it to compete more effectively for HFE. Based on the phenotypes of mice with a defi ciency of trans-
ferrin or TfR1 or TfR2, both transferrin receptors could act as sensors for holotransferrin, acting 
synergistically, and using HFE as a signaling intermediary. Holotransferrin would release HFE from 
its association with TfR1 and make more HFE available to bind to the holotransferrin-stabilized 
TfR2. The TfR2–HFE complex would then stimulate hepcidin synthesis.   
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   3.6 A Model of Hepcidin Regulation 

 A comprehensive model of hepcidin regulation must account for the effects of known genetic lesions 
on iron metabolism, and must provide a plausible scheme by which iron is sensed and its concentra-
tions affect the synthesis of the iron-regulatory hormone. A current model of hepcidin regulation 
(Fig.  9.4 ) is built around the regulatory complex of hemojuvelin, BMP2/4, and the BMP receptor 
regulating the transcription of hepcidin via the SMAD pathway. The activity or assembly of this 
complex is regulated by its association with TfR2 and HFE, with their effects synergistic. The avail-
ability of TfR2 and HFE is in turn determined by the concentration of holotransferrin which stabi-
lizes TfR2 and releases HFE from TfR1.    

   7  Regulation of Systemic Iron Metabolism and Hepcidin Synthesis 
by Hypoxia-Inducible Transcription Factors 

   7.1 Gene Regulation by Hypoxia 

 Hypoxia is a potent regulator of cellular and systemic processes, and has a particularly strong effect 
on erythropoiesis where it acts as a dominant inducer of the production of erythropoietin. Hypoxia 
regulates the transcription of erythropoietin and dozens of other hypoxia-regulated genes through 
heterodimeric hypoxia-inducible transcription factors (HIF) that bind to hypoxia-responsive 
elements (HRE) in the promoters of target genes  [  82  ] . HIF consist of one of three cytoplasmic 

  Fig. 9.4    A model of hepcidin regulation by holotransferrin ( holoTf ). Signaling by the receptor complex consisting of 
BMPR, its ligand BMP2/4, and the coreceptor HJV is stimulated by the binding of holoTf to both TfRs. The binding 
of holoTf to TfR1 releases HFE and the binding of holoTf to TfR2 stabilizes TfR2, so both HFE and TfR2 can associ-
ate with the receptor complex which then phosphorylates R-Smad. R-Smad binds Smad4, they translocate to the 
nucleus and help form a transcription complex to increase the synthesis of hepcidin mRNA. Soluble HJV ( sHJV ) 
represses hepcidin expression by selectively inhibiting BMP signaling       
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HIF1 α , HIF2 α , or HIF3 α  that can combine with the constitutive HIF1 β  subunit. During hypoxia, 
HIF α  subunits accumulate, translocate into the nucleus, and interact with HIF1 β  and other transcrip-
tion factors. When oxygen is abundant, HIF α  subunits are subjected to hydroxylation on one or two 
of their prolines, and this modifi cation targets the HIF α  for interaction with the von Hippel–Lindau 
tumor-suppressor protein (VHL) and for degradation. Another oxygen-sensing hydroxylase, FIH-1 
(factor inhibiting HIF-1) hydroxylates a specifi c Asn on HIF α , thereby inhibiting the interaction of 
HIF with other transcription factors. The hydroxylases contain an essential iron, and their activity is 
inhibited by iron chelators.  

   7.2 Iron and Hepcidin Regulation by Hypoxia 

 Mice and rats subjected to hypoxia respond by increased production of erythropoietin, enhanced 
erythropoiesis, and increased iron absorption. The increase in iron absorption is, at least in part, 
independent of the effect of increased erythropoiesis, as revealed by early experiments in which the 
erythropoietic response is suppressed by nephrectomy or by a combination of irradiation of the bone 
marrow by radioactive strontium and splenectomy  [  83,   84  ] . More recent studies suggest that the 
increased iron absorption is due to suppression of hepcidin by hypoxia. Mice made hypoxic by 
exposure to oxygen pressures found at 5,500 m, manifested gradually decreasing hepcidin mRNA 
but the effect appears to be relatively slow, peaking at 4 days  [  85  ] , suggesting that the effect on hep-
cidin included indirect, erythropoiesis-mediated effects of hypoxia. Direct effects of hypoxia on 
hepatocytes were deduced from hypoxia-exposed hepatocyte cell lines that showed a decrease in 
hepcidin mRNA within 24–48 h  [  85,   86  ] . In the aggregate, these studies suggest that hepcidin is 
subject to direct regulation by hepatic hypoxia but the relative contribution of direct and indirect 
effects remains to be demonstrated.  

   7.3 HIF Involvement in Hepcidin Suppression During Iron Defi ciency 

 Systemic iron defi ciency was shown to suppress hepcidin in humans  [  87,   88  ] . In mice, the suppres-
sion of hepcidin by iron deprivation appears to be partially dependent on HIF1 α  because mice with 
ablation of hepatic HIF1 α  suppress hepcidin mRNA less than do wt mice  [  89  ] . Nevertheless, hepci-
din suppression still takes place even in HIF1 α -defi cient mice, indicating that other pathways may 
also regulate hepcidin during iron defi ciency. Although the specifi c HREs in the hepcidin promoter 
differ in number, and location between mice and humans, both promoters were found to bind HIF 
 [  89  ] . The HIF-dependent mechanism of hepcidin regulation would be expected to be responsive to 
hepatocyte iron stores rather than holotransferrin concentration, and thus could complement the 
effect of the BMP/hemojuvelin/TfR pathway that senses holotransferrin.   

   8 Regulation of Plasma Iron and of Hepcidin Synthesis by Infl ammation 

   8.1 Hepcidin and the Acute Hypoferremia of Infl ammation 

 Hypoferremia develops within hours of acute infections and persists in states of chronic infection or 
infl ammation (Chaps.   11     and   15    ). Recent studies indicate that hepcidin is the key mediator of this 
hypoferremic response. In humans, hepcidin is induced by infl ammation within hours and increased 
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hepcidin is followed by hypoferremia a few hours later  [  90  ] . The hypoferremic response to 
turpentine-induced infl ammation is lost in hepcidin-defi cient mice, indicating that the increased 
hepcidin concentrations mediate the hypoferremia of infl ammation  [  86  ] . Injection of hepcidin pro-
duces hypoferremia within 1 h  [  11  ] , in agreement with the time course of the development of hypo-
ferremia in acute infections in humans and in mice. Thus, the role of circulating hepcidin in acute 
hypoferremia of infl ammation is well supported by evidence. Additional mechanisms may contrib-
ute to local or systemic hypoferremia. Autocrine secretion of hepcidin by macrophages  [  91  ]  may act 
locally to reduce macrophage ferroportin, cause macrophage iron retention, and decrease the local 
extracellular iron concentrations. In addition, transcriptional suppression of ferroportin by infl am-
matory stimuli may also contribute to iron retention in macrophages  [  92,   93  ] .  

   8.2 Hepcidin and Anemia of Infl ammation 

 Mice and humans chronically overexpressing hepcidin develop not only hypoferremia but also an 
iron-restricted anemia  [  9,   10,   94,   95  ] . Urinary hepcidin is increased in patients with anemia of 
infl ammation  [  88  ] , suggesting that the overproduction of hepcidin accounts for the defi ning features 
of anemia of infl ammation: iron-restricted anemia with hypoferremia.  

   8.3 Regulation of Hepcidin During Infection and Infl ammation 

 The induction of hepcidin by infection or microbial products has been demonstrated in humans  [  87, 
  90  ] , in mice  [  4,   85  ] , and in fi sh  [  96  ] . Infection or microbial products induce hepcidin mRNA directly 
in primary hepatocytes  [  4  ]  and in monocytes and macrophages  [  91,   93,   97–  101  ] . Moreover, media 
conditioned by lipopolysaccharide-treated blood monocytes induce hepcidin synthesis in isolated 
hepatocytes and hepatocyte-derived cell lines  [  87  ]  and this effect is neutralized by anti-IL-6 antibody, 
indicating that IL-6 is an important macrophage-derived mediator of hepcidin regulation. Unlike 
wild-type C57Bl6 mice, IL-6-defi cient mice injected with turpentine do not acutely increase their 
hepcidin mRNA, and do not develop hypoferremia, supporting the role of IL-6 in acute hypoferremia 
of infl ammation  [  101  ] . Moreover, human volunteers infused with moderate amounts of IL-6 develop 
increased hepcidin and hypoferremia within hours of infusion  [  101  ] . Patients with multicentric 
Castleman’s disease that causes overproduction of IL-6 develop a microcytic anemia with increased 
serum hepcidin levels but treatment with tocilizumab (anti-IL-6 receptor antibody) decreases hepci-
din and reverses the anemia  [  102  ] . The transcriptional induction of hepcidin by IL-6 is dependent on 
the STAT3 pathway  [  103–  105  ] , but may also require the Smad pathway since in liver-specifi c Smad4 
KO mice, IL-6-mediated hepcidin induction is blunted  [  57  ] . Other infl ammatory mediators and the 
direct effect of bacterial substances on hepatocytes and macrophages can also induce hepcidin  [  4,   90, 
  93,   106,   107  ]  and IL-6-independent pathways may be especially important in the chronic setting. 
Moreover, the production of increased amounts of hepcidin by macrophages and adipocytes could 
contribute to hypoferremia in obesity and perhaps other infl ammatory disorders  [  108  ] .  

   8.4 Regulation of Hemojuvelin by Infl ammation 

 Infl ammation not only exerts a stimulatory effect on hepcidin synthesis but also affects the iron-
regulatory pathway by suppressing hemojuvelin mRNA  [  47,   109–  111  ] . Although this remains to be 
demonstrated experimentally, the suppression of hemojuvelin would be expected to uncouple the 
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iron-regulatory pathway so that the effect of the infl ammatory stimuli on hepcidin synthesis would 
not be outweighed by the opposing effects of iron restriction.   

   9 Regulation of Hepcidin Synthesis by Erythropoietic Activity 

   9.1 Erythropoiesis Suppresses Hepcidin Synthesis 

 It has been known for at least 50 years that increased erythropoietic activity leads to increased intestinal 
iron absorption  [  83,   112  ] . The predicted factor that controls intestinal iron absorption is hepcidin, 
and indeed hemolytic anemia or hemorrhage both suppress hepcidin synthesis  [  85,   113,   114  ] . 
However, as anticipated by earlier iron absorption studies, anemia does not suppress hepcidin syn-
thesis in the absence of active erythropoiesis  [  113,   114  ] . The nature of the factor that signals from 
the bone marrow to the liver to modulate hepcidin is not yet known.  

   9.2 Hepcidin Suppression in Expanded but Ineffective Erythropoiesis 

  β -Thalassemia major and intermedia represent an extreme example of increased erythropoiesis 
accompanied by premature death of erythroid precursors. Hepcidin is very low in untransfused 
patients with  β -thalassemia intermedia  [  115,   116  ]  and in the mouse models of  β -thalassemia 
 [  117–  119  ] . Hepcidin is higher in transfused patients with  β -thalassemia but still inappropriately low 
for the degree of iron overload  [  115,   116,   120,   121  ] . A hepcidin-regulating humoral factor present 
in  β -thalassemia was implicated by the observation that sera from patients with  β -thalassemia sup-
pressed hepcidin production in hepatocyte cell lines  [  122  ] . GDF15, a member of the TGF β /BMP 
family of ligands, is produced by erythrocyte precursors and is present at very high concentrations 
in the plasma of patients with  β -thalassemia  [  123  ] . At these high concentrations, GDF15 suppressed 
hepcidin production by primary human hepatocytes and by hepatocyte cell lines and emerged as a 
strong candidate for bone marrow-derived humoral factor in  β -thalassemia. It is not yet clear whether 
GDF15 contributes to hepcidin regulation in situations where erythroid precursor expansion and 
apoptosis are less extreme.   

   10 Summary 

 Systemic iron homeostasis is mediated predominantly by the interaction of the iron-regulatory hor-
mone hepcidin with the cellular iron effl ux channel, ferroportin. In the efferent arm of iron homeo-
stasis, hepcidin binds to ferroportin, causing its internalization and degradation, and thereby 
inhibiting cellular iron export into extracellular fl uid. In the afferent arm of the homeostatic arc, 
extracellular iron, hepatic iron stores, and infl ammation stimulate hepcidin synthesis, and hypoxia 
and erythropoietic activity suppress it. Direct effects of many of these stimuli on ferroportin synthe-
sis have also been observed and may contribute to iron regulation.  
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   Notes 

 Since the writing of this article, several important developments updated our understanding of iron 
homeostasis:

    1.    The bone morphogenetic protein BMP6 has been shown to be an iron-related ligand of the BMP 
receptor, necessary for normal hepcidin expression and iron regulation, at least in the mouse  [  1,   2  ] .  

    2.    The membrane serine protease matriptase 2 (MT-2, also abbreviated TMPRSS6) was found to be 
a negative regulator of hepcidin  [  3  ] . MT-2 acts by cleaving membrane hemojuvelin at an external 
site  [  4  ] . Homozygous or compound heterozygous mutations in MT-2 are a major cause of the rare 
autosomal recessive disorder iron-refractory iron-defi ciency anemia  [  5  ]  wherein increased circu-
lating hepcidin inhibits iron absorption and recycling without any evidence of infl ammation.  

    3.    Accumulating evidence  [  6,   7  ]  is pointing to two distinct pathways in hepcidin regulation by iron. 
The fi rst is responsive to extracellular iron, likely sensed as holotransferrin concentration  [  8  ] . The 
extracellular iron pathway modulates signaling by the BMP receptor complex, and requires HFE, 
TfR2, hemojuvelin and BMP6. The second pathway, historically called the “stores” regulator, 
responds to intracellular iron and regulates BMP6 concentrations  [  9  ]  even in the absence of HFE, 
TfR2 or hemojuvelin. The intracellular regulator exerts its effect on hepcidin even in the absence 
of BMP6 indicating that other ligands may also be involved.  

    4.    The proposed mechanism of ferroportin internalization by its ligand hepcidin, and the specifi c 
roles of hepcidin-induced ferroportin phosphorylation and ubiquitination, have been contested 
 [  10  ]  and remain unresolved.  

    5.    Several types of human serum hepcidin assays have been developed and crosscorrelated  [  11–  17  ]  
for use in disease-related research and drug development. Assay standardization is underway 
 [  14  ] . Measurements of human serum hepcidin in various disease conditions generally confi rmed 
the regulatory schema presented in this review.          
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   1 Introduction 

 Iron is indispensable for the proper functioning of virtually all cells in the body. However, red blood 
cells, which contain approximately 80% of organismal iron, have a particularly intimate relationship 
with this precious metal. It is safe to say that the iron content of erythroid progenitors (e.g., BFU-Es; 
please see below) is infi nitesimal compared to the amount of iron in mature erythrocytes that contain 
approximately 12 × 10 8  atoms per cell  [  1  ] ; hence, the circulating red blood cells hold heme iron in a 
20 mM “concentration.” Since the developing red cells acquire iron only from diferric transferrin, 
which carries iron in plasma in about 3  μ M concentrations, they have the capacity to increase this 
concentration 7,000-fold. Based on the value of 2.5  μ g non-heme Fe per 100 mL erythrocytes  [  2  ] , 
non-heme iron concentrations in erythrocytes are ~40,000-fold lower than those of heme iron. 
Additionally, the effi cacy with which immature red blood cells convert transferrin-borne iron into 
hemoglobin iron is amazingly high  [  3,   4  ] . In the experience of these authors, reticulocytes (immedi-
ate progenitors of mature red cells) take up roughly 10 pmol Fe/10 6 cells/h from diferric transferrin, 
corresponding to 6 × 10 6  atoms Fe/cell/h. Considering the above value of 12 × 10 8  atoms Fe per eryth-
rocyte, it takes approximately 200 h (or 8.3 days) for iron to accumulate in total erythrocyte hemo-
globin. This interval is slightly longer than the average erythroid cell maturation time (~5–6 days) 
but, since iron uptake by reticulocytes is probably somewhat slower than in bone marrow erythro-
blasts, the agreement is remarkably close. It needs to be pointed out that the rate with which iron is 
removed from the circulation by the developing erythroid cells is, under normal conditions, identical 
to the rate with which iron is released from macrophages following phagocytosis of senescent 
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erythrocytes and hemoglobin catabolism by heme oxygenase 1. This very important aspect of iron 
metabolism is discussed in Chapter   11    . 

 The fact that all hemoglobin iron is transported from transferrin  [  5  ]  and that this delivery system 
operates so effi ciently, leaving mature erythrocytes with comparably negligible amounts of non-
heme iron, indicates that the iron transport machinery in erythroid cells is part and parcel of the 
heme biosynthetic pathway. It seems reasonable to propose that the evolutionary forces that led to 
the development of highly hemoglobinized erythrocytes also dramatically affected numerous aspects 
of iron metabolism in developing erythroid cells, making them unique in this regard. 

 The hemoglobin molecule is uniquely suited for the transport of oxygen from the lungs to periph-
eral tissues without oxidation of its heme 1  (a complex of protoporphyrin IX with ferrous iron) groups 
and to facilitate the return of carbon dioxide from the tissues back to the lungs  [  6,   7  ] . In adult 
humans, the two primary units of the molecule, the  α  β  dimers, associate to form the  α  

2
  β  

2
  tetramer. 

Each chain is non-covalently bound to a single heme molecule that sits in a hydrophobic pocket. 
Since the ferrous iron of each heme group can bind a single oxygen molecule, the hemoglobin 
tetramer can reversibly bind and transport four molecules of oxygen. In addition to transporting 
oxygen and carbon dioxide, hemoglobin transports nitric oxide (NO) to tissues where this gaseous 
molecule plays an important vasodilatory role. Two mechanisms have been proposed to explain this 
process: (1) oxygen-linked allosteric delivery of NO from  S -nitrosylated hemoglobin; it has been 
proposed that NO forms an adduct with cysteine (93) in the  β -chain of oxyhemoglobin, forming 
 S -nitrosohemoglobin  [  8  ] , and (2) a nitrite reductase activity of deoxygenated hemoglobin that 
reduces nitrite to NO and vasodilates blood vessels along the physiological oxygen gradient  [  9  ] . Free 
hemoglobin in the bloodstream is very rapidly catabolized and can be toxic. Hence, one important 
function of erythrocytes is to prolong the hemoglobin’s life span up to 120 days (in humans). 
Moreover, encasement within erythrocytes allows attainment of a remarkably high hemoglobin con-
centration of about 5 mM. It is likely that this is the maximal concentration of hemoglobin that, 
under normal conditions, can be reached in erythrocytes, since “hyperchromic” erythrocytes can be 
found only in patients with spherocytosis when red blood cells lose their biconcave shape  [  10  ] . 

 Hemoglobin synthesis occurs using three independent but stringently coordinated pathways: 
globin synthesis, which is erythroid specifi c; heme synthesis that requires protoporphyrin IX synthe-
sis; and the supply of iron from plasma transferrin to mitochondrial ferrochelatase. The two latter 
ubiquitous pathways are dramatically upregulated in developing red blood cells. One of the goals of 
this chapter is to convince its readers that in erythroid cells, and only in these cells, the path of iron 
from transferrin to ferrochelatase and protoporphyrin IX biosynthesis are highly integrated and are, 
in fact, essential components comprised by one metabolic pathway. Hemoglobin synthesis occurs in 
the developing red blood cells in the bone marrow in a process known as erythropoiesis that will be 
briefl y discussed below.  

   2 Erythropoiesis 

 The average adult’s blood contains about 24 trillion (2.4 × 10 13 ) erythrocytes with a wet weight of 
approximately 2.4 kg. Red blood cells are produced at a rate of 2.3 × 10 6  cells/s by a dynamic and 
exquisitely regulated process that is an integral part of the development of all blood cells, hematopoi-
esis. In humans, hematopoiesis occurs in the bone marrow of the adult and in the liver of the devel-
oping fetus. In addition to the bone marrow, the spleens of mice and rats are also important sites of 

   1   Heme is ferroprotoporphyrin IX; hemin is ferric protoporphyrin IX. In this chapter, the term heme is used as a generic 
expression denoting no particular iron oxidation state.  
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erythropoiesis. The mature erythrocyte is the product of complex and highly regulated cellular and 
molecular processes that initiates at the level of the hematopoietic stem cells which have the poten-
tial to develop into all morphologically and functionally distinct blood cells. Stem cells, which are 
present in hematopoietic tissues in very small numbers (<0.01%), are self-renewing, slowly cycling 
cells that express receptors for stem cell factor (SCF) also known as c-kit receptor (tyrosine-kinase 
type). Although the regulation of stem cell proliferation and commitment is poorly understood, SCF 
and some other hematopoietic growth factors seem to be involved in the regulation. The process of 
commitment is characterized by restriction in the stem cell differentiation capacity, leading to the 
formation of progenitor cells that differentiate along one lineage  [  11–  13  ] . 

 Progenitor cells committed toward the erythroid lineage cannot be distinguished by morphologic 
criteria, but their existence and characteristics can be inferred from their capacity to generate colo-
nies of hemoglobinized cells in vitro  [  11  ] . The earliest functionally detectable erythroid precursor is 
known as the BFU-E (burst-forming unit, erythroid), an early descendant of the hematopoietic stem 
cell. The BFU-E is detected by its capacity to generate multi-clustered colonies (“erythroid bursts”) 
of hemoglobin-containing cells when marrow is incubated in semisolid medium in the presence of 
granulocyte macrophage colony-stimulating factor (GM-CSF), interleukin 3 (IL-3), and erythropoi-
etin. BFU-Es are relatively insensitive to erythropoietin both in vitro (requiring a high concentration 
of the hormone to generate the bursts of erythropoietic colonies) and in vivo. 

 The BFU-E in turn further develops to yield a class of more mature erythroid precursors, termed 
CFU-E (colony-forming units, erythroid). These cells are detected by virtue of their capability in cell 
culture to generate a small cluster of erythroid cells, which mature all the way to erythrocytes. The 
proliferative capacity of CFU-Es is limited to four or fi ve cell divisions, generating 16–32 progeny red 
cells. Virtually all CFU-Es are proliferating, and they have an absolute requirement for erythropoietin 
to maintain viability, undergo cell division and, namely, to differentiate into proerythroblasts. 

 The fi rst morphologically recognizable erythroid element is the proerythroblast, which is the 
immediate progeny of a CFU-E. Maturation of the proerythroblast to the circulating red cell involves 
four to fi ve cell divisions; production of characteristic red cell proteins (hemoglobin, enzymes, and 
cytoskeletal proteins), surface antigens, and metabolic machinery; loss of replicative capacity and 
eventually of the nucleus itself; loss of organelles and acquisition of characteristic red cell morpho-
logic features. The proerythroblast stage is succeeded by the basophilic erythroblast. This erythro-
blast is basophilic because of the high concentration of cytoplasmic ribosomes that accumulate in 
preparation for the onset of hemoglobin synthesis, which already occurs in these cells at a relatively 
low rate. The next cell, polychromatophilic erythroblast, displays increasingly deep staining for 
hemoglobin and a progressive decrease in the concentration of cytoplasmic ribosomes. Cell division 
continues until the stage of orthochromatic erythroblast in which hemoglobin synthesis continues on 
relatively stable ribosome-globin mRNA complexes. Extrusion of nuclei from the orthochromatic 
erythroblasts leads to the formation of reticulocytes. These non-nucleated cells still contain active 
globin-synthesizing polyribosomes as well as mitochondria that produce heme. At this stage, the 
reticulocytes are released into the circulation. During the fi rst 24–36 h of circulation in the blood, the 
reticulocyte is transformed into the mature erythrocyte  [  14,   15  ] . The maturation of reticulocytes, 
which is not fully understood, is characterized by a progressive decrease in the number of polyribo-
somes and mitochondria, loss of hemoglobin synthetic capacity, loss of transferrin receptor 1 (TfR1), 
as well as by a decrease in size, and assumption of the biconcave disk shape  [  14,   15  ] . During the 
period of mitochondrial loss, Bcl-X(L), an anti-apoptotic protein that accumulates during erythro-
blast differentiation and maintains mitochondrial membrane integrity, demonstrated progressive 
decreases and changes consistent with deamidation  [  16  ] . Interestingly, two groups recently reported 
a role for a Bcl-2 family member, Nix (also called Bnip3L), in the regulation of erythroid maturation 
through mitochondrial autophagy. Nix −/−  mice developed anemia with reduced mature erythrocytes 
and a compensatory expansion of erythroid precursors. Erythrocytes in the peripheral blood of Nix −/−  
mice exhibited mitochondrial retention and reduced life span in vivo  [  17  ] . Additionally, mitochondria 
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are depolarized in wild type but not Nix-defi cient reticulocytes, a feature that appears to be required 
for the selective incorporation of mitochondria into autophagosomes  [  18  ] . Johnstone and her cowork-
ers  [  19–  22  ]  and Blanc et al.  [  23  ]  showed that reticulocytes lose their TfR1 by “shedding.” The loss 
of TfRs seems to be preceded by the formation of multivesicular bodies containing encapsulated 
receptors. Fusion of multivesicular bodies with the plasma membrane leads to release of vesicles 
(exosomes), containing receptors whose extracellular domain is positioned externally, into the circu-
lation. It is unknown how the above processes are triggered, but it is tempting to speculate that reach-
ing a critical concentration of hemoglobin in reticulocytes represents a signal for their activation. 

 It is remarkable that, although three different and totally distinct pathways are involved in hemo-
globin synthesis, virtually no intermediates, i.e., globin chains, intermediates of PPIX synthesis or 
iron, accumulate in the developing erythroblasts and reticulocytes. This is achieved, at least in part, 
by a series of negative and positive feedback mechanisms in which heme plays a crucial role. 
In general, in erythroid cells heme inhibits cellular iron acquisition (reviewed in  [  5,   24,   25  ] ) and, con-
sequently, heme synthesis, and is essential for the synthesis of globin. The effect of heme on its own 
synthesis and iron metabolism will be discussed later; here we shall briefl y describe the role of heme 
in globin synthesis. Numerous reports indicate that heme stimulates globin gene transcription and is 
probably involved in promoting some other aspects of erythroid differentiation. Hemin treatment of 
erythroid precursors leads to a rapid accumulation of globin mRNA, whereas heme defi ciency leads 
to a decrease in globin mRNA levels  [  26–  30  ] . These heme-mediated effects likely involve the nega-
tive transcriptional regulator Bach1 which functions as a repressor of the Maf recognition elements 
(MARE, present in the  β -globin locus control regions [LCR]) by forming antagonizing heterodimers 
with small Maf family proteins. Heme positively regulates the  β -globin gene expression by blocking 
the interaction of Bach1 with the MARE in the LCR. This allows the binding of the transcription 
factor NF-E2p18/Mafk within this region, resulting in  β -globin transcription  [  31,   32  ] . 

 It has long been known that the translation of globin in intact reticulocytes and their lysates is 
dependent on the availability of heme  [  33–  37  ] . Heme defi ciency inhibits protein synthesis in part 
through activation of the heme-regulated inhibitor (HRI). HRI is a cyclic AMP-independent protein 
kinase which specifi cally phosphorylates the  α -subunit of eukaryotic initiation factor 2 (eIF-2 α ). 
Phosphorylation of eIF-2 α  blocks initiation of protein synthesis. Heme regulates eIF-2 α  in the other 
direction by binding to and inhibiting HRI through the formation of disulfi de bonds, possibly 
between two HRI subunits. Disulfi de bond formation reverses the inhibition of globin synthesis seen 
during heme defi ciency (reviewed in  [  37  ] ). The expression of HRI seems to be confi ned to erythroid 
cells and, hence, HRI plays an important physiological role in the translation of globin and probably 
other proteins synthesized in erythroid cells. 

 In conclusion, in erythroid cells iron is not only the substrate for the synthesis of hemoglobin but 
also participates in its regulation. The iron protoporphyrin complex appears to enhance globin gene 
transcription, is essential for globin translation, and supplies the prosthetic group for hemoglobin 
assembly. Moreover, heme may be involved in the expression (at transcriptional as well as transla-
tional levels) of numerous other erythroid-specifi c proteins.  

   3 Iron Metabolism and Heme Synthesis in Erythroid Cells 

 In vertebrates, erythroid cells have by far the greatest need for iron which is used for hemoglobin syn-
thesis with remarkable effi ciency and speed  [  5,   24  ] . On a per-cell basis, the rate of heme synthesis in the 
erythron (According to Steadman’s Medical Dictionary, Erythron = “the total mass of circulating red 
blood cells, and that part of the hematopoietic tissue from which they are derived”) is at least an order of 
magnitude higher than in the liver, the second highest heme producer in the organism. Such an 
exceptionally high capacity of immature erythroid cells to synthesize heme is primarily a result of the 
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unique control of iron metabolism as well as the distinct enzyme of heme biosynthesis, 5-aminolevulinic 
acid synthase (ALA-S). Because of such an intimate link between iron metabolism and heme synthesis 
in hemoglobin-synthesizing cells, an overview of this process has to be included in this chapter. 

   3.1 Overview of Heme Synthesis 

 Current mechanistic aspects of heme biosynthesis have been thoroughly described in numerous 
review articles and books  [  5,   24,   25,   38–  40  ] . It is well established that the synthesis of heme involves 
eight enzymes, four of which are cytoplasmic and four which are mitochondrial; all of which are 
encoded by nuclear genes. The fi rst step occurs in the mitochondria and involves condensation of 
succinyl CoA and glycine to form ALA, a reaction catalyzed by ALA synthase (ALA-S) (Fig.  10.1 ). 
The next four biosynthetic steps take place in the cytosol. ALA dehydratase (ALA-D) converts two 
molecules of ALA to a monopyrrol porphobilinogen (PBG). Two subsequent enzymatic steps con-
vert four molecules of PBG into the cyclic tetrapyrrole uroporphyrinogen III which is then decar-
boxylated to form coproporphyrinogen III. The fi nal three steps of the biosynthetic pathway, 
including the insertion of Fe 2+  into protoporphyrin IX by ferrochelatase, occur in the mitochondria 
(Fig.  10.1 ).  

 All enzymes of the mammalian heme pathway have been cloned and crystallized  [  5,   24,   38–  40  ] . 
The genes encoding these enzymes reside on different chromosomes. There are two different genes 
for the fi rst pathway enzyme, ALA-S. One of these is expressed ubiquitously (ALA-S1, or house-
keeping ALA-S) and is encoded on chromosome 3  [  42  ] , while the expression of the other is specifi c 
to erythroid cells (ALA-S2, or erythroid ALA-S) and is encoded on the X chromosome  [  43  ] . These 
two genes are responsible for the occurrence of ubiquitous and erythroid-specifi c mRNAs for ALA-S 
and, consequently, two corresponding isoforms of the enzyme. No tissue-specifi c isozyme is known 
for ALA-D but there are subtle differences in 5 ¢  untranslated regions (UTRs) in housekeeping and 
erythroid ALA-D mRNAs  [  44  ] . PBG deaminase (PBG-D) exists in two isoforms, one being present 
in all cells while the other is expressed only in erythroid cells  [  45  ] . However, these isoforms arise 
from differential splicing of a single gene and from two mRNAs which differ solely in their 5 ¢  ends. 
There is no evidence that the ubiquitous and the erythroid enzymes would be different in the rest of 
the pathway. However, variations in mRNAs, caused by the alternative use of the two polyadenyla-
tion signals have been reported for ferrochelatase  [  46  ] . Interestingly, the preferential utilization of 
the upstream polyadenylation signal appears to be an erythroid-specifi c characteristic of ferroche-
latase gene expression  [  47  ] . Importantly, murine  [  48  ]  and human  [  49  ]  ferrochelatase were shown to 
contain a [2Fe-2S] cluster which seems to be essential for enzyme activity and plays either a redox 
or regulatory role.  

   3.2 Overview of Iron Metabolism 

 All animal cells possess an absolute requirement for iron. However, the very properties of iron that 
make it indispensable for cells, namely, its ability to donate and accept electrons, also make it poten-
tially hazardous. Iron is virtually insoluble in an aqueous environment under physiological condi-
tions and its participation in one-electron redox reactions produces harmful hydroxyl radicals (also 
see Chap.   18    ). Therefore, specialized mechanisms and molecules have evolved for the handling of 
iron in a soluble, nontoxic form in order that cellular and organismal requirements of this metal can 
be met  [  5,   50–  57  ] . In higher organisms, these functions are fulfi lled by a number of specialized 
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proteins, some of which are presented in Table  10.1 . Moreover, an elegant regulation system exists 
that maintains the size of the intracellular pool of “iron-in-transit” at appropriate levels.  

 Iron is transported between sites of absorption, storage, and utilization by the 80 kDa plasma 
glycoprotein transferrin which contains two specifi c high-affi nity iron-binding sites with an apparent 
stability constant for Fe(III) of approximately 10 23  M −1  at neutral pH. Fe(II) does not bind specifi -
cally to these sites, and the affi nity of transferrin for Fe(III) decreases progressively with decreasing 
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pH below neutrality. Physiologically, most cells acquire iron from transferrin by a multistep process 
involving the specifi c attachment and internalization of transferrin bound to its cognate receptors 
(TfR1), followed by release of iron from transferrin by endosomal acidifi cation via the v-ATPase H +  
pump (also see Chap.   7    ). After iron is released from transferrin, the metal is then translocated to 
intracellular sites of utilization or storage while the apotransferrin:TfR1 complex is recycled to the 
cell surface where the apotransferrin is released. 

 Once iron is released from transferrin within the endosome, the metal is transported across the 
organellar membrane by a promiscuous, divalent metal transporter, DMT1 (also known as Nramp2 
or DCT1  [  59,   60  ] ). Since the form of iron bound to transferrin is in the +3 oxidation state, a reduc-
tion step, likely catalyzed by Steap3  [  61  ] , or another member of the Steap family  [  62  ] , is required 
before transport out of the endosome. In erythroid cells, when iron reaches the outer mitochondrial 
membrane, it is entrapped by an as-yet-unidentifi ed ligand and transferred across the inner membrane 

   Table 10.1    Proteins involved in erythroid iron metabolism   

 Protein  Function  Result of defi ciency 
 Role in 
erythropoiesis 

 ABCB7  Required for [Fe–S] on [Fe–S] 
proteins 

 XLSA with ataxia  Direct 

 ABCB10 (ABC-me)  Mitochondrial transport function 
related to heme synthesis 

 Unknown  Direct 

 ALA-S2/eALA-S  First enzyme of heme synthesis; 
erythroid-specifi c 5-aminole-
vulinic acid synthase 

 X-linked sideroblastic anemia  Direct 

 Ceruloplasmin (Cp)  Oxidizes exported Fe 2+   Neurodegeneration; hypochromic 
microcytic anemia 

 Indirect 

 DMT1/Nramp2  Vesicular and plasma membrane 
transporter for Fe 2+  

 Hypochromic microcytic anemia in 
mice. Hypochromic microcytic 
anemia with iron loading in 
humans 

 Direct 

 Ferritin (H and L)  Prevents Fe toxicity in all cells 
and during erythropoiesis 

 H-Ft: embryonic lethality  Indirect 

 Ferrochelatase  The last enzyme of heme 
synthesis; Fe 2+  insertion into 
protoporphyrin IX 

 Erythropoietic protoporphyria 
(EPP) 

 Direct 

 Heme oxygenase-1 
(HO-1) 

 Recycling of hemoglobin Fe  Severe anemia and infl ammation  Indirect 

 Huntingtin (Htt)  [  58  ]   TfR1 traffi cking  Hypochromic anemia 
in Htt-defi cient zebrafi sh 

 Probably direct 

 IRP (1 and 2)  Fe “sensors”; bind to IREs  IRP2: brain Fe overload; microcytic 
anemia; EPP 

 Direct (IRP2) 

 Mitochondrial 
ferritin 

 Mitochondrial Fe storage (?)  Unknown; high expression in “ring” 
sideroblasts 

 Unknown 

 Mitoferrin (coded for 
by  SLC25A37 ) 

 Fe transport to mitochondria  Hypochromic anemia  Direct 

 Sec15l1  “Vesicle docking”; required for 
effi cient transferrin cycling 

 “Hemoglobin-defi cit” (hbd) mice  Direct 

 Siderofl exin 1  Mitochondrial transport function 
related to Fe metabolism 

 Siderocytic anemia (mice)  Unknown 

 Steap3  Endosomal ferrireductase  Hypochromic anemia (mice)  Direct 
 Transferrin (Tf)  Fe(III)-carrier in plasma  Severe anemia  Direct 

 (Fe unavailable for erythropoiesis; 
generalized Fe overload) 

 Tf receptor 1 (TfR1)  Membrane receptor for Fe 
2
 -Tf  Embryonic lethality  Direct 
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to ferrochelatase. The group of Paw has recently demonstrated that mammalian homologs to yeast 
Mrs3/Mrs4  [  63,   64  ] , dubbed “mitoferrins,” are responsible for iron import, probably in its Fe 2+  form, 
through the mitochondrial inner membrane  [  65,   66  ] . Mitoferrin 1 exerts its function primarily in 
erythroid cells, but mitoferrin 2, which is expressed ubiquitously, cannot support hemoglobinization 
 [  66  ] . Of considerable interest in this context is a recent discovery  [  67  ]  that mitoferrin 1 physically 
interacts with ferrochelatase and Abcb10, a mitochondrial inner membrane ATP-binding cassette 
transporter highly induced during erythroid maturation. The occurrence of a mitoferrin 1-ferroche-
latase complex supports the notion that erythroid iron transport consists of a relay of the metal from 
protein to protein, rather than simply transport of the “free” metal across membranes. 

 Ferritin is a ubiquitous protein whose only well-defi ned function is the storage of iron ( [  50,   51, 
  68,   69  ] ; Chap.   4    ). Although ferritin has been postulated to act as an intermediate for heme synthesis 
in erythroid cells, numerous studies failed to demonstrate that  59 Fe from  59 Fe-ferritin could be incor-
porated into hemoglobin  [  70  ] . Particularly strong evidence that ferritin is not involved in hemoglo-
binization has come from a recent study of Kühn and coworkers who demonstrated that the 
conditional deletion of ferritin heavy chain in adult mice did not cause any decrease in hematocrit or 
hemoglobin levels  [  71  ] . These fi ndings concur with the proposal that the effi cient utilization of iron 
for hemoglobin synthesis requires a direct contact of endosomes with mitochondria  [  4  ]  and the 
observations that the intracellular release of iron from ferritin may require its catabolism  [  72  ] ; all 
these studies suggest limited availability of ferritin iron for metabolic purposes. These conclusions 
can be expanded to non-erythroid cells, since a recent report failed to provide any evidence that, in 
cultivated macrophages, ferritin can make its iron available for heme synthesis  [  73  ] . 

 Arosio’s laboratory has recently identifi ed a mitochondrial ferritin isoform that can store iron 
within a shell of homopolymers; however, the function and regulation of this protein is not yet 
understood  [  74–  76  ] . Notwithstanding this, it has recently been demonstrated that the overexpression 
of mitochondrial ferritin causes the redistribution of iron from cytosolic ferritin to mitochondrial 
ferritin  [  77  ]  and leads to the inhibition of cancer cells growth  [  78  ] . In this context, it should be 
pointed out that mitochondrial ferritin shows very low expression in all tissues except for testis  [  74, 
  76  ] . Additionally, although mitochondrial ferritin is not expressed in normal erythroblasts, it is 
expressed in ring sideroblasts of patients with sideroblastic anemia  [  79  ] .  

   3.3 Coordinate Regulation of Ferritin and TfR1 Expression 

 Research conducted on non-erythroid cells cultured in vitro revealed a remarkable regulation 
system that coordinately regulates the expression of TfR1 and ferritin and, consequently, iron 
uptake and storage  [  50–  52,   80–  86  ] . A crucial component of this control is that which senses cel-
lular iron levels, carried out by the iron regulatory proteins, IRP-1 (formerly known as IRE-BP 
[the iron-responsive element-binding protein]) and IRP-2. The coordinate control of TfR1 and 
ferritin occurs at the posttranscriptional level, and has been mapped to regions known as iron-
responsive elements (IRE) that are recognized by IRPs. IREs are nucleotide sequences that form 
stem-loop structures and are present in the 5 ¢  UTRs of ferritin H- and L-chain mRNAs and in the 
3 ¢ -UTRs of TfR1 mRNA  [  87–  90  ] . The IRE is also present in the 5 ¢  UTR of mRNA for erythroid 
specifi c ALA-S (ALA-S2)  [  91–  93  ]  (see below). A comprehensive description of this extraordi-
nary regulatory system is beyond the scope of this chapter; however, more intensive details can be 
found in Chap.   3    . Briefl y, IRP interaction with IRE controls iron metabolism in non-erythroid 
cells in the following manner: When cellular iron becomes limiting, IRP-1 is recruited into the 
high-affi nity binding state. The binding of IRP-1 to the IRE in the 5 ¢  UTR of the ferritin mRNA 
represses the translation of ferritin (and ALA-S2), while an association of IRP-1 with IREs in the 
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3 ¢  UTR of TfR1 mRNA stabilizes the transcript. On the other hand, the expansion of the “labile 
iron pool” inactivates IRP-1 and leads to a degradation of IRP-2, resulting in an effi cient transla-
tion of mRNAs for ferritin and ALA-S2 (occurring in erythroid cells only) and rapid degradation 
of TfR1 mRNA. However, in spite of this dramatic progress in our understanding of the regulation 
of proteins involved in iron metabolism, fundamental questions regarding iron transport within 
the cell remain unanswered.  

   3.4 Specifi c Features of TfR1 Regulation in Erythroid Cells 

 Although it is generally assumed that the above mechanism coordinates regulation of iron uptake 
and storage by all cells, there are some features of erythroid TfR1 regulation that suggest either the 
existence of erythroid-specifi c TfRs or at least distinct regulation of their expression: (1) There is 
evidence from the use of monoclonal antibodies that human erythroid cells may express a unique 
TfR1 isoform  [  94  ] . (2) Murine erythroleukemia (MEL) cells induced to erythroid differentiation 
respond only slightly to iron chelating agents which stimulate TfR1 expression in proliferating 
non-erythroid cells. This may be explained by an observation that iron chelators only modestly 
increase the binding activity of IRPs in differentiating MEL cells  [  95  ] . Moreover, in hemoglobin-
synthesizing MEL cells, as compared to their undifferentiating counterparts, TfR1 mRNA is virtu-
ally unaffected by high concentrations of iron  [  95  ] . (3) Heme synthesis inhibitors were shown to 
strongly inhibit TfR1 expression at both the mRNA and protein  [  95,   96  ]  levels in nucleated eryth-
roid cells, but had virtually no effect on the expression of TfR1 in cells that did not synthesize 
hemoglobin  [  95  ] . (4) Whereas in non-erythroid cells the transcriptional control of TfR1 expression 
in response to altered growth rates or iron deprivation does not seem to play a signifi cant role, TfR1 
is transcriptionally regulated and “overexpressed” in chick embryo erythroblasts  [  97  ]  as well as 
MEL cells induced to synthesize hemoglobin  [  95  ] . (5) The recent fi ndings of Schranzhofer et al. 
suggest that, rather than TfR1 expression being unresponsive to the activity of IRPs, the ability of 
the IRPs to sense incoming iron decreases, possibly by a more effi cient routing of the metal to its 
site of use  [  98  ] . 

 The above discussion would seem to suggest that iron metabolism in hemoglobin-synthesizing 
cells, in particular those that are in late stages of their maturation stage, may escape the control of 
the IRE/IRP system. However, two recent reports  [  99,   100  ] , showing that IRP2 −/−  mice develop 
hypochromic microcytic anemia, suggest that IRP2 probably plays at least some role in TfR1 expres-
sion in erythroid cells. IRP2 −/−  animals have increased protoporphyrin IX levels (caused by ALA-S2 
hyperexpression in their erythroid precursors) associated with a decrease of TfR1 expression that is 
a likely cause of anemia. In this context, it is pertinent to mention that the hematopoietic-specifi c 
transcription factor Stat5 was recently shown to regulate cellular iron uptake by erythroid cells either 
by transcriptionally controlling TfR1  [  101  ]  or doing so via IRP2  [  102  ] .   

   4 Erythroid-Specifi c Regulation of Iron Metabolism and Heme Synthesis 

 Apart from the above-described unique regulation of TfR1 in hemoglobin-synthesizing cells, several 
other considerations emphasize the idea of erythroid-specifi c metabolism of iron as well as its criti-
cal infl uence on heme and, consequently, hemoglobin production. As already pointed out, heme 
synthesis in erythroid cells accounts for about 80% of total body iron turnover and the iron in hemo-
globin contains almost 80% of the total iron content of a normal adult. Also, transferrin is the only 
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physiological source of iron for erythroid cell heme synthesis, which is best documented by observations 
in humans and mice with hereditary atransferrinemia. Both patients and mice with atransferrinemia 
have severe hypochromic microcytic anemias  [  5,   50  ]  which can be explained only by the stringent 
dependency of hemoglobin synthesis on transferrin-bound iron. Furthermore, iron delivery to fer-
rochelatase, but not a step in protoporphyrin IX synthesis, is rate limiting for heme synthesis in 
erythroid cells  [  5  ] . In other words, either TfR1 levels or a component of the iron transport pathway 
from Tf-TfR1 association to delivery to the mitochondrial matrix determines the effi ciency of heme 
production in these cells. This conclusion is based on experiments showing that transferrin-independent 
iron uptake (from iron-salicylaldehyde isonicotinoyl hydrazone complex) in excess of the maximum 
amount of iron obtained from diferric transferrin, stimulates the synthesis of heme in erythroid cells 
but is without effect in non-erythroid cells  [  103–  105  ] . 

 In hemoglobin-synthesizing cells, iron is specifi cally targeted toward mitochondria which con-
tinue to take up the metal with gluttonous appetite even when the synthesis of protoporphyrin IX is 
suppressed  [  3,   106–  109  ] . In contrast, in non-erythroid cells, iron in excess of metabolic needs ends 
up in ferritin  [  67,   68  ] . Hence, some specifi c mechanisms and controls are involved in the transport 
of iron into mitochondria in erythroid cells, but the nature of these processes, besides the likely role 
of erythroid-specifi c mitoferrin 1  [  65,   66  ] , is unknown. Based on the fact that transferrin-bound iron 
is extremely effi ciently used for hemoglobin synthesis, that iron is targeted into erythroid mitochon-
dria, and that no cytoplasmic iron transport intermediate can be identifi ed in erythroid cells, an 
alternative hypothesis of intracellular iron transport has been suggested  [  3–  5  ] . This model proposes 
that after iron is released from transferrin in the endosome, it is passed directly from protein to pro-
tein until it reaches ferrochelatase in the mitochondrion. Such a transfer would bypass the cytosol, 
as the transfer of iron between proteins could be mediated by the direct interaction of the endosome 
with the mitochondrion (Fig.  10.2a ). We have recently collected strong experimental evidence, using 
erythroid cells, supporting this hypothesis that is as follows: (1) iron, delivered to mitochondria via 
the transferrin-TfR1 pathway, is unavailable to cytoplasmic chelators  [  4,   119  ] ; (2) transferrin-
containing endosomes move to and contact mitochondria  [  4,   119  ] ; and (3) endosomal movement is 
required for iron delivery to mitochondria  [  4,   119  ] . We have also established that “free” cytoplasmic 
iron is not effi ciently used for heme biosynthesis and that the endosome–mitochondrion interaction 
increases chelatable mitochondrial iron  [  119  ] . Since the majority of cellular iron is processed in the 
mitochondria of all cells, and not just red ones, it is tempting to speculate that this direct interorgan-
ellar iron transport mechanism is ubiquitous. However, Shvartsman et al. have recently documented 
in a leukemia cell line that the transfer of transferrin-derived iron to mitochondria is blocked by 
cytosolic chelators  [  120  ] . This study quantifi ed compartmental iron levels with the aid of iron-
sensitive fl uorescent chelators, which are likely to obscure intracellular distribution and may 
therefore overestimate iron levels.  

 A further distinction between red-colored cells and the others is that in erythroid cells heme syn-
thesis is controlled by a feedback mechanism in which “uncommitted” heme inhibits iron acquisi-
tion from transferrin  [  121–  124  ] . Although it is still unresolved whether heme inhibits transferrin 
endocytosis  [  122  ]  or iron release from transferrin  [  124  ] , the lack of heme as a negative feedback 
regulator can help in explaining the aforementioned mitochondrial iron accumulation. This may 
provide a clue to clinical hematologists as to the pathogenesis of mitochondrial iron accumulation in 
erythroblasts of patients with sideroblastic anemia. It is essential to point out that this effect of 
heme is specifi c for hemoglobin-synthesizing cells, since heme does not inhibit iron uptake in 
non-erythroid cells  [  5  ] . 

 Shortly after the identifi cation of erythroid-specifi c ALA-S (ALA-S2), it became obvious that 
most hereditary X-linked sideroblastic anemias (XLSA) cases were caused by mutations in the  ALA-
S2  gene  [  118  ] . Figure  10.2b  provides a schematic representation of mechanisms attributed to XLSA: 
decreased PPIX formation, slightly increased iron uptake, and substantial accumulation of iron in MtF. 
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  Fig. 10.2    Schematic representation of endosomal and mitochondrial steps involved in iron metabolism in normal 
erythroid cells ( a ) or those with inhibited heme synthesis ( b ). Iron is released from transferrin within endosomes by a 
combination of Fe 3+  reduction by Steap3 (likely when it is still bound to TfR1  [  110  ] ) and a decrease in pH (~pH 5.5); 
following this, Fe 2+  is transported through the endosomal membrane by DMT1. The post-endosomal path of iron in 
the developing red blood cells remains elusive or is, at best, controversial. It has been commonly accepted that a low-
molecular-weight intermediate chaperones iron in transit from endosomes to mitochondria and other sites of utiliza-
tion; however, this much sought iron-binding intermediate has never been identifi ed. In erythroid cells, more than 90% 
of iron must enter mitochondria, since ferrochelatase ( FC ), the enzyme that inserts Fe 2+  into protoporphyrin IX, 
resides on the inner leafl et of the inner mitochondrial membrane. Recent research supports the hypothesis that in 
erythroid cells, a transient mitochondrion–endosome interaction is involved in iron translocation to its fi nal destina-
tion. It has been proposed that coproporphyrinogen (Copro’gen; please note that its generation is indicated in Fig.  10.1 ) 
is transported into mitochondria by either peripheral-type benzodiazepine receptors  [  111–  113  ]  or ABCB6  [  114  ] . 
Neither the mechanisms nor the regulation of heme transport from mitochondria to globin polypeptides is known; 
however, it has been proposed that a carrier protein, heme-binding protein 1 (gene:  HEBP1 ), is involved in this process 
 [  115–  117  ] . ( b ) Pathological-ringed sideroblasts (iron loaded mitochondria surrounding the nucleus) can arise in 
patients with defective ALAS2 or SLC25A38 (a putative importer of glycine into erythroid mitochondria) because 
( a ) heme, a negative regulator of iron uptake, is defi cient; ( b ) iron is specifi cally targeted to erythroid mitochondria; 
( c ) mitochondrial iron cannot be adequately utilized due to lack of PPIX and accumulates in MtF; ( d ) iron normally 
exits erythroid mitochondria only after being inserted into PPIX  [  5,   118  ] .  Hb  hemoglobin,  CPO  coprporphyrinogen 
oxidase,  PPO  protoporphyrinogen oxidase             
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However, there is a certain proportion of patients with hereditary sideroblastic anemia who exhibit 
autosomal recessive inheritance. Recently, Guernsey et al.  [  125  ]  described that at least some such 
patients have a defect in the gene encoding the erythroid-specifi c mitochondrial carrier protein, 
SLC25A38. They demonstrated that this transporter is important for the biosynthesis of heme in 
eukaryotes and conjectured that this protein may be translocating glycine into mitochondria  [  125  ] . 
Needless to say, defects in a putative mitochondrial glycine transporter would be expected to gener-
ate a phenotype identical to that seen in patients with defects in ALA-S2 (Fig.  10.2b ). It is tempting 
to speculate that in erythroid cells a common control mechanism, which regulates acquisition of the 
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two substrates for heme synthesis (iron and glycine), exists. It needs to be pointed out that there are 
sideroblastic anemias not associated with heme synthesis defects. These conditions, which usually 
accompany one subtype (RARS) of myelodysplastic syndrome, are outside the scope of this chapter 
and are discussed elsewhere in this monograph (Chap.   16    ). 

 When discussing erythroid-specifi c ALA-S, there is a need to bring up an interesting and concep-
tually important development. Until recently, all reported mutations in ALA-S2 were shown to cause 
XLSA. However, Whatley et al.  [  126  ]  described several families with ALA-S2 deletions resulting in 
frameshifts that lead to replacement or deletion of the 19–20 C-terminal residues of the enzyme. 
Prokaryotic expression studies showed that both mutations markedly increased ALA-S2 activity. 
These gain-of-function mutations caused a formerly undisclosed form of X-linked dominant proto-
porphyria, characterized by a high level of zinc-PPIX in erythrocytes; this symptom is reminiscent 
of erythropoietic protoporphyria caused by ferrochelatase defects in which there is accumulation of 
free PPIX. The authors explain this fi nding as indicating that the rate of ALA formation is increased 
to such an extent that the insertion of Fe 2+  into PPIX by ferrochelatase becomes rate limiting for 
heme synthesis. It must be pointed out that this limitation is not ferrochelatase activity, which the 
authors later point out is in excess of the demands of hemoglobin synthesis, but due to the unavail-
ability of iron for insertion into PPIX. The accumulation of zinc-PPIX is thus caused by a limitation 
of iron for erythroid heme synthesis, as extensively documented earlier  [  103–  105  ] . 

 Finally, as already mentioned, erythroid-specifi c ALA-S is uniquely regulated in erythroid cells. 
ALA-S2 mRNA contains an IRE in its 5 ¢  UTR that is responsible for the translational induction of 
ALA-S2 protein by iron  [  91–  93  ] . This means that in erythroid cells, the rate-limiting and, thus, con-
trolling step in heme synthesis is not the production of ALA but the availability of iron. Moreover, 
heme has no inhibitory effect on either the activity or synthesis of ALA-S2  [  5  ] . Furthermore, whereas 
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heme inhibits the import of ALA-S1 into mitochondria, it does not inhibit mitochondrial import of 
erythroid-specifi c ALA-S  [  127  ] . Finally, ALA-S2 enzyme, but not ALA-S1 protein, has been found 
to associate with succinyl CoA synthetase in mitochondria  [  128  ] .  

   5 Integrated View: The Availability of Iron Controls Hemoglobinization 

 Erythropoiesis is a remarkably complex process that comprises both differentiation of erythroid 
cells from hematopoietic progenitor cells and induction of hemoglobinization in these cells. During 
differentiation, the three pathways that lead to the formation of hemoglobin are either transcription-
ally induced de novo (globin) or transcriptionally increased (heme synthesis enzymes and TfR1, the 
gatekeeper for iron entry into the cell). It can be postulated that erythroid differentiation will be 
associated with a change (“differentiation”) in mitochondria that will allow a specifi c targeting of 
iron into this organelle; however, it is currently impossible to foresee whether such an alteration is 
qualitative (induction of new proteins) or simply a quantitative one. Importantly, some changes in 
mitochondria during erythroid differentiation have already been defi ned. First, the induction of 
ALA-S2 is associated with a decrease in the housekeeping ALA-S1  [  128  ] . Second, the erythroid 
transcription factor GATA-1 has been shown to induce a mitochondrial ABC transporter termed 
ABCB10 (ABC-me  [  129,   130  ] ) that localizes to the inner mitochondrial membrane and is postulated 
to transport (a) yet-to-be-identifi ed substrate(s) from the matrix into the intermembrane space. 
Importantly, ABCB10 overexpression enhances hemoglobin synthesis in MEL cells  [  129  ] . Hence, it 
seems likely that ABCB10 mediates critical mitochondrial transport functions related to heme syn-
thesis  [  129  ] . Notwithstanding the above, recent research has revealed that ABCB10 physically inter-
acts with mitoferrin 1 to enhance its stability and promote mitoferrin 1-dependent mitochondrial 
heme biosynthesis  [  131  ] . Moreover, it can also be assumed that erythroid differentiation is associ-
ated with the induction of a heme transporter involved in the export of heme from the mitochondria 
to the cytosol. Furthermore, a cytosolic heme-binding protein may be needed to safely carry heme 
from mitochondria to globin chains but, unfortunately, very little is known about this process 
(Fig.  10.2 ). 

 Hence, based on the experimental evidence and above discussions, it can be proposed that one 
aspect of erythroid differentiation involves an “iron metabolism switch” during which the erythroid-
specifi c pathway and control mechanisms are turned on, leading to their prevalence in erythroblasts 
and eventually total predominance in reticulocytes. Once all the machinery required for hemoglobin 
synthesis is induced, its formation is controlled by a series of fi ne-tuning mechanisms depicted in 
Fig.  10.3a . In contrast to non-erythroid cells (Fig.  10.3b ), heme does not inhibit either the activity or 
the synthesis of ALA-S, but does inhibit cellular iron acquisition from transferrin in erythroid cells. 
This negative feedback is likely to explain the mechanism by which the availability of transferrin-
derived iron limits the heme synthesis rate, and also clarifi es why the system transporting iron to 
ferrochelatase operates so effi ciently, leaving normally mature erythrocytes with negligible amounts 
of non-heme iron. Since the 5 ¢  UTR of ALA-S2 mRNA contains an IRE, the availability of iron 
controls ALA-S2 translation, the rate of ALA formation and, consequently, the overall rate of heme 
synthesis in hemoglobin-synthesizing cells. Because heme is required for globin mRNA translation 
 [  37  ] , the overall hemoglobin synthesis rate appears to be controlled by the capacity of erythroid cells 
to acquire iron from transferrin. Therefore, it is tempting to speculate that erythroid cells with their 
high requirement for iron, whose biologic availability is so limited, have evolved regulatory mecha-
nisms in which iron controls hemoglobinization.  

 In conclusion, the regulation of heme synthesis has extensively been studied only in erythroid 
cells that synthesize approximately 80% of organismal heme, and in the liver, which synthesizes 
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most of the remaining heme molecules in the human body. One major difference between these two 
tissues is that the liver synthesizes and degrades heme continuously, whereas erythroid cells generate 
enormous amounts of heme that stay within the circulating erythrocytes for their life span of 
120 days. Hence, the basic principles of the regulation of heme synthesis in the liver and erythroid 
cells are conceptually totally divergent, but are extremely well tailored for the needs of the respective 
tissues. Compared to the developing red blood cells, the liver produces heme with much lower rates, 
but in quantities that satisfy the requirements for the synthesis of hemoproteins. This is achieved by 
two major factors: the rate-limiting nature of ALA-S1 and the fact that the production of this enzyme 
is feedback inhibited by heme. In contrast, as extensively discussed above, the synthesis of heme in 
erythroid cells is comparable to “breaking a dam.”      
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   1 Introduction 

 Iron is an essential component for all cells and higher eukaryotes due to its central role for oxygen 
transport, electron transport during mitochondrial respiration, in forming a prosthetic group for cen-
tral metabolic enzymes, and for the regulation of transcription via its role as the central component 
of ribonucleotide reductase  [  1–  3  ] . Moreover, iron catalyzes the formation of hydroxyl radicals, 
which then modulate the binding affi nity of critical transcription factors such as HIF-1 or NF- κ B and 
thus affect the gene expression during infl ammation  [  4  ] . Therefore, both iron overload and iron 
defi ciency exert subtle effects on essential metabolic pathways and on the growth, proliferation, and 
differentiation of organisms. The tight control of iron homeostasis is thus a pre-requisite to maintain 
a suffi cient supply of iron for essential metabolic pathways while avoiding the metals’ detrimental 
effects on tissue damage via radical formation. In addition, iron is centrally involved in the regula-
tion of cellular immune function, while on the other hand, it is an essential nutrient for invading 
microbes and tumor cells. Specifi cally, microorganisms have evoked multiple strategies to capture 
and ingest iron, which they need for proliferation, pathogenicity, and defense pathways including 
biofi lm formation  [  5  ] . The divergent pathways by which microorganisms can acquire iron have been 
recently reviewed  [  6,   7  ] . 

 While cells of the reticuloendothelial system (RES) play a key role in the control of body iron 
homeostasis by recycling iron and redistributing the metal to the circulation  [  8–  10  ] , the regulatory 
network between iron and immune function is of central importance for the pathophysiology and 
clinical course of diseases such as infections, cancer, or autoimmune disorders. The control over iron 
homeostasis under these circumstances is one of the most important determinants deciding about the 
fate of an infectious or malignant disease  [  11–  13  ] . 

 The close interaction between iron and immunity is underscored by observations that certain 
immunological proteins do alter cellular iron metabolism, as described for ß2-microglobulin, HFE, 
a non-classical MHC-I molecule linked to the majority of cases with human hemochromatosis, 
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tumor necrosis factor receptor (TNFR), or the natural resistance-associated macrophage protein    
1 (NRAMP1). Changes in immune function thus affect iron homeostasis and vice versa  [  14–  18  ] . 

 In being a central component for all proliferating cells, iron is also a central regulator of immune 
cell proliferation and function. Lymphocytes are central regulatory cells of specifi c immunity, which 
determine the functional activity of cells of the RES. Thus, a suffi cient capacity of these cells to 
proliferate and differentiate is a pre-requisite for normal immune function  [  19–  21  ] . Iron has turned 
out to be centrally involved in these processes, and thus, lymphocytes have evoked different mecha-
nisms to acquire iron even under conditions when iron availability is limited. All lymphocyte sub-
sets, which include B- and T-lymphocytes and natural killer (NK) cells, are dependent on transferrin/
transferrin receptor (TfR)-mediated iron uptake, while a blockade of this pathway leads to dimin-
ished proliferation and differentiation of these cells  [  22  ] . Accordingly, mitogenic stimuli, such as 
phytohemagglutinin, increase TfR surface expression on B and T cells  [  20  ] . However, the lympho-
cyte subsets differ in their dependence on transferrin-mediated iron uptake. Accordingly, the induc-
tion of experimental iron overload in rats resulted in a shift in the ratio between T-helper (CD4+) and 
T-suppressor/cytotoxic T cells (CD8+), with a relative expansion of the latter  [  13  ] . Moreover, even 
T-helper (Th) subset responds differently to iron perturbations  [  23  ] . It is well established that there 
are several subsets of CD4+ T-helper cell that exist in man, termed type 1 (Th1), Th2, Th17, and 
Treg, each of which produces a typical set of cytokines that regulate different immune effector func-
tions and that cross-react with each other. Th1-derived cytokines such as interferon (IFN)- or tumor 
necrosis factor (TNF)-ß activate macrophages, thus contributing to the formation of pro-infl amma-
tory cytokines, such as TNF-α, IL-1, or IL-6, and the induction of cytotoxic immune effector mecha-
nisms of macrophages including nitrogen and oxygen radical formation. By contrast, Th2 cells 
produce IL-4, IL-5, IL-9, and IL-13, which in part exert anti-infl ammatory actions via inhibition of 
various macrophage functions and which activate immune cells involved in allergic reactions (e.g., 
IgE-secreting B cells). In addition, CD4+ cells with immune-suppressive properties have been 
described, consisting of T-regulatory CD25 + CD4 +  cells (T 

REG
 ). Treg inhibit T-cell activation in a cell 

contact-dependent manner, whereas Th3 cells produce cytokines with immune-deactivating effects 
such as transforming growth factor (TGF-ß) or IL-10, respectively  [  24  ] . In contrast, Th17 cells are 
major determinants of pro-infl ammatory immune effector pathways, thus being centrally involved in 
many autoimmune diseases  [  25  ] . 

 While Th1 clones are very sensitive to treatment with anti-TfR antibodies, resulting in inhibition 
of their DNA synthesis, Th2 cells are resistant to this procedure. This is partly attributed to the fact 
that Th2 clones exhibit larger chelatable iron storage pools than Th1 cells. Thus, Th1-mediated 
immune effector pathways are much more sensitive to changes in iron homeostasis  in vivo   [  23  ] . The 
latter can partly be referred to a direct regulatory effect of iron on the activity of the central regula-
tory Th1 cytokine IFN-    γ   [  26  ] . 

 In contrast, circulating monocytes and tissue macrophages, being the central components of the 
RES, are differentiating cells and the major regulatory components of iron homeostasis and iron 
storage within the body.  

   2 Monocyte/Macrophage Iron Homeostasis 

 The body’s daily demands for iron are estimated between 20 and 30 mg of the metal  [  1,   27,   28  ] . 
While only 10% of this need is compensated by iron absorption from the duodenum, the majority of 
iron originates from monocytes/macrophages pointing to the essential role of these cells for the 
recycling of iron from senescent erythrocytes, iron redistribution to the circulation, and thus for the 
maintenance of body iron homeostasis. In addition, in being cells of the RES monocytes/
macrophages play important regulatory roles for iron homeostasis under infl ammatory conditions. 
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They are mainly responsible for a diversion of intercellular iron traffi c leading to iron retention in 
the RES and a limited availability of the metal for erythropoiesis, thus leading to the development of 
anemia of chronic disease, also termed as anemia of infl ammation  [  29–  31  ] . 

 Due to these multiple roles of iron homeostasis in health and disease, monocytes/macrophages 
have evoked multiple pathways to acquire, store, and recirculate iron (Fig.  11.1 )  [  32,   33  ] . While the 
“classical” mammalian iron uptake mechanism via transferrin/TfR-mediated endocytosis is the pre-
ferred pathway in lymphocytes and is also used in monocytes/macrophages  [  34  ] , in addition, the 
latter have the capacity to acquire the metal by different pathways, some of which are only found in 
these cells  [  35  ] .  

DMT1

PL

NRAMP1

HFE

Tf
DMT1

Df-Tf

TfR

Ferritin FerrR

Hb-Hp

CD163

HO-1

hepcidin

FPN1

DcytB

Heph

F
e

F
e

F
e

F
e

FLVCRGAS6

Mon1a

Cp

Hpx-heme

CD91

HRI

  Fig. 11.1    Pathways for iron acquisition and iron release in moncoytes/macrophages and their exogenous modulation. 
Monocytes/macrophages can acquire iron via transferrin ( Tf ), transferrin receptor ( TfR )-mediated endocytosis, directly 
via divalent metal transporter 1 ( DMT1 ), by uptake of iron-loaden lactoferrin ( Lf ) via lactoferrin receptors ( LfR ), after 
binding of hemoglobin–haptoglobin ( Hb–Hp ) complexes or free heme to the CD163 surface receptor, binding of 
hemopexin–heme ( hpx – heme ) complexes to CD91, both with subsequent endocytosis, respectively, and fi nally via 
erythrophagocytosis which requires previous surface binding of erythrocytes and subsequent erythrocytosis. 
Erythrophagocytosis appears to be positively affected by the growth-arrest-specifi c gene 6 ( Gas6 ) and heme-regulated 
eIF2alpha kinase ( HRI ), both of which are also produced and released by macrophages. Iron is recycled from 
erythrocytes and hemoglobin complexes following heme oxygenase-1 ( HO-1 )-mediated degradation of heme. 
However, heme may be directly released from degraded erythrocytes and then exported by the heme iron exporter, 
Vlfcr. In addition, the major iron secretory pathway from macrophages is controlled by the protein ferroportin ( FPN1 ). 
The expression and transport capacity of this protein is negatively controlled by the acute-phase peptide hepcidin 
(from exogenous, liver, and endogenous, macrophage/moncoyte, sources; indicated by arrows) and positively affected 
by ceruloplasmin ( CP ) and Mon1a. Finally, macrophages express ferritin receptors which may mediate the uptake or 
release of iron-loaded ferritin from these cells. Ferric iron ( gray ) is reduced on the cell surface by duodenal cyto-
chrome b oxidase ( DcytB ), while ferrous iron ( black ) is oxidized after ferroportin ( FP )-mediated iron export by the 
membrane-bound ferroxidase hephaestin ( Heph )       
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 Specifi cally, the divalent metal transporter (DMT1) is highly expressed on monocytes and 
macrophages. DMT1 has initially been identifi ed in rat duodenum where it pumps ferrous iron and 
other divalent metals by a hydrogen-coupled mechanism across the cell membrane  [  36  ] . DMT1 is 
also of importance for the transfer of iron from the endosome into the cytoplasm  [  37  ] , and mutations 
of this transporter are associated with the development of iron defi ciency anemia (for a review, see 
 [  38  ] ). DMT1 cooperates with a membrane-bound ferric reductase, termed DcytB, which reduces 
ferric to ferrous iron at the outer membrane which is a pre-requisite to be transported by DMT1 [  39  ] . 
Accordingly, human macrophages take up iron chelates with a higher effi cacy than diferric transfer-
rin by a temperature-dependent but pH-independent process  [  40,   41  ] . 

 Immune cells also express receptors for H-ferritin  [  42  ]  which may be involved in the iron turn-
over and exchange between lymphocytes, hepatocytes, and macrophages  [  43  ] . However, the exact 
functions as well as the regulation of ferritin receptor expression are still elusive. Nonetheless, a 
recent study identifi ed a novel receptor, Scara5, which mediates the endocytic uptake of ferritin into 
cells  [  44  ] . Opposite, monocytes and macrophages have been shown to act as the major source for 
serum ferritin  [  45  ] . Importantly, different cell types have contrasting preferences for L- or H-chain 
ferritin  [  46  ] . 

 The iron-binding protein, lactoferrin (Lf), is a member of the transferrin family and is able to 
capture iron while at the same time it exerts distinct effects on immune function by regulating the 
proliferation and activation of lymphocytes, NK cells, and monocytes  [  47  ] . Lf is taken up after bind-
ing to specifi c receptors, Lf receptors (LfR), which are found at the cell surface of macrophages. The 
Lf/LfR complex is internalized most likely via an endocytotic process  [  48  ] . Once taken up, Lf plays 
regulatory roles within macrophages by modulating on the one hand iron-mediated cytotoxic effec-
tor mechanisms against intracellular pathogens via the formation of hydroxyl radicals, while on the 
other hand, apo-Lf protects macrophages from membrane peroxidation  [  47  ] . Evidence for the exis-
tence of Lf recirculation in macrophages was provided by experiments, demonstrating that Lf is 
released from macrophages which have been incubated in Lf-free media  [  47  ] . 

 In addition, macrophages can acquire iron via phagocytosis of hemoglobin (Hb)–haptoglobin 
(Hp) complexes. The CD163 receptor is responsible for this endocytic process leading to removal of 
Hp–Hb complexes – but not of free Hp or Hb – from the circulation. CD163 is a member of the 
scavenger receptor cysteine-rich domain family. Interestingly, recent evidence also suggests that 
CD163 can take up hemoglobin even in the absence of Hp  [  49  ] . In addition, monocytes express 
CD91, the hemopexin receptor, which takes up heme captured by the heme-binding protein, 
hemopexin, resulting in induction of heme oxygenase-1 (HO-1) with subsequent iron accumulation 
in monocytes  [  50  ] . This receptor has been previously known as the low-density lipoprotein receptor-
related protein (LRP)/CD91. Accordingly, endosomal uptake of the heme–hemopexin receptor 
resulted in lysosomal degradation of hemopexin  [  50  ] . 

 Once iron enters the cells, it is either stored within ferritin, utilized upon incorporation into iron-
containing enzymes, or exported and transferred to the circulation. An estimate of 10–20% percent 
remains in the labile iron pool which is important for macrophage effector functions and the regula-
tion of cellular iron homeostasis  [  33,   51  ] . The latter is maintained at the posttranscriptional/transla-
tional level by interaction of cytoplasmic proteins, so-called iron regulatory proteins (IRP)-1 and 2, 
with RNA stem-loop structures, iron-responsive elements (IRE). IREs have been identifi ed within 
the 5   untranslated regions of the mRNAs coding for the central proteins for iron storage (H-chain 
and L-chain ferritin), iron consumption (erythroid aminolevulinic acid synthase, e-ALAS, the key 
enzyme in heme biosynthesis), and iron transport (ferroportin), while the mRNA coding for the 
major iron uptake protein, TfR, bears fi ve IREs within its 3   untranslated region (for a review, see  [  1, 
  52,   53  ] ). Iron defi ciency in cells stimulates the binding affi nity of IRPs to IREs, thus resulting in 
inhibition of ferritin and e-ALAS expression by blocking the formation of the translation initiation 
complex  [  54  ] . Conversely, binding of IRPs to the IREs within the 3   untranslated region of TfR 
mRNA increases the expression of this protein by prolonging TfR mRNA half-life and vice versa. 
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Apart from iron availability, the binding affi nities of IRPs are further regulated by NO, hydrogen 
peroxide, superoxide anion, and hypoxia, conditions and compounds which are found during infl am-
matory processes  [  55–  60  ] . 

 Importantly, macrophages/monocytes release iron, which is essential for iron recirculation from 
degraded erythrocytes. HFE is a non-classical MHC class I molecule which is ubiquitously expressed 
on cells  [  61  ]  and which has been found to be mutated in 80% of patients suffering from hereditary 
hemochromatosis  [  61–  63  ] . This mutation results in loss of HFE function by disrupting its interaction 
with ß2-microglobulin. Evidence for the importance of such a condition on iron homeostasis and 
immune function has been provided earlier by the observation that ß2-microglobulin knockout mice 
not only develop parenchymal iron overload but also lack CD8+ cells  [  64,   65  ] . HFE interacts with 
transferrin-mediated iron uptake by forming a stoichiometric complex with TfR which lowers the 
affi nity of TfR for iron-loaded transferrin, and thus, HFE affects cellular iron homeostasis  [  66–  69  ] . 
Interestingly, HFE also serves as a ligand for the gamma–delta T-cell receptor which may be of 
importance for enterocyte differentiation  [  70  ] . In addition, HFE blocks the iron release from mac-
rophages  [  71  ] , as transfection of macrophages from hemochromatosis patients carrying the C282Y 
mutation with wild-type HFE resulted in an increased iron content of these cells  [  72  ] . 

 The cellular mechanism underlying these observations may be traced back to modulation of iron 
release by ferroportin  [  71,   73  ] . Ferroportin (also called Ireg1 or SLC11A3) is a transmembrane iron 
exporter that is implicated in the basolateral transfer of ferrous iron to the circulation. Ferroportin is 
highly expressed in enterocytes, Kupffer cells, and spleen macrophages  [  74–  76  ] . Mutations of fer-
roportin lead to iron overload disorders  [  77  ] . After being transported by ferroportin, ferrous iron 
undergoes oxidation which is maintained by the membrane-bound ferroxidase hephaestin, and ferric 
iron released from cells is the incorporation into transferrin for subsequent transport within the cir-
culation  [  78  ] . Accordingly, monocytes from patients with hemochromatosis and from Hfe−/− mice 
have been found to be iron depleted  [  79,   80  ] . In addition, recent evidence demonstrates that mono-
cytes and macrophages from Hfe−/− mice produce high amounts of the siderophore-capturing pep-
tide lipocalin-2 (Lcn2), leading to macrophage/monocyte iron export  [  81  ] . As a consequence, such 
mice are protected from infection with the intracellular pathogen  Salmonella typhimurium  which has 
a high need for iron  [  81  ] .  

   3 Erythrophagocytosis 

 Likewise, the major pathway by which monocytes and macrophages acquire iron is via eryth-
rophagocytosis. After a mean half-life of 120 days, senescent erythrocytes express increased quanti-
ties of phosphatidylserine residues on their surfaces which are then recognized by macrophage/
monocyte surface receptors, leading to attachment of erythrocytes and subsequent phagocytosis. 
Macrophages have been shown to phagocytose about three times as many erythrocytes as monocytes 
 [  82,   83  ] . Within the macrophage phagolysosome, the erythrocytes are degraded utilizing heme 
which then undergoes further degradation, a step which is controlled by the enzyme HO-1. This 
reaction yields iron, biliverdin, and carbon monoxide. Iron can be then shifted into the cytoplasm 
and incorporated into iron proteins or stored within ferritin  [  82–  84  ] . 

 Erythrophagocytosis is the most effective iron recycling system in the body, and 90% of the iron 
needed for erythropoiesis originates from this pathway. As ferroportin is the only known transmem-
brane iron exporter, the effi cacy of iron recycling is linked to the expression of this protein  [  85  ] . 
Overexpression of ferroportin resulted in increased release and export of iron originating from 
phagocytosed erythrocytes  [  9  ] . Accordingly, ferroportin expression appears to be regulated by 
erythrophagocytosis. During early stages of erythrophagocytosis, an induction of HO-1 and ferro-
portin expression is observed which is associated with the release of heme into the cytoplasm  [  86  ] . 
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At later stages, ferroportin expression is reduced which was linked to iron export and reduction 
of the cytoplasmic iron pool  [  8  ] . This can be also due to several alternative pathways. First, increased 
systemic iron availability induces the expression of the master iron regulatory peptide hepcidin in the 
liver  [  87–  89  ] . Hepcidin is released into the circulation and binds on ferroportin when exposed on 
the cell surface which results in ferroportin internalization and ubiquitin-mediated degradation of 
this protein  [  90,   91  ] . This results in a blockage of iron export and monocyte/macrophage iron retention. 
Accordingly, exposure of macrophages to hepcidin reduced the recycling of iron following eryth-
rophagocytosis and signifi cantly decreased the release of non-heme iron from these cells  [  9,   92  ] .  
 In addition, both DMT1 and NRAMP1 (see below) are important for iron recycling from senescent 
erythrocytes by shuttling iron from the phagolysosome to the cytoplasm  [  10,   93  ] . 

 Monocytes and macrophages can also release heme via the surface receptor Flvcr (feline leuke-
mia virus subgroup C receptor)  [  94  ] . Flvcr appears to be essential for erythropoiesis. In addition, 
Flvcr is highly expressed in duodenum, the kidney, and also in mononuclear cells and CD34+ pro-
genitor cells. Macrophages, in which  Flvcr  had been deleted neonatally, did not differ from control 
macrophages in respect to their metabolic response to challenges with iron salts. However, when 
 Flvcr -defi cient cells were exposed to immunoglobulin-coated red blood cells, they presented with 
increased intracellular ferritin concentrations. This indicated fi rst, a role of the heme export protein 
 Flvcr  in erythrophagocytosis, and secondly that heme derived from senescent erythrocytes is not 
fully degraded within the macrophages. Thus, a certain amount of this molecule is directly released 
into the circulation via this heme export protein (Fig.  11.1 ). This could be an important salvage 
pathway in case of increased erythrocyte degradation as it may occur during hemolytic anemia, 
malaria, or toxic/infl ammatory erythrocyte damage, which exceeds the heme degradation capacity 
of macrophages. Alternatively, this mechanism could also prevent paralysis of the phagocytosis 
machinery and innate immune response by an overwhelming erythrophagocytosis and a subsequent 
drastic increase in intracellular iron concentration. However, heme released by macrophages will be 
captured by hemopexin in the circulation and redistributed to monocytes/macrophages which take 
up these complexes via the CD91 pathway. Nonetheless, this data provide evidence for another iron 
exit pathway from macrophages and monocytes which might be regulated by cytokines under infl am-
matory condition, thus contributing to macrophage iron retention, hypoferremia, and development 
of the anemia of chronic disease  [  29  ] . 

 Finally, ferroportin expression and thus monocyte iron traffi cking are controlled by additional 
pathways. First, the copper containing ferroxidase ceruloplasmin is not only responsible for the 
oxidation of ferrous iron but, in doing so, it stabilizes ferroportin  [  95  ] . Moreover, recent evidence 
suggests that a conserved gene, named  Mon1a , coding for a protein with 556 amino acid residues, is 
involved in the traffi cking of ferroportin within macrophages and thus in iron recycling from these 
cells  [  96  ] . Mice carrying a mutation in  Mon1a  present with increased spleen iron deposition, and 
accordingly, siRNA-mediated deletion of  Mon1a  resulted in decreased surface expression of ferro-
portin and macrophage iron retention. This may be referred to the importance of  Mon1a  in mem-
brane traffi cking. Accordingly, the expression of several cytokines, such as IL-6 and IL-12, was 
impaired in LPS-stimulated macrophages in which  Mon1a  expression had been reduced upon 
siRNA-mediated knockdown. This is of interest in respect to the putative mechanism underlying 
 Mon1a  action. Of note, two distinct splicing variants of ferroportin have recently been described 
which differ in their response to iron-mediated regulation  [  97  ] . Their tissue specifi c expression may 
thus impact on iron recirculation by monocytes/macrophages. 

 Finally, murine and human monocytes and macrophages produce considerable amounts of hepci-
din  [  98–  100  ] . In contrast to hepdicin expression in the liver, monocyte/macrophage hepcidin expres-
sion is not inducible by iron challenge at least in vitro. In contrast, hepcidin expression can by 
induced upon LPS stimulation which is referred to a TLR4-dependent mechanism  [  98  ]  and indepen-
dently from this by IL-6  [  100  ]  which results in induction of hepcidin transcription via STAT3-mediated 
activation  [  101–  103  ] . Importantly, monocyte/macrophage-derived hepcidin can regulate ferroportin 
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expression in an autocrine fashion, thus resulting in ferroportin internalization and blockage of iron 
export  [  100  ] . Thus, via modulating the expression of cytokine inducers of hepcidin formation in the 
RES, regulatory molecules, such as Mon1a, may compromise iron homeostasis of these cells  [  104  ] . 

 The hepcidin axis is also affected by the heme-regulated eIF2alpha kinase (HRI) [  105  ] . HRI pro-
tein is mainly produced in erythroid precursors and is also present in murine macrophages  [  106  ] . 
Hri−/− mice exhibited impaired macrophage maturation and a weaker anti-infl ammatory response 
with reduced cytokine production upon LPS challenge and thus a reduced production of hepcidin. In 
addition, macrophages from Hri−/− mice presented with an impairment of erythrophagocytosis, 
providing evidence for the role of HRI in recycling iron from senescent red blood cells  [  105  ] . 

 A similar regulatory potential has also been demonstrated for another molecule, growth-arrest-
specifi c gene 6 (Gas6), which is released by murine erythroblasts in response to erythropoietin treat-
ment and which enhances erythropoietin signaling toward target cells  [  107  ] . Moreover, Gas6 and its 
cognate receptors Tyro3, Axl, and Mertk are also expressed by macrophages, and macrophages from 
Gas6−/− have a reduced capacity for erythrophagocytosis. In addition, loss of Gas6 resulted in 
increased release of cytokines such as IL-6 or IL-1ß from macrophages  [  107  ] , cytokines which may 
also infl uence the expression of hepcidin, thus affecting monocyte iron homeostasis  [  41,   75,   108  ] . 
This provides another line of evidence that erythropoietic signals have a strong impact on the regula-
tion of body iron homeostasis independent of iron availability  [  109  ] . In addition to erythropoietin 
 [  110  ] , which downregulates hepcidin expression in the liver, and the putative role of Gas6, the 
growth differentiation factor-15 (GDF-15), a member of the TGF-ß superfamily which is induced 
upon erythroblast maturation, has recently been shown to inhibit hepcidin expression, thus contrib-
uting to iron overload in patients with thalassemia  [  111  ] . It is thus tempting to speculate that eryth-
rophagocytosis may also impact on endogenous macrophage/monocyte expression of hepcidin, 
thereby ensuring increased ferroportin surface exposure and an effi cient iron export and recircula-
tion. However, patients with ACD had no signifi cant differences in circulating GDF-15 levels as 
compared to controls or subjects with ACD and associated true iron defi ciency  [  112  ] .  

   4  Regulation of Macrophage/Monocyte Iron 
Metabolism During Infl ammation 

 Monocytes and macrophage are the conductors that orchestrate iron homeostasis in health and dis-
ease and which are at the interface between iron and immunity  [  11,   33,   113  ] . This is due to the fact 
that macrophages need iron to produce highly toxic hydroxyl radicals by the enzyme phagocyte 
oxidase (phox)  [  4,   114  ] , while at the same time, macrophages are major storage sites of iron under 
infl ammatory conditions. Cytokines and radicals produced by macrophages as well as acute-phase 
proteins originating from the liver affect macrophage iron homeostasis by modulating iron uptake 
and iron release by these cells, leading to increased iron retention within macrophages under infl am-
matory conditions  [  34,   41,   115–  119  ] . At the same time, iron modulates macrophage effector path-
ways by regulating cytokine activities, the induction of the antimicrobial machinery of macrophages, 
and indirectly via regulating lymphocyte proliferation and activities which then affect macrophage 
differentiation and activation  [  11,   21,   120–  122  ] . Since iron is an essential compound for microbial 
growth and proliferation, the control over iron homeostasis is a central factor in infection. Thus, it is 
not surprising that phagolysosomal proteins, such as NRAMP1, which are associated with resistance 
toward infections with intracellular pathogens, also act as iron transporters. NRAMP1 has been 
identifi ed as an innate immunity gene which was associated with resistance toward infections with 
intracellular pathogens such as  Leishmania ,  Salmonella , or  Mycobacteria  species  [  17,   18  ] . Ectopic 
expression of NRAMP1 in COS-1 cells modulated intracellular levels of chelatable iron but did not 
infl uence iron uptake which suggested that NRAMP1 may be rather involved in intracellular iron 
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traffi cking and mobilization of iron from intracellular vesicles  [  123,   124  ] . However, investigations 
of RAW264.7 macrophage cell line stably transfected with functional or non-functional NRAMP1 
demonstrated that macrophages lacking functional NRAMP1 exhibited a signifi cantly higher iron 
uptake via TfR and, as a consequence of this, an increased iron release mediated via increased fer-
roportin expression. Accordingly, as a net effect of the altered expression of iron transporters, the 
overall cellular iron content was lower in macrophages bearing functional NRAMP1  [  124  ] . The 
attractive hypothesis that NRAMP1 expression may confer resistance toward intracellular pathogens 
either by limiting the availability of iron to the microbes or by supplying iron for the formation of 
toxic radicals by the Haber–Weiss reaction is supported by recent fi ndings  [  125  ]  and by the observa-
tion of different immune gene expression patterns along with changes in intracellular iron distribu-
tion in cells knocked out for NRAMP1  [  126–  128  ] . Moreover, NRAMP1 is able to transport Mn(II), 
Zn(II), and Fe(II) most likely by a proton gradient-dependent mechanism; however, there is discrep-
ancy as to whether the direction of such a transport is from the cytoplasm to the phagosome or vice 
versa and if the underlying driving force is pH dependent  [  129,   130  ] . Interestingly, NRAMP1 expres-
sion appears to be regulated by iron perturbations, with increased NRAMP1 mRNA and protein 
levels being observed in macrophages loaded with iron  [  131  ] , which would suggest that NRAMP1 
and iron metabolism may regulate each other by a feedback loop. 

 Therefore, alterations in immune function affect iron homeostasis and vice versa  [  11,   14–  16  ] . 
 Under infl ammatory conditions, iron accumulation and retention by macrophages are controlled 

by cytokines and acute-phase proteins, which affect the different iron accumulation and release 
pathways of these cells. These immune regulators act at different stages, thus modulating the expres-
sion of critical iron genes at the transcriptional and post-transcriptional levels by IRE/IRP-dependent 
and independent pathways. 

 The cause-effective role of cytokines for systemic iron regulation was fi rst confi rmed by the 
observation of sustained hypoferremia in mice injected with TNF- α  or IL-1  [  132  ] . Hypoferremia 
was paralleled by hyperferritinemia which was traced back to transcriptional induction of ferritin 
expression by cytokines in cells of the RES  [  133,   134  ] . In addition, the pro-infl ammatory cytokines 
IL-1 and IL-6 regulate ferritin expression at the translational level by a mechanism being indepen-
dent from the IRP system, namely, via stimulation of a so-called acute-phase box which is located 
within the 5   untranslated region of ferritin mRNA  [  134  ] . However, only limited information was 
available on how the induction of ferritin synthesis may lead to hypoferremia and increased iron 
storage within monocytes/macrophages since these pro-infl ammatory cytokines downregulated TfR 
expression  [  11,   118  ] . One possibility was referred to stimulation of erythrophagocytosis by mac-
rophages since TNF- α  treatment stimulates phagocytosis of sialidase-treated erythrocytes due to 
enhanced expression of C3bi (CD11b/CD18) receptors. In addition, the enhanced formation of toxic 
radicals during infl ammatory processes will cause damage of erythrocyte membranes which makes 
them more susceptible for erythrophagocytosis. Accordingly, the application of sublethal dosages of 
TNF- α  to mice resulted in a shortening of erythrocyte half-life and a faster clearance of these cells 
from the circulation via erythrophagocytosis  [  135  ] . 

 Importantly, pro-infl ammatory stimuli can enhance the acquisition of non-transferrin-bound iron 
by macrophages. IFN- γ , LPS, or TNF- α  upregulate DMT1 expression and increase iron infl ux into 
activated macrophages  [  41  ]  (Table  11.1 )   .  

 The intriguing relationship between immunity and iron homeostasis went into a new dimension 
upon identifi cation of the acute-phase protein hepcidin  [  88,   89,   136–  138  ] . The observation that hep-
cidin defi cient mice injected with turpentine did not develop hypoferremia suggested that hepcidin 
may be involved in the pathogenesis of ACD  [  139,   140  ] . The underlying mechanisms appear to be 
the induction of hepcidin expression by LPS and IL-6 while TNF- α  blocks hepcidin expression by 
hepatocytes in vitro  [  136,   141  ] . The cause-effective role of IL-6 and hepcidin for the development 
of hypoferremia was confi rmed by experiments demonstrating that injection of IL-6 into volunteers 
resulted in increased hepcidin expression and induction of hypoferremia within 24 h. In addition, 
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IL-6 knockout mice which were treated with turpentine in order to induce an infl ammatory state did 
not develop hypoferremia  [  141  ] . Part of this may be referred to blockage of iron recirculation from 
macrophages thanks to the interaction of hepcidin with ferroportin with subsequent reduction of iron 
export from cells  [  90,   142,   143  ] . Accordingly, increased circulating hepcidin concentrations in 
serum of patients with ACD or a rat model of ACD were associated with decreased ferroportin 
expression along with reduced duodenal iron absorption and macrophage iron release  [  143  ] . 
However, the induction of hepcidin expression by cytokines is severely impaired in the presence of 
a concomitant iron defi ciency  [  143–  145  ]  pointing to different hierarchies of hepcidin expression by 
signaling cascades induced by either iron, infl ammation, hypoxia, or anemia  [  146  ] . 

 In addition, mammalian monocytes and macrophages produce small amounts of hepcidin in 
response to LPS or IL-6. While the basal expression is relatively low in comparison to the amount 
of hepcidin produced in the liver, microbial challenges such as group A streptococci and pseudomo-
nas aeruginosa can induce a 20–80 fold increase of hepcidin expression in these cells by a TLR4-
dependent pathway  [  98,   147  ] , while IL-6-mediated induction of hepcidin is mediated via STAT3 
activation  [  101–  103  ] . Interestingly, hepcidin released by macrophages targets ferroportin in an autocrine 

   Table 11.1    Pathways for the regulation of macrophage/monocyte iron homeostasis by cytokines, acute-phase proteins, 
and radicals on iron homeostasis (modifi ed from  [  116  ] )   

 Factors  Mechanisms 

 TNF- α   Induces ferritin transcription which promotes iron storage within cells of the RES 
 Shortage of erythrocyte half-life (TNF- α ) and stimulation of erythrophagocytosis 
 Inhibits hepcidin formation 

 IL-1  Stimulates ferritin transcription and translation, the latter by activating an “acute-phase box” 
within ferritin mRNA 

 IL-6  Induces ferritin transcription/translation (see above) 
 Stimulates hepcidin formation in monocytes/macrophages 
 Stimulates CD163 and increases the uptake of hemoglobin–haptoglobin complexes by 

macrophages 
 Induces heme oxygenase and heme degradation 

 IFN- γ /LPS  Stimulate DMT1 synthesis and increase uptake of ferrous iron into monocytes 
 Downregulate FPN-1 expression, which inhibits iron export from macrophages 
 Downregulate TfR via induction of a proximal inhibitory signal 
 Induce nitric oxide (NO) formation 

 IL-4, -10, -13  Increase TfR expression and transferrin-mediated iron uptake into infl ammatory macrophages 
 Stimulate ferritin translation by inactivating IRP and decreasing NO expression 
 IL-10 stimulates CD163 and increases the uptake of hemoglobin–haptoglobin complexes by 

macrophages 
 Il-10 stimulates heme oxygenase expression and heme degradation 

 NO  Stimulates IRP-1 binding affi nity, thus blocking ferritin translation and stabilizing TfR mRNA 
(feedback regulation with iron by affecting NO formation via modulating iNOS expression) 

 Modulates IRP-2 expresison and stability 
 Oxygen radicals  H 

2
 O 

2
  when applied extracellularly stimulates IRP-1 activity with blocking of ferritin translation 

and stabilizing TfR mRNA 
 Superoxide anion formed intracellularily inhibits IRP binding affi nity 

 Hepcidin  Formed upon stimulation of mice with LPS, IL-6, TGF-ß, and bone morphogenic proteins 
 Blocks iron export from macrophages 
 Inhibits duodenal iron absorption 
 Exerts autocrine regulation of macrophage iron export 

  α 1-AT  Limits iron uptake by erythroid progenitor cells by interfering with TfR 

   Abbreviations used :  IL  interleukin,  TNF  tumor necrosis factor,  IFN  interferon,  DMT1  divalent metal transproter-1, 
 FPN1  ferroportin,  NO  nitric oxide,  H  

 
2

 
  O  

 
2

 
  hydrogen peroxide,   α 1-AT  alpha-1 antitrypsin  
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fashion, thereby promoting macrophage/monocyte iron accumulation during infl ammatory processes 
 [  100  ] . This may be a fast-acting defense mechanism of the innate immune system against invading 
microbes  [  5,   12,   148  ] . Thereby, hepcidin targets ferroportin exposed on the cell surface, resulting in 
immediate blockage of iron release and thus to a reduced availability of the essential microbial nutri-
ent iron in the circulation  [  5,   12  ] . 

 However, effects of hepcidin on iron homeostasis appear to occur fast but only for a limited 
period of time. This has been confi rmed by the observation that injection of LPS resulted in induc-
tion of hepcidin and development of hypoferremia, which lasted for several hours. Thereafter, serum 
iron concentrations returned to normal or were even higher than at baseline  [  149  ] . Thus, to ensure a 
sustained modulation of iron homeostasis under infl ammatory conditions, a concerted action of dif-
ferent signals exerted by cytokines, acute-phase proteins, and hormones is mandatory  [  29  ] . 

 A central regulatory factor which ensures a sustained iron retention in monocytes/macrophages 
and a reduced expression of ferroportin during infl ammation is IFN- γ . 

 This Th1-derived cytokine IFN- γ  not only induces ferritin transcription but also affects ferritin 
translation, which is based on activation of IRP binding affi nity by the cytokine. This is in part due 
to stimulation of NO formation by IFN- γ   [  55,   56,   119  ]  which then activates IRP-1 binding to the 
ferritin IRE, leading to inhibition of ferritin translation  [  1,   119  ] . However, NO exerts divergent 
effects on IRP-2, leading to either stabilization or degradation of this protein  [  150–  152  ] . This may 
relate to contrasting effects of positively or negatively charged NO formulations and is determined 
by the iron status of the cells  [  153–  158  ] . In addition, NO can also modulate ferritin expression by an 
IRP-independent mechanism  [  159  ] . Moreover, radicals formed during infl ammatory processes such 
as hydrogen peroxide, superoxide anion, as well as hypoxia can modulate the binding affi nities of 
IRPs to target IREs  [  57,   59,   152  ] . Specifi cally, hydrogen peroxide activates IRP-1 by a rapidly 
inducible process involving kinase/phosphatase signal transduction pathways resulting in post-tran-
scriptional regulation of IRE-regulated target genes such as TfR and ferritin  [  1,   57,   160  ] . IFN- γ  
treatment of monocytes blocks the uptake of transferrin-bound iron via downregulation of TfR 
expression  [  11,   41,   118  ]  which is most likely being due to induction of a proximal inhibitory factor 
by IFN- γ  which inhibits TfR transcription. However, IFN- γ  induces DMT1 expression and acts syn-
ergistically with LPS in this respect. This leads to stimulation of ferrous iron uptake into these cells 
and promotes their incorporation into ferritin  [  41  ] . At the same time, IFN- γ /LPS induce iron reten-
tion in macrophages by downregulating the transcriptional expression of ferroportin, thus blocking 
iron release from these cells  [  41,   75  ]  which prolongs the blockage of ferroportin-mediated iron 
release initiated by monocyte/macrophage-derived hepcidin  [  100  ] . One might speculate that these 
two pathways act in a sequential line. Hepcidin mRNA expression in moncoytes/macrophages peaks 
3 h after cytokine/LPS stimulation and then returns to baseline levels  [  100  ] . Thus, hepcidin may be 
part of a fast-acting innate immune effector arm aimed to prevent iron export from macrophages 
which is of relevance in the setting of microbial invasion, thereby reducing circulating iron concen-
trations and the availability of this nutrient for pathogens  [  12,   161  ] . IFN- γ /LPS then block ferropor-
tin transcription, thus ensuring a prolonged blockage of iron export. 

 While anti-infl ammatory cytokines such as IL-4, IL-10, or IL-13 do not affect the suppression of 
ferroportin mRNA expression by IFN- γ /LPS  [  41  ] , treatment of murine macrophages with IL-4 and/
or IL-13 prior to stimulation with IFN- γ  suppresses NO formation and subsequently IRP activation 
which concomitantly enhances ferritin translation  [  162  ] . This has also been found to be true in 
human monocytic cells, THP-1, which do not express detectable amounts of iNOS  [  163  ] . Conversely, 
TfR mRNA levels increase following pre-treatment of IFN- γ -stimulated macrophages with the anti-
infl ammatory cytokines. This may be referred to IL-4/IL-13-mediated antagonization of the inhibi-
tory signal which is induced by IFN- γ  and which inhibits TfR expression by an IRP-independent 
pathway  [  162  ] . In addition, IL-10 and IL-6 may affect macrophage iron acquisition by stimulating 
the expression of hemoglobin scavenger receptor, CD163, thus promoting the uptake of hemoglo-
bin–haptoglobin complexes into monocytic cells  [  164  ] . 
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 The role of Th2-derived cytokines for the development of hyperferritinemia under chronic infl ammatory 
processes was confi rmed by a clinical study in patients with Crohn’s disease. Patients receiving 
therapy with human recombinant IL-10 as part of a placebo-controlled, double-blinded study devel-
oped a normocytic anemia which was preceded by a signifi cant increase in serum ferritin levels 
while reticulocyte counts were not affected as compared to placebo treated controls  [  163  ] . Both 
anemia and hyperferritinemia resolved spontaneously within 2–4 weeks after stopping IL-10 ther-
apy. Thus, Th2-derived cytokines may increase iron uptake via induction of TfR and CD163 but will 
also promote the iron storage within ferritin by activated macrophages. In addition, IL-10 stimulates 
HO-1 expression and activity, thus promoting iron re-utilization from phagocytosed erythrocytes, 
hemoglobin–haptoglobin complexes, and hemopexin-bound heme, respectively  [  165,   166  ] . 

 In summary, pro- and anti-infl ammatory cytokines and, most importantly, acute-phase proteins 
cooperate at multiple steps in increasing macrophage iron accumulation via stimulation of various 
iron acquisition pathways of these cells. At the same time, cytokines and hepcidin inhibit iron export 
from macrophages by downregulation of ferroportin expression, resulting in iron retention within 
cells of the RES and an iron-restricted erythropoiesis. 

 As a consequence of these processes, hypoferremia, hyperferritinema, and an iron-restricted anemia 
develop, termed as anemia of chronic disease (ACD) or anemia of infl ammation  [  29,   31,   167,   168  ] . The 
iron restriction to erythroid cells is further aggravated by the action of other acute-phase proteins, such 
as alpha-1 antitrypsin ( α 1-AT), which interferes with cellular iron homeostasis in erythroid progenitor 
cells by competitively blocking the binding of transferrin to TfR, thus reducing TfR-mediated iron 
uptake  [  169,   170  ] . This points to the additional pathophysiological factors playing a role for the devel-
opment of anemia of chronic disease, namely, a reduced differentiation and proliferation rate of eryth-
roid progenitor cells and an impaired biological activity of erythropoietin. These latter mechanisms 
relate to the negative effects of cytokines on erythropoietin formation and activity as well as to the 
induction of toxic or apoptotic pathways in erythroid progenitors by these immune modulators, which 
are further aggravated by the reduced availability of iron  [  29,   133,   142,   171–  173  ] . 

 Thus, under conditions of chronic immune activation, the described diversion of iron occurs, 
resulting in hypoferremia and hyperferritinemia, the main diagnostic hallmarks for the identifi cation 
of ACD  [  31,   168,   174,   175  ] . ACD is the most frequent anemia in hospitalized patients, occurring 
frequently in subjects suffering from chronic infl ammatory disorders, such as autoimmune diseases, 
chronic infections, or malignancies. 

 Although the development of anemia is associated with detrimental effects especially in relation 
to cardiac function, quality of life, growth, and mental development  [  176  ] , the underlying hypofer-
remia and the diversion of iron from the circulation may also harbor some potentially positive effects, 
especially when cancer or infections underlie chronic immune activation. 

 First, the withdrawal of iron from the circulation and its storage within the RES reduces the avail-
ability of this essential nutrient for microorganisms and tumor cells, which need the metal for their 
growth and proliferation. Thus, limitation of iron availability is a very effective defense strategy of 
the body to control the growth of pathogens  [  5,   12  ] . Moreover, the expression of iron uptake and 
acquisition systems of microbes or fungi has been linked to their pathogenicity  [  177,   178  ] . 
Accordingly, limitation of iron availability or blockade of iron uptake or recruiting pathways (sidero-
phore systems) affects microbe survival  [  6,   177,   179–  181  ] . In line with this, macrophages chal-
lenged with bacterial pathogens produce and secrete the protein lipocalin-2 which sequesters 
iron-loaded bacterial siderophores thus limiting their growth  [  81,   182–  184  ] . Lipocalin-2 (Lcn2, 
24p3) captures iron-laden microbial siderophores, thus interfering with the acquisition of sidero-
phore-bound iron by bacteria  [  182  ] . Moreover, Lcn2 delivers siderophore-bound iron to mammalian 
cells, which are able to import the complex via lipocalin-2 receptor (LcnR, 24p3R)  [  185  ] . Most 
interestingly, recent data provide evidence for the existence of mammalian siderophores which are 
captured by lipocalin-2, thus indicating that lipocalin-2 may be involved in transcellular and trans-
membrane iron traffi cking in mammals  [  186,   187  ] . 
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 Nonetheless, macrophages challenged with intracellular pathogens, such as  Salmonella  or 
 Mycobacteria  spp., induce regulatory pathways to limit the availability of iron for these pathogens, 
which can in part refer to modulation of iron transport by NRAMP1 or ferroportin  [  123,   125,   181, 
  188  ] . Mutations in NRAMP1 have been associated with a reduction of IFN- γ -triggered immune 
effector pathways such as release of nitrate from macrophages, a mechanism being indicative for 
endogenous NO formation  [  189  ] , while overexpression of wild type but not mutant FPN1 reduces 
the intracellular growth of  S. typhimurium  in J774 macrophages  [  190  ] , as modulation of ferroportin 
expression can also control the growth of other bacteria  [  161,   191  ] . 

 Accordingly, the development of anemia limits the oxygen transport capacity in general, but rap-
idly proliferating tissues are more affected since oxygen is an essential compound for energy metab-
olism and thus for the proliferation of cells. 

 Third, the reduction of circulating iron strengthens the immune response directed against invad-
ing pathogens and tumor cells by stimulating Th1-mediated immune effector pathways of mac-
rophages and by affecting the differentiation of lymphocyte  [  192  ] . 

 Specifi cally, iron loading of monocytes/macrophages results in an inhibition of IFN- γ -mediated 
pathways such as formation of TNF- α , reduced expression of MHC class II antigens and ICAM-1, 
decreased formation of neopterin, and impaired tryptophan degradation via IFN- γ -mediated induc-
tion of indoleamine 2,3-dioxygenase  [  26,   115,   122  ] . As a consequence of this, iron-loaded mac-
rophages have an impaired potential to kill various bacteria, parasites, and fungi (such as  Legionella , 
 Listeria ,  Ehrlichia, Mycobacteria,  Salmonella, Leishamania, Plasmodia,  Candida ,  Mucor , and also 
viruses,  in vitro  and  in vivo)  by IFN- γ -mediated pathways  [  11,   179,   193–  195  ] . Part of this can be 
attributed to the reduced formation of NO in the presence of iron since NO is an essential effector 
molecule of macrophages to fi ght infectious pathogens and tumor cells  [  196  ] . Iron blocks the tran-
scription of inducible NO synthase (iNOS or NOSII), the enzyme being responsible for cytokine-
inducible high-output formation of NO by hepatocytes or macrophages  [  197  ] , and by inhibiting the 
binding affi nity of the transcription factors NF-IL6 and of hypoxia-inducible factor-1 to the iNOS 
promoter, iron impairs iNOS inducibility by cytokines  [  120,   198,   199  ] . According to the regulatory 
feedback loop, NO produced by activated macrophages activates the IRE-binding function of IRP-1, 
leading to inhibition of ferritin translation  [  55,   56  ] , thus linking maintenance of iron homeostasis to 
NO formation for host defense. In line with this, recent data provided evidence that injection of 
hepcidin into mice increased their survival following endotoxin injection which was paralleled by 
reduced formation of cytokines such as TNF- α  or IL-6 [  200  ] . According to the known interaction of 
iron with pro-infl ammatory immune effector pathways  [  11,   33,   122,   193,   201  ] , one may speculate 
that this interesting observation may be due to hepcidin-mediated macrophage iron retention with 
subsequent inhibition of this pro-infl ammatory immune effector pathways. 

 Via its deactivating effect toward IFN- γ  function, iron also affects the Th1/Th2 balance, with Th1 
effector functions being weakened while Th2-mediated cytokine production, such as IL-4 activity, is 
increased, a condition which is a rather unfavorable in case of a tumor disease or an infection  [  193, 
  202  ] . Iron overload also has negative effects on neutrophil function as iron therapy of chronic hemo-
dialysis patients impaired the potential of neutrophils to kill bacteria and reduced their capacity to 
phagocyte foreign particles  [  203  ] . 

 Thus, both iron overload and iron defi ciency have unfavorable immunological effects in vivo. 
Accordingly, mice kept on an iron-rich diet presented with a reduced production of IFN-  γ  as com-
pared to mice fed with a normal diet, while animals receiving an iron-defi cient diet presented with 
a decreased T-cell proliferation  [  204  ] . Both iron-overloaded and iron-defi cient mice had an 
increased mortality when receiving a sublethal dose of LPS as compared to animals with a normal 
iron status. While a minimum amount of iron is required for the generation of toxic oxygen species 
by phox  [  205  ] , macrophage iron overload inhibits the transcription of iNOS and thus the generation 
of NO  [  120,   199  ] , the formation of TNF- α , and antigen presentation via MHC II  [  115,   122  ] , as 
discussed above. 
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 Thus, investigations of the net effects of disturbances of iron homeostasis on immune function 
and the course of disease being associated with an activated immune system such as infections, 
autoimmune disorders, or cancer are of great clinical interest. 

 Several studies investigated the effects of iron homeostasis on the course or incidence of infec-
tions  [  12  ] . Interestingly, in one study, iron-defi cient children had a reduced incidence of infection as 
compared to children with a balanced iron status  [  12,   33  ] . Accordingly, iron defi ciency was associ-
ated with a higher percentage of CD8+ cells producing IL-6, a more pronounced expression of T-cell 
activation markers on lymphocytes, and an increased formation of IFN- γ  as compared to Malawian 
children with a normal iron status  [  33  ] . In line with this, oral iron supplementation in children was 
associated with an increased incidence of malaria in endemic areas and increased odds for a compli-
cated clinical course of the infection  [  206  ] . Moreover, children suffering from cerebral malaria due 
to  Plasmodium falciparum  infection, and receiving iron chelator therapy, desferrioxamine, in addi-
tion to a standard antimalarial treatment, presented with an improved clinical course as refl ected by 
a shorter duration of coma and fever and an increased clearance of  Plasmodia  from the circulation 
 [  207  ] . Children receiving desferrioxamine had higher levels of Th1 cytokines and NO, while serum 
concentration of Th2 cytokines (IL-4) tended to be lower  [  203,   208  ]  which indicated that withdrawal 
of iron increases Th1-mediated immune function also in vivo  [  194  ] . However, no survival benefi t 
was obtained which may be referred to the poor intracellular penetration of the drug  [  209  ] . 

 In Africa, an endemic form of secondary iron overload traced back to the consumption of tradi-
tional iron-containing beer linked to a mutation in the ferroportin gene  [  210  ]  is associated with an 
increased incidence and mortality from tuberculosis  [  211  ] . These data are supported by in vitro fi nd-
ings showing that changes in intramacrophage iron availability stimulate the proliferation of myco-
bacteria and weaken antimycobacterial defense mechanisms of macrophages  [  188,   212,   213  ] . 

 Other infections ranging from bacterial, viral, fungal to parasitic disease where iron overload is 
associated with a unfavorable course of the infection and/or an impaired immune response have been 
well summarized in an excellent review  [  12  ] . 

 Subsequent studies of macrophage/monocyte iron metabolism under iron-defi cient/overload and 
infl ammatory conditions will further extend our knowledge of body iron homeostasis, the impact of 
erythroid factors on iron recruitment and recirculation, and toward the regulatory pathways in host–
pathogen interactions. This may hold the key for future therapeutic developments for the treatment 
of iron metabolism diseases as well as for anemia of chronic disease. Notably, monocyte/macrophage 
iron retention seen in infl ammation can most effectively be overcome by correcting the underlying 
disease. However, being aware of the multiple pathways and regulatory factors which control iron 
homeostasis during infl ammation, it is questionable whether modifi cation of one single pathway, 
e.g., antagonizing of the hepcidin/ferroportin interaction, may have a signifi cant therapeutic effect 
and whether or not this will improve iron recirculation from macrophages. In addition, we have to 
acquire new information on adaptive changes of iron homeostasis during therapeutic procedures 
(e.g., iron supplementation therapy) as well as on the consequences of such interventions on the 
course of the underlying disease, both of which will be helpful and necessary to optimize therapeutic 
approaches for correction of disturbances in body iron homeostasis during infl ammation.      
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   1 General Introduction 

   Whatever concerns health is of real public interest. I take advantage of this to make my address less arduous 
for you. I shall moreover use the opportunity to show you the practical value of pure research. 

 Ilya Metchnikoff. Nobel lecture, 1908   

 Metchnikoff shared the Nobel Prize with Paul Ehrlich ‘in recognition of their work in Immunity’. 
The concept of immunity had preceded by just over 100 years  [  1  ] , the dim beginning of the realiza-
tion that some cells could respond to the challenge by foreign bodies clustering round them and 
phagocytosing them. Macrophages and Ilya Metchnikoff can thus be viewed as pioneers of what we 
know today to be the immune system. In general, Nobel Prizes in Physiology and Medicine have 
distinguished immunologists for ‘the practical value of pure research’, particularly in infection. This 
chapter will not go against that tradition. Several recent pieces of work, however, point to the fact 
that the immune system cells are equipped with iron proteins that may have regulatory functions of 
iron metabolism. The practical value to immunity of such novel functions cannot be disputed. But in 
a chapter of a book prepared at the beginning of a new century, their possible physiological signifi -
cance should not be ignored. 

 Microbes have been shown to be able to leach metals in the inorganic environment  [  2  ] . But it was 
the use of iron by microorganisms that led to the notion that this metal could stand importantly at the 
frontier between the defenses of living hosts against invading pathogens. With the realization that 
iron actually existed within red blood cells, those same cells fi rst acknowledged by Metchnikoff of 
importance to immunity became of growing importance to the understanding of iron recycling in 
vivo. Macrophages were therefore the fi rst immune system cell to be known to participate in iron 
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metabolism. The novelty in the fi rst decade of the twenty-fi rst century is that all cells of the immune 
system including lymphocytes may contribute to iron homeostasis. The realization that the full 
extent of existing subpopulations of macrophages and of lymphocytes is far from complete leads to 
the conclusion of this chapter with the review of recent work showing how some such subpopula-
tions may behave differently in iron sequestration or release  [  3  ]  and have different expression in iron 
overload  [  4  ] . 

 In this chapter, we procure to update data showing the effects of iron in immunity. In addition, 
recent evidence pointing to a reciprocal role of cells of the immune system in iron homeostasis is 
reviewed. The reader may fi nd additional relevant references in recent reviews of the topic  [  5  ] .  

   2 Iron and Innate Immunity: Defending Host Resources 

   2.1 Introduction 

 Organisms protect themselves against potentially harmful infection. The network of molecules, cells 
and organs that perform this defensive and self-preservation function is the immune system. 
Traditionally the human immune system is divided into two parts, the innate and the adaptive. In the 
former, pathogens are detected by pattern recognition receptors that bind to structurally conserved 
components of microbes, and this detection is followed by transcription of genes encoding cytokines 
that activate other downstream immune mechanisms (including the adaptive immune system). 
Microbes are killed by the innate system through a variety of methods, for example the complement 
cascade or following phagocytosis by macrophages. As well as actively destroying pathogens, the 
innate immune system also denies microbes access to vital host resources and nutrients, including 
iron. By slowing the growth of invasive organisms, the host gives itself time to mount a specifi c 
sterilizing attack – this aspect of the immune response has been termed ‘nutritional immunity’  [  6  ] . 
In turn, many pathogens have developed ways of circumventing the host’s attempts to withhold iron, 
in order to ensure their supply. Many virulence genes of pathogens have roles in directly obtaining 
iron or in manipulating host iron transport, refl ecting the requirement for iron to maximize microbial 
growth and spread. The fi ght for a crucial nutrient lies at the heart of immunity  [  7,   8  ] . The molecular 
mechanisms of how the host defends its iron resources against pathogenic acquisition, and how the 
pathogen strikes back, are the subject of the three sections below.  

   2.2 Iron and Infectious Disease 

 Iron is utilized in fundamental physiological functions. Iron heme binds oxygen, and iron-sulfur complexes 
embedded in proteins perform various roles including electron transport and ATP generation. DNA 
synthesis is also iron-dependent  [  9–  11  ] . Some bacteria have evolved to use iron in the majority of 
their proteins and depend upon iron as an energy source  [  12  ] . Only two types of organisms are known 
to science that do not need iron at all –  Borrelia burgdorferi  and Lactobacilli, both of which appear to 
utilize manganese instead  [  13,   14  ] . These exceptions aside, all life forms have a basic requirement for 
iron to live, thrive and reproduce. Moreover, excess iron is toxic, because of its capacity to catalyze 
the generation of free radicals. It is probably for these reasons that an increased iron status is generally 
associated with a poor prognosis in the setting of infection, and current indications suggest high iron 
predisposes to an unfavorable outcome in some of the world’s most common infections: malaria  [  15, 
  16  ] , HIV-1  [  17,   18  ] , tuberculosis  [  19  ]  and Hepatitis C virus  [  20,   21  ] . 
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 During infection, a pathogen must obtain iron from its host or its spread will be stifl ed. One 
might expect therefore that specifi c mechanisms exist to alter host iron transport consequential to 
pathogen recognition, and that due to the selection pressure for iron acquisition, pathogens have 
developed methods to manipulate host iron transport for their own benefi t. These topics will be 
considered below.  

   2.3 Mechanisms of Host Sequestration of Iron: Lipocalin-2 and Hepcidin 

 Iron is carried around the circulation by the serum protein transferrin, each molecule of which can 
bind two atoms of iron. However, it is noteworthy that transferrin was discovered not only as an 
iron-binding protein but also as a bacteriostatic component of human plasma – transferrin was able 
to halt the growth of the iron-requiring  Shigella dysenteriae   [  22  ] . This seminal paper published in 
1946 emphasizes the fundamental intermeshing of iron transport and defense against pathogens. To 
focus on more recent discoveries regarding iron sequestration as part of an innate immune response, 
the role of the host protein lipocalin-2 in protecting against bacterial iron acquisition will now be 
discussed. Iron-carrying siderophores (from the Greek sideros (iron) and phoros (bearing)) are 
small molecules produced by bacteria whose function is to scavenge iron from their surroundings; 
during infection, this means from their host. One of the best-studied types of siderophore is the 
catechol-type enterobactin/enterochelin, made by several types of gram-negative bacteria  [  23,   24  ]  
(Fig.  12.1a ).  E. coli  enterobactin has a molecular weight of 669, which exceeds the size-exclusion 
limit for diffusion across the outer membrane of gram-negative bacteria  [  25  ] . Active transport 
mechanisms therefore exist both to export newly synthesized apo-siderophores and to capture iron-
binding enterobactin. The bacterial FepA protein specifi cally transports Fe-enterobactin for deliv-
ery of the metal into the bacterial cytosol  [  26  ] . Because of the tremendous affi nity of enterobactin 
for ferric ions, this system facilitates bacterial iron uptake. However, it has been long known that 
enterobactin is inactive as an iron delivery system in human serum. A human protein, named lipoc-
alin-2 (alternative names are 24p3, siderocalin, NGAL, uterocalin) has been found to bind to 
Fe-enterobactin with an affi nity of 0.11 nM, higher than the affi nity of FepA for Fe-enterobactin 
 [  27  ]  (Fig.  12.1b ). In this way, lipocalin-2 inhibits the enterobactin-mediated pathway of iron acqui-
sition by  E. coli . Further studies have shown that lipocalin-2 can bind other microbial siderophores 
such as bacillibactin and carboxymycobactin  [  28  ] . Lipocalin-2 is an acute-phase protein, and its 
expression can be stimulated through the host’s pattern-recognition receptor Toll-like receptor-4 
(TLR4)  [  29  ] . The natural ligand for TLR4 is the ubiquitous bacterial component of gram-negative 
outer membranes, lipopolysaccharide (LPS). Therefore, the presence of bacteria that use enter-
obactin is detected because of their obligate co-expression of LPS, and the LPS/TLR4 interaction 
leads to sequestering of enterobactin through the synthesis of lipocalin-2. The importance of lipoc-
alin-2 in controlling bacterial infections has been revealed using knock-out mice  [  29  ] . Lipocalin-2-
deleted mice were susceptible to infection with an enterobactin-utilizing strain of  E. coli  whereas 
the wild-type were able to control the infection. In vitro growth of the same bacterial strain is inhib-
ited by addition to the growth media of lipocalin-2, but this inhibition is counteracted by exogenous 
equimolar enterobactin. Furthermore, lack of virulence of the enterobactin-utilizing strain of  E. 
coli  in wild-type mice could be overcome by co-inoculating the bacteria with ferrichrome, a differ-
ent siderophore that is not bound by lipocalin-2 but can deliver iron to  E.  coli  [  29  ] . Interestingly, a 
vertebrate lipocalin-2 receptor 24p3 has been identifi ed that allows for import into mammalian 
cells of the iron bound to a bacterial siderophore, removing both the iron and enterobactin from the 
circulation  [  30  ] . Overall, the data suggest that although some strains of bacteria use enterobactin to 
acquire iron from mammalian hosts, the innate immune response effectively counteracts this 
through lipocalin-2.  
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 However, this is not the end of the story, and some pathogens have responded by redesigning their 
siderophores (Fig.  12.1a, b ) to evade lipocalin-2 sequestration. Salmonella use siderophores known 
as salmochelins  [  31,   32  ] , which are similar to enterobactin but are modifi ed by glucosylation – this 
alteration increases solubility and stability  [  33,   34  ] . In addition, salmochelins are not bound by 
lipocalin-2 which means salmochelin-synthesizing pathogens escape the mechanisms that restrict 
the growth of enterobactin-secreting bacteria  [  35  ] . However, the glucosylated siderophores also do 
not bind the bacterial enterobactin importer FepA, meaning an alternative transport system is 
required for importing salmochelin. In  Salmonella , the iron-regulated  iroA  gene cluster encodes this 
machinery  [  36  ] , along with the enzymes to glucosylate enterobactin. IroB adds glucoses to enter-
obactin; IroE may linearize the glucosylated siderophore, which is secreted via IroC. IroN then 
captures and imports iron-bound siderophore through the outer membrane, and IroD releases iron 

  Fig. 12.1    Interactions between microorganisms, the host and iron. ( a ) Macrophages ingest senescent red blood cells 
and liberate iron from heme, and this iron can be exported back into serum via ferroportin. Iron in serum is a target for 
scavenging by bacteria – some organisms use the siderophore enterobactin, others may use related but chemically 
distinct siderophores such as salmochelin. FepA and IroN act as receptors to mediate specifi c capture of iron-bound 
siderophores to supply the pathogens with iron, facilitating microbial growth and spread. ( b ) Bacterial components are 
recognized by host molecules and help initiate anti-microbial responses. In the example shown, bacterial lipopolysac-
charide ( LPS ) is bound by the host protein Toll-like receptor 4 ( TLR4 ). Innate immune signaling downstream of this 
recognition event leads to the increased synthesis of lipocalin-2 ( LCN-2 ). The bacterial siderophore enterobactin is 
sequestered by LCN-2, preventing the pathogen from accessing its vital nutrient iron. LCN2-bound to siderophore can 
be taken up into host cells via 24p3 (not shown). However, some siderophores, for example salmochelin, evade LCN-2 
binding and so maintain a supply of iron to the pathogen. ( c ) LPS recognition also leads to the synthesis of hepcidin 
by both macrophages and liver hepatocytes through the synthesis and action of interleukin-6 ( IL6 ). Hepcidin inhibits 
ferroportin, locking iron in macrophages and reducing serum iron availability. This strategy may deny iron to patho-
gens that successfully escape LCN-2 restriction. However, it follows that in such circumstances, more iron is present 
in macrophages, and many types of bacteria are able to successfully colonize this cell type, perhaps utilizing the 
expanded iron reservoir within       
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from the siderophore once it is in the cytoplasm  [  34,   37  ] . The  iroA  gene cluster is not restricted to 
 Salmonella , but is found in a variety of gram-negative bacteria, including the pathogenic varieties of 
 E. coli.  Fischbasch et al. have found that evasion of lipocalin-2 due to the operation of the  iroA  gene 
cluster explains the increased virulence of bacterial strains making glusosylated siderophores  [  35  ] . 
Other bacteria also make siderophores that evade lipocalin-2, but use different strategies – for 
instance  Bacillus anthrax  synthesizes the non-lipocalin-2-binding siderophore petrobactin  [  38  ] . It 
may be that evasion of lipocalin-2 is a necessary step for a bacterial species that is otherwise com-
mensal, to become virulent and pathogenic. 

 Lipocalin-2, although clearly involved in host defense against bacteria, has not been implicated 
in modulating host iron transport under normal conditions, although such a role could be possible if 
a mammalian siderophore could be defi nitively identifi ed. Instead, mammalian iron homeostasis is 
maintained by the iron regulatory hormone hepcidin  [  39  ]  (see Chap.   9    ), and evidence is accumulat-
ing that hepcidin is also involved in the innate immune response to infection (Fig.  12.1c ). Hepcidin 
has some sequence and structural resemblance to the microbicidal beta-defensins, although at pres-
ent it appears that hepcidin has comparatively weak anti-microbial activity  [  40–  42  ] . Hepcidin inhib-
its iron export by binding and causing the degradation of ferroportin  [  43  ] , in so doing restricting 
dietary iron absorption through enterocytes and blocking iron recycling from macrophages follow-
ing erythrophagocytosis  [  44  ] . Abrogation of the ferroportin-hepcidin interaction, which occurs with 
hepcidin-resistant ferroportin mutants such as C326Y, leads to severe systemic iron overload in 
humans  [  45  ] . This fi nding, along with studies of hepcidin and ferroportin deletion in mice  [  46,   47  ] , 
shows that despite the vital importance of iron to physiology, and the necessity of maintaining 
homeostasis to preserve health, there is a surprising lack of redundancy in the systems tasked with 
keeping iron in balance. Why should this be? One advantage of such an iron transport ‘bottleneck’ 
through ferroportin that is inhibited by only one ‘cork’ (hepcidin) may be that it allows rapid modu-
lation of serum iron levels. Indeed, infusion of hepcidin can drastically lower serum iron. A 50- μ g 
injection of synthetic hepcidin was enough to reduce serum iron by up to 80% within 1 h  [  48  ] . Such 
a rapid change cannot be accounted for by altering iron absorption, and most likely occurs by lock-
ing iron in macrophages through the inhibition of ferroportin. Indeed, injected radiolabelled hepci-
din accumulates in ferroportin-rich organs. 

 A rapid induction of hepcidin expression caused by physiological stimuli could be expected to 
have similarly potent effects on the geography of iron distribution. As noted above, some bacteria 
secrete siderophores that obtain iron from their host and avoid the innate immune response strategy 
of lipocalin-2 secretion. Removing iron from the circulation and locking it in macrophages may be 
a potent way of denying iron to these pathogens. Several studies have linked hepcidin synthesis to 
stimulation of the innate immune response by pathogen recognition. Nemeth et al. showed that hep-
cidin expression during infl ammation induced by bacterial LPS is similar to that of an acute phase 
protein  [  49  ] . The pro-infl ammatory cytokine interleukin-6 switches on hepcidin expression through 
the action of the STAT3 transcription factor  [  50  ] . IL6 synthesis in turn follows the binding of LPS to 
TLR4 and the translocation into the nucleus of the transcription factor NF- κ B  [  51  ] . LPS and TLR4 
ligation lead to increased hepcidin expression in both hepatocytes and myeloid cells such as mono-
cytes and neutrophils, and increased serum hepcidin in humans  [  52–  54  ]  .  Thus, the detection of LPS 
initiates the synthesis of host proteins lipocalin-2 (Fig.  12.1b ), which prevents bacterial iron acquisi-
tion by enterochelin, and hepcidin, which removes iron from extracellular fl uids. LPS is not the only 
TLR agonist that can lead to mammalian hepcidin synthesis – there are indications of other bacterial 
components such as acylated lipopeptides and fl agellin switch on hepcidin too, implicating TLR1, 
2, 5 and 6  [  55,   56  ] . In fi sh, hepcidin synthesis can also be a consequence of exposure to viral nucleic 
acids  [  57,   58  ] . The activation of hepcidin by bacteria can lead to the anemia of infection, for instance 
following the administration of heat-killed  Brucella abortus  into mice  [  59  ] . In this model, the ane-
mia is not responsive to stimulation of erythropoiesis, probably because hepcidin diverts iron away 
from the bone marrow, reducing its availability for hemoglobin synthesis. Sasu et al. found that 
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suppressing hepcidin’s activity using anti-hepcidin neutralizing antibodies allowed the successful 
treatment of bacteria-induced anemia using erythropoiesis-stimulating agents  [  59  ] . 

 These results are particularly interesting given some recent data suggesting that hepcidin induc-
tion may contribute to the anemia of malaria  [  55,   60–  63  ] . Four species of the protozoan parasite 
 Plasmodium  cause signifi cant human infection, with most fatalities caused by  P. falciparum -associ-
ated malaria. Following an infected mosquito bite,  Plasmodium  sporozoites home to the liver, where 
they infect hepatocytes and proliferate extensively. Merozoites are then released into blood, where 
they infect erythrocytes and replicate further. Development of the erythrocyte stage of  Plasmodium  
infection is associated with anemia, which is a major contributor to the morbidity of malaria  [  64, 
  65  ] . There are several causes of malarial anemia, including parasite-induced hemolysis, increased 
uptake of infected and uninfected red cells by macrophages and dyserythropoiesis  [  65  ] . An inability 
to make new red cells could be caused by increased hepcidin synthesis, as appears to be the case in 
the  Brucella abortus  model of anemia described above. Consistent with this idea, three reports have 
found increased hepcidin during natural infections  [  60,   61,   63  ] , and one study of experimental infec-
tion of humans also described an increase in serum hepcidin that correlated with anemia  [  62  ] . 
Furthermore, parasitized red blood cells were found to induce hepcidin mRNA expression in co-
cultured human leukocytes  [  55  ] . If hepcidin induction is shown to have an important role in the 
pathogenesis of malarial anemia, the development and use of hepcidin antagonists may allow for 
better treatment of this important disease. Whether the induction of hepcidin following pathogen 
recognition can control infections has not been determined. It may be that hepcidin and other innate 
immune defenses such as lipocalin-2 act in concert, so the importance of hepcidin may only be 
revealed by the use of appropriate multi-knock-out or conditional knock-out mice. It is also not clear 
whether hepcidin made in the liver or by extra-hepatic sources is likely to be more important during 
the response to infection. The liver is constantly exposed to bacterial components including LPS 
derived from the gut fl ora and delivered via the hepatic portal vein. However, the liver is not in a state 
of constant infl ammation, and is believed to be ‘LPS tolerant’ compared to other cells of the innate 
immune response, for example extra-hepatic macrophages  [  66  ] . Therefore, although hepatic hepci-
din synthesis is undoubtedly crucial in maintaining iron balance, it may be that hepcidin derived 
from other cell types (monocytes or lymphocytes) contributes to the nutrient deprivation response to 
infection, particularly at local foci of infection. 

 Much of the above work has centered on the response to iron acquiring infectious bacterial and 
eukaryotic pathogens. However, it has become apparent that iron transport is also important in the 
context of viral infections, as discussed below.  

   2.4 Viral Manipulation of Iron Metabolism: The Pathogen Strikes Back 

 Viruses annex the ability of cells to synthesize macromolecules, and utilize this machinery to 
mass-produce themselves. Cellular factories reprogrammed to actively replicate viruses need raw 
materials to carry out their new assignment. The generation of ATP, of DNA and of proteins all 
require iron; many highly conserved enzymes with fundamental roles in cellular physiology are 
iron-dependent. Depriving infected cells of bioavailable iron, or interrupting crucial iron-dependent 
processes, can halt viral replication (reviewed in  [  18  ] ). Iron chelators can inhibit the in vitro growth 
of Hepatitis B virus (HBV), human cytomegalovirus (HCMV), herpes simplex virus 1, vaccinia 
virus and human immunodefi ciency virus 1 (HIV-1)  [  67–  75  ] . The life-style of the particular virus 
determines susceptibility to different types of drug. A recent study on the effi cacy of the iron chela-
tor deferiprone and anti-fungal agent ciclopirox illustrates this point  [  76  ] . Hoque et al. found that 
both drugs inhibited HIV-1 replication by preventing the generation of the unusual amino acid hypu-
sine  [  76  ] . Hypusine forms part of the host molecule eIF5  [  77  ] , a protein which HIV-1 co-opts to 
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promote its own replication  [  78  ] . An enzyme that forms hypusine, deoxyhypusine hydroxylase, is 
iron-dependent  [  79  ]  and inhibited by the presence of the iron chelator, but is also blocked by the 
fungicide ciclopirox. Thus, the dependence of HIV-1 on an unusual iron-requiring process can be 
exploited by well-targeted drugs  [  78,   80  ]  at least at the cellular level in vitro. 

 Given the requirement for iron in cellular physiology, one might expect a replication fi tness 
advantage for viruses that targeted iron-acquiring, metabolically active cells. Transferrin receptor-1 
(TfR1) is a high-affi nity receptor for transferrin-iron, and expression of TfR1 is a marker for rapidly 
dividing cells. Several viruses in different species have evolved to use TfR1 as a cellular receptor for 
viral entry: mouse mammary tumor virus  [  81  ] , the related feline panleukemia and canine parvovi-
ruses  [  82–  85  ]  and the New World hemorrhagic fever-associated clade B arenaviruses of humans 
 [  86  ] . Of these latter viruses, the natural hosts are New World rodents, and in these animals, the cel-
lular protein that binds the viral glycoprotein is also TfR1  [  87,   88  ] . However, the acquisition of 
human TfR1 binding, which may have occurred as the viral glycoprotein evolved to fi t different 
rodent TfR1, allows zoonotic transmission, with pathogenic consequences  [  89  ] . Other clade B are-
naviruses can infect humans without using TfR1 as a receptor, but despite being similar to the 
hemorrhagic-fever associated viruses in other aspects, these arenaviruses are not pathogenic  [  90  ] . It 
is possible that the greater cellular activity of cells expressing high levels of TfR1 may engender a 
faster rate of viral replication on those viruses that target TfR1, potentially selecting for ‘best-fi t’ 
variants. Furthermore, binding of viral glycoprotein to TfR1 is not blocked by iron-transferrin, indi-
cating that iron uptake and viral entry could occur concurrently  [  86  ] . At present, there are no pub-
lished studies into the iron-dependency of arenavirus replication, or of whether host iron status 
infl uences the outcome of infection. 

 Changes in body iron have been associated with altered progression of other types of viral infec-
tions in humans, although the molecular mechanisms are not always clear. Increased liver iron is 
frequently observed and is a co-morbidity factor in Hepatitis C virus infection  [  20,   21,   91  ] . Excessive 
iron in the liver can potentiate the formation of free radical species and exacerbate infl ammation and 
fi brosis  [  92  ] . Iron depletion therapy of HCV + patients has been found to ameliorate disease and in 
some cases rescue response to anti-viral therapy (reviewed in  [  20  ] ). What is the cause of the increased 
iron that is deleterious in HCV infection? A strong candidate is reduced expression of the iron regu-
latory hormone hepcidin; HCV is so far unique in being the only pathogen of humans that causes a 
suppression of hepcidin levels. Several groups have found lower hepcidin (or reduced relatively to 
serum ferritin compared to uninfected patients) to be a conserved feature of otherwise ethnically and 
viral-genotypically distinct cohorts of HCV + patients  [  93–  96  ] . The liver-iron loading observed in 
hereditary hemochromatosis is generally believed to be the result of relatively reduced hepcidin 
 [  97  ] , so by analogy, the iron deposition in the liver in HCV + patients may also be caused by reduced 
hepcidin. The mechanism by which HCV suppresses hepcidin in vivo is not entirely clear. Reports 
suggest that reactive oxygen species in virally infected cells or in transgenic mice expressing the 
HCV polyprotein can act on the hepcidin promoter to reduce transcription  [  98,   99  ] . Whether the 
increased iron concentration in infected hepatocytes as a result of ‘viral hemochromatosis’ benefi ts 
HCV is also a matter of debate. Studies have suggested iron can enhance HCV replication, possibly 
through promoting translation of viral RNA  [  100–  102  ] , but another group has shown iron can inhibit 
the viral RNA polymerase  [  103  ] . Notwithstanding these issues, the link between HCV and reduced 
hepcidin is further evidence of the importance of altered iron metabolism in viral infections. 

 Likewise, an increased iron status, and polymorphisms in the hemoglobin-binding protein hapto-
globin, correlates with poor survival in HIV-1 infection  [  17,   18,   104  ] . This may be because increased 
iron availability favors HIV-1 replication  [  62  ]  or because the iron is advantageous for opportunistic 
secondary pathogens that colonize the immunodefi cient host: One secondary infection particularly 
associated with HIV-1 is that of Kaposi Herpes Simplex Virus, and intriguingly the incidence of this 
viral infection has (independently of HIV-1) also been linked to a high-iron environment  [  105–  107  ] . 
The importance of iron for HIV-1 replication has been shown by the anti-viral effects of several 
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different iron chelators, which work by different mechanisms  [  67,   70–  72,   74,   75  ] . In vitro, extra iron 
can increase synthesis of the viral protein p24 by infected cells  [  62  ] . Increased iron levels in bone 
marrow macrophages also correlates with progression of HIV/AIDS  [  108  ] . HIV-1 may deliberately 
acquire iron for infected cells by manipulation of the hemochromatosis protein HFE  [  109  ] . The pre-
cise function    of HFE remains enigmatic, although it contributes to hepcidin control in hepatocytes 
 [  110–  112  ] ; it also regulates iron transport in macrophages  [  113–  116  ] . We found that the Nef protein 
of HIV-1, known to downregulate HLA-A and HLA-B molecules  [  117  ] , also downregulates HFE and 
reroutes it from the cell surface to a trans-golgi-linked compartment  [  109  ] . This process leads to iron 
accumulation in infected macrophages expressing wild-type but not C282Y HFE. This fi nding has 
similarities with the earlier discovery that the US2 protein of HCMV targets both HFE, increasing 
cellular iron levels, and HLA proteins, in order to evade T-cell immunity  [  118,   119  ] . The targeting of 
HLA and HFE by HIV and HCMV viral proteins provides another link between the regulation (and 
viral manipulation) of the immune system and the control of iron metabolism.   

   3 Iron and Adaptive Immunity: A New Look into a Classic System 

   3.1  Interest in the Genetic Control of Lymphocyte Numbers Is Motivated 
by Immunity but Was First Demonstrated in Hereditary 
Hemochromatosis Patients 

 Clinically, interest in abnormal expansion or depletion of particular lymphocyte subsets is generally 
associated with manifestations of immunity against viral infections specially HIV progression to 
AIDS. At the systemic level, the importance of lymphocyte numbers is of much greater concern in 
the immunity literature. As an example, recently Ferreira and co-workers tested 2.3 million variants 
for association with lymphocyte subsets, including CD4+ and CD8+ T cells, in 2,538 individuals 
from the general population, trying to identify genetic predictors of lymphocyte levels. Conditional 
analyses of their results indicated that there are two major independent quantitative trait loci (QTL) 
in the MHC region that regulate CD4:CD8 ratio: One is located in the class I cluster and infl uences 
CD8 levels, whereas the second is located in the class II cluster and regulates CD4 levels  [  120  ] . 

 As might have been expected, there is no evidence of interest in possible correlations between 
genetic predictors of lymphocyte numbers and iron status in the above referred 2,538 individuals ana-
lyzed. For historical reasons, as explained in the introduction of this chapter, immunity  not iron homeo-
stasis  is the dominating imprint in the minds of those interested in lymphocytes. But curiously, the fi rst 
evidence in humans that the numbers of CD8+ T lymphocytes are transmitted in association with genes 
at the MHC class I region was described some years ago in families of hereditary hemochromatosis 
patients  [  121,   122  ] , a study motivated by the consistent observation of abnormalities in the relative and 
total numbers of peripheral blood CD8+ T lymphocytes in HH patients  [  123–  125  ] . 

 As reviewed in Chap.   19    , hereditary hemochromatosis (HH) is the most common genetic disorder 
of iron overload. In spite of the fact that more than 80% of patients are homozygous for the C282Y 
mutation in the  HFE  gene  [  126  ] , the clinical expression is highly variable. A large proportion of HH 
patients have low CD8+ T lymphocyte numbers, correlating with a more severe expression of the 
disease as assessed by high levels of total body iron stores, liver damage and the presence of a larger 
number of iron overload related symptoms  [  125,   127  ] . The reported clinical associations raised the 
obvious question whether low CD8+ T lymphocyte numbers followed or preceded the development 
of iron overload. The fact that they were remarkably stable in each individual patient, that they were 
not corrected by phlebotomy treatment and that they were observed in asymptomatic patients 
at young ages fi rst favored the hypothesis that they are intrinsic to the genetic defect and not a con-



24112 Iron and Immunity 

sequence of the progressive iron overload. This interpretation has now been supported by the dem-
onstration that the CD8+ T lymphocyte numbers are genetically transmitted in association with 
genes at the MHC-class I region both in HH patients  [  121,   122  ]  and in normal controls  [  120,   128  ] . 
In HH, this was fi rst demonstrated in family members of patients where CD8+ T-cell numbers were 
signifi cantly correlated in siblings sharing identical HLA-HFE haplotypes  [  121  ] . The question 
remains if the allele variability in HLA genes in combination with the mutated  HFE  is suffi cient to 
explain the patients’ phenotypic heterogeneity or if there is another still unidentifi ed genetic trait in 
this chromosomal region implicated in the setting of peripheral CD8+ T lymphocyte numbers. The 
evidence that peripheral blood mononuclear cells from HH patients carrying the C282Y mutation 
have reduced cell surface expression of MHC class I due to an enhanced endocytosis rate of MHC 
molecules explained by the triggering of an unfolded protein response  [  129,   130  ]  supports an inter-
action between the C282Y mutation and the classical MHC class I route for antigen presentation and 
lymphocyte activation. Nevertheless, the particular features of the chromosomal region between 
HLA and  HFE , namely its remarkable linkage disequilibrium and the high density of genes related 
to immune responses, make the alternative hypothesis of a novel putative gene/locus involved in the 
setting of the CD8+ T lymphocyte numbers highly attractive. Work is in progress trying to localize 
such a putative trait in HH patients and families  [  131  ] .  

   3.2  T Lymphocyte Homeostatic Balance Is Compromised 
in Hereditary Hemochromatosis 

 One hallmark of T lymphocytes is their capacity of renewal and expansion at the periphery, in a 
steady-state manner. It is well described that peripheral T lymphocytes are self-renewable cell popu-
lations, able to expand in the absence of exogenous antigen stimulation, and tightly regulated by 
homeostatic mechanisms that control the sizes of their sub compartments, namely the CD4+ and 
CD8+ T cell pools  [  132,   133  ] . It has also been shown that the homeostatic mechanisms controlling 
the cell renewal and expansion at the periphery are independent for its subpopulations of naïve and 
memory cells  [  134,   135  ] . This kinetic behavior with independent homeostatic regulation of the naïve 
and memory T cells guarantees the versatility of T-cell repertoires throughout life (persisting after 
the thymus atrophies at puberty), as well as an extensive modulation of post-thymic selected T-cell 
specifi cities for effi cient immune responses. 

 To better address the mechanisms underlying the homeostatic regulation of CD8+ T lymphocytes 
and its disequilibrium in HH patients, it became necessary to better characterize the distribution of 
its subpopulations. By using a panel of multiple cell markers previously shown to differentiate CD8+ 
cell subsets with different functional properties  [  136  ] , Macedo et al. showed that the low numbers of 
CD8+ T lymphocytes in HH patients are explained by a defect of the most mature effector cells, 
lacking the CD27 and CD28 co-receptors, the so-called double negative effector memory cells  [  4  ] . 
It is hoped that by elucidating the networks that down- or upregulate the expression of the subpopu-
lations’ related genes one may understand the process of generation, differentiation and self-renewal 
of these cells.  

   3.3 How Can Lymphocytes Protect from Iron Toxicity? 

 The described association in HH patients of a low CD8+ T lymphocyte phenotype with a more 
severe clinical expression of iron overload  [  125  ]  supports the notion that these cells may have a role 
in the protection against iron toxicity, as fi rst proposed by De Sousa in 1978  [  137  ] . The mechanism 
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how lymphocytes could exert this protective role is still not clarifi ed. It is known that lymphocyte 
activation and expansion depend on the expression of transferrin receptors, required for DNA syn-
thesis and cell division  [  138  ] , and that both activated and non-activated T lymphocytes synthesize 
ferritin  [  139,   140  ] . More recently, it was shown that lymphocytes express basal hepcidin mRNA 
levels that increase after T lymphocyte activation and in response to challenge by both holotransfer-
rin (Fe-TF) and ferric citrate in vitro  [  141  ] . The same study showed that, like in other cells, lympho-
cyte hepcidin expression controls intracellular iron levels by regulating the expression of ferroportin, 
and that inappropriately low expression of hepcidin impairs normal lymphocyte proliferation, there-
fore establishing hepcidin as a new player in lymphocyte biology  [  141  ] . The hypothesis that varia-
tions in serum hepcidin may have an impact on T lymphocyte homeostasis is still not tested. 

 In conclusion, as major circulating blood cell components, lymphocytes may constitute an impor-
tant ‘mobile’ and easily ‘mobilizable’ iron pool with a potential dual function contributing either to 
protect from iron toxicity through its uptake and retention or as a source of iron through ferroportin 
mediated export. The latter has been shown recently to occur with a subpopulation of macrophages 
 [  3  ]  (see below). The physiological implications of this putative dual behavior are enormous, placing 
immune system cells in a central position of the complex network not only of regulators of systemic 
iron balance but also of iron donors to other cells in specifi c microenvironments. The possibility that 
a similar phenomenon could occur with some pathogens, to our knowledge, has never been 
considered.   

   4 Back to the Future with Macrophages 

 Although experimental models of spontaneous iron overload developing in lymphocyte defi cient 
mice  [  142–  146  ]  and the more recent fi nding of the changes in hepcidin mRNA expression in response 
to challenge by ferric citrate in vitro  [  141  ]  all point to a role for lymphocytes in iron homeostasis, 
we wish to conclude the present chapter with another possible ‘reciprocal’ interaction between 
immune system cells and iron that may become of exceptional importance in the next decade. This 
has to do with a recent report from Cairo’s group on what they called ‘differential regulation of iron 
homeostasis during human macrophage polarized activation’  [  3  ] . 

 By looking at the molecular signature of different types of human macrophages, designated M1 and 
M2, they observed distinct patterns of iron gene expression in the two types of macrophages. M1 mac-
rophages showed gene expression profi les favoring iron sequestration (ferroportin repression and H 
ferritin induction), whereas the M2 macrophages had an expression profi le that enhanced iron release 
(ferroportin upregulation and downregulation of ferritin and heme oxygenase). To answer the question 
whether polarized (M2) macrophages could affect the proliferation of cells present in surrounding tis-
sue microenvironments, they found that after a 24-h incubation of a renal cell carcinoma cell line with 
conditioned medium of the different macrophage populations had distinct effects. Medium obtained 
from the M2 population affected the cell line growth by 40%. The proliferation induced by the 
M2-conditioned medium was reduced in the presence of an iron chelator, HM-DFO  [  3  ] . 

 These most elegant experiments stand 102 years from the Nobel lecture of Metchnikoff for his 
work in immunity. At the beginning of a century where cancer and not infection is a major concern 
in Western societies, tumor microenvironment begins to be the focus of much attention as unveiling 
the signifi cance of the presence of macrophages within tumors (TAMs). If macrophages, in addition 
to doing what Metchnikoff fi rst saw leading him to baptize them phagocytes, and which acquired 
further public acclaim in immunity in George Bernard Shaw’s play ‘The Doctor’s Dilemma’, also 
control iron availability within tumors, they may actually promote tumor progression (reviewed in 
 [  147,   148  ] ) by releasing a critical nutrient in the tumor microenvironment through a mechanism that 
was only elucidated in the last decade  [  43  ] .  
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   5 Concluding Remark 

 We wish to conclude by stating that we felt that there was some danger in accepting to write this 
chapter. There are enough clues at the beginning of this century telling us that iron and the immune 
system, as we learnt it last century, was changing as we accepted to write it. The changes, however, 
will only further sustain Metchnikoff’s assertion. Progress in this area will no doubt become one of 
the best illustrations of the practical value of pure research.      

  Acknowledgement   We gratefully acknowledge SJ Oliveira for the fi gure depicting the many aspects of the ‘iron 
fi ght’ covered by this chapter.  
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   1 Introduction 

 Iron defi ciency is one of the most frequent hematological disorders encountered in the clinical setting. 
Iron is not only an element necessary for hemoglobin production but is also an important component 
of at least 200 cellular enzymes that are essential for normal cellular functions. The manifestations 
of iron defi ciency vary from those related to the anemia of iron defi ciency and to those related to 
tissue iron defi ciency, not related to anemia. These include negative effects on work capacity  [  1  ]  
and endurance, low birth weight and preterm delivery, and effects on motor and mental develop-
ment in infants, children, and adolescents  [  2–  4  ] . These changes may lead to adverse socioeconomic 
and socioemotional  [  5  ]  effects. Manifestations of anemia and tissue iron depletion often overlap 
and coexist. 

 The causes of iron defi ciency vary signifi cantly during different stages of life and according to 
gender and socioeconomic circumstances. Dietary iron intake, as well as other dietary constituents 
that infl uence food iron absorption, are also important. Iron defi ciency anemia may be the presenting 
clinical feature of occult gastrointestinal bleeding and may herald underlying malignancy  [  6  ] . 

 The development of erythropoietin therapy for various clinical causes of anemia has lead to an 
evolving concept of functional or relative iron defi ciency  [  7–  9  ] , also termed iron-restricted erythro-
poiesis. Administration of erythropoietin results in expansion of erythroid precursors in the bone 
marrow as well as signifi cantly accelerated erythropoiesis. Under these circumstances, the rate and 
amount of iron mobilization from existing iron stores may lag behind the rate of hemoglobin produc-
tion. This leads to decreased iron incorporation into hemoglobin, with an effect on erythropoiesis 
similar to that seen in absolute iron defi ciency, where iron stores are absent. 

 During the past decade, signifi cant strides have been made in the understanding of different 
aspects of iron metabolism, most of which are covered in other chapters. Most of these have not yet 
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been applied at the clinical level. It is likely that some of these parameters will be brought to the 
clinical arena, once their clinical applications are understood and assays developed that can be 
implemented in clinical laboratories.  

   2 Diagnosis of Iron Defi ciency 

 In most instances, uncomplicated iron defi ciency anemia is not diffi cult to diagnose, even though no 
single laboratory measurement accurately defi nes this disorder. The diagnosis of iron defi ciency 
requires multiple laboratory assays  [  9  ] . Measurements of body iron need to refl ect the complete 
spectrum of iron status from iron overload to severe iron defi ciency. The laboratory measurements 
listed in the following discussion allow determination of iron status, distinguishing normal iron 
stores from depleted iron stores, and negative iron status where iron defi cit is present producing an 
overall debit of iron in tissue and cellular components. Serum ferritin has been used as the main 
marker to indicate depleted iron stores. The development of negative iron status prior to progression 
to anemia has been determined by serum iron, total iron binding capacity and transferrin saturation 
and/or red blood cell protoporphyrin levels, and more recently the circulating transferrin receptor 
level. More advanced stages of iron defi ciency lead to anemia, and the severity of the anemia refl ects 
the level of iron defi cit. 

 The anemia of chronic disease, caused by infl ammation, infection, or neoplasia, alters laboratory 
studies used to defi ne iron status and is often a confounding factor in the diagnosis of iron defi ciency. 
This diffi culty arises especially in the earlier stages of anemia of chronic disease, and when both 
disorders occur concurrently. The most useful tests to help distinguish these disorders will be dis-
cussed and are listed in Table  13.1 .  

   2.1 Hemoglobin/Hematocrit 

 Red blood cells produced under iron-restricted conditions become hypochromic and microcytic. 
This is an evolving process that may take months to become clearly apparent since only 1% of the 
circulating red cell population is replaced each day. If concomitant pathological conditions are pres-
ent, and the erythropoietin drive is blunted for any reason, less than 1% of the red cell pool may be 
replaced each day, further delaying the peripheral blood changes of iron-defi cient erythropoiesis. 
When more than 10% of the red cell population is hypochromic, automated counters may clearly 
identify the effects of iron-restricted erythropoiesis. 

 The hemoglobin value itself is a poor indicator of the presence of iron defi ciency anemia, as 
shown in both clinical and population studies. There is a signifi cant overlap in hemoglobin levels 
between normal subjects and patients with iron defi ciency  [  10,   11  ] . Furthermore, signifi cant differ-
ences in hemoglobin reference ranges are seen in different races or populations  [  12,   13  ] . Iron defi -
ciency is not the most frequent cause of anemia in some populations, especially in developing 
countries where anemia of chronic infl ammation, infections such as malaria  [  14,   15  ] , vitamin B12 
or folate defi ciency, malnutrition, and other factors related to poverty may play a role. Considerable 
overlap in hemoglobin levels and indices occur in all of the aforementioned disorders. In studies 
from the Ivory Coast, only 20% of anemias in adult males were due to iron defi ciency, and only in 
preschool children was iron defi ciency the major cause of anemia. In school-aged children and 
women, 50% of the anemias could be attributed to iron defi ciency  [  14  ] . A drop in hemoglobin con-
centration is frequently the last measurement to become abnormal in iron defi ciency and signifi es 
advanced iron defi ciency. When active bleeding is the cause of iron defi ciency, anemia may be pri-
marily due to blood loss, rather than limitation of erythropoiesis by iron defi ciency.  
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   2.2 Reticulocyte Hemoglobin Content 

 Reticulocytes are the earliest red blood cells to enter the circulation after their release from the bone 
marrow. They provide real-time assessment of the functional state of the bone marrow, in contrast to 
standard red blood cell indices, which refl ect erythropoiesis over the prior 2–3 months. Newer auto-
mated cell counters have the ability to measure hemoglobin content within reticulocytes, reticulo-
cyte cell volume (MCVr), and mean cellular hemoglobin content of reticulocytes (CHr on the 
ADVIA, Bayer Diagnostics, and Ret He on the Sysmex XE-2100, Sysmex Corp  [  7  ] ). These mea-
surements are early sensitive indices of iron-defi cient erythropoiesis, refl ecting iron available for 
production of new red blood cells  [  16  ] . CHr levels decline signifi cantly in iron defi ciency  [  16,   17, 
  18  ]  and do not decline in patients with anemia of chronic infl ammation  [  17  ] . An important advan-
tage of CHr is that it directly refl ects iron incorporation into erythrocyte hemoglobin and thus indi-
rectly refl ects functional availability of iron in the bone marrow, indicating early iron defi ciency, 
prior to changes in some of the traditional biochemical measurements and prior to development of 
anemia  [  19  ] . In a study in healthy 9–12-month-old infants, CHr level <27.5 pg accurately indicated 
iron defi ciency compared to hemoglobin levels, and when abnormal, there was an increased risk of 
developing anemia in the following year (risk ratio 9:1)  [  20  ] . 

 CHr has equivalent sensitivity to serum transferrin receptor (TfR) measurement in detecting 
iron defi ciency anemia  [  17  ] . Similar to serum TfR, CHr may differentiate concurrent iron defi -
ciency occurring in combination with anemia of chronic infl ammation  [  17  ] . CHr has high sensi-
tivity and specifi city in dialysis patients and more accurately predicts a response to iron therapy 

   Table 13.1    Laboratory markers for evaluation of body iron status and iron defi ciency   

 Test  Advantages  Limitations  Range in ID a  

 Hemoglobin  Widely available  Poor specificity  Usually normal 
in early ID 

 Slow evolution  <13 g/dL males b  
 Late marker of IDA  <12 g/dL females 

 <11 g/dL pregnancy 
and children 

 MCV  Marker of iron-defi cient 
erythropoiesis 

 Poor specifi city, overlap with 
ACD, slow evolution 

  ≤ 80 fl  
 >14.2%  RDW 

 Reticulocyte 
hemoglobin 
content 

 Early indicator of iron-
defi cient erythropoiesis 

 Requires sophisticated automated 
counters 

 <27.5 pg 

 Cannot store sample 
 Ferritin  Refl ects iron stores  Poor specifi city in presence 

of infl ammation 
 <12–15 ng/mL 

 Marker of depleted iron stores 
 Fe/TIBC  Specifi c in uncomplicated 

iron-defi cient erythropoiesis 
 Poor specifi city in infl ammation  <50 ug/dL iron 
 Oral contraceptives and pregnancy 

raise TIBC 
 >350  μ g/dL TIBC 

 Protoporphyrin 
(Zinc) 

 Iron-defi cient erythropoiesis  Poor delineation of IDA and ACD  >80  μ g/dL 
 Raised in lead poisoning 

 sTfR  Iron-defi cient erythropoiesis  Raised levels with increased 
erythropoiesis, including EPO 
therapy 

 Varies by kit 
manufacturer 

 sTfR/ferritin  Estimates whole range 
of body iron 

 Confounded by infl ammation 

   a ID = iron defi ciency 
  b WHO criteria for anemia  
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than serum ferritin, transferrin saturation, or percent hypochromic red blood cells  [  21  ] . The major 
disadvantage related to these measurements is that the required laboratory instruments are not 
universally available.  

   2.3 Serum Ferritin 

 Serum ferritin levels refl ect iron stores (iron stores are proportional to the logarithm of ferritin). A 
serum ferritin level below 12–15  μ g/L indicates depleted iron stores. An important shortcoming of 
the serum ferritin measurement is that it is increased by infl ammation, infection, hyperthyroidism, 
malignancies, and liver disease; thus a normal ferritin level may occur in the presence of iron defi -
ciency. In population studies where infl ammation or infection is prevalent, threshold levels indicat-
ing depleted iron stores are raised to 30–40  μ g/L  [  22  ] . Serum ferritin levels correlate positively with 
CRP in populations with high rates of infection, including malaria  [  22,   23  ] . In renal patients on 
chronic hemodialysis, ferritin levels    less than 100–200  μ g/L alone, or less than 400  μ g/L together 
with a transferrin saturation of <20%, indicate that response to erythropoietin administration is 
unlikely to occur because of reduced storage iron and the need to administer intravenous iron. 

 An innovative measurement of iron status that is not confounded by the commonly occurring acute 
infl ammatory response of serum ferritin measurement is serum ferritin iron. The normal serum ferritin 
iron range is 10–35 ng/mL, while iron defi ciency values are less than 10 ng/mL. Most patients with 
infl ammation have normal to raised serum ferritin iron levels refl ecting their adequate iron stores. Further 
information can be gained by calculating the ratio of serum ferritin iron to total serum ferritin (iron/pro-
tein)  [  24  ] . The current assay requires multiple steps, making it time-consuming and not cost effective.  

   2.4 Serum Iron, Total Iron Binding Capacity, and Transferrin 

 Serum iron, total iron binding capacity (TIBC), and transferrin saturation measurements are widely 
used, but their specifi city is limited to uncomplicated iron defi ciency. Serum iron levels are affected 
by a number of factors. Serum iron should always be drawn after an overnight fast because iron 
levels may vary with the type and content of iron in the prior meal. Iron absorbed from a meal typi-
cally clears from the serum within 6–8 h after absorption. Serum iron levels also have a diurnal 
variation, and day-to-day variations may be seen  [  25  ] . Morning iron levels tend to be higher than 
afternoon levels; however, this is not always consistent, and the opposite may occur. Hypoferremia 
occurs in both iron defi ciency and anemia of chronic infl ammation, where iron stores are adequate. 
In chronic infl ammation, cytokines lead to a decrease in serum iron, with hepcidin playing an impor-
tant role in moderating these events  [    26–  30  ] . 

 TIBC is an indirect measure of serum transferrin. Most modern clinical laboratories measure the 
transferrin level, which is then converted to TIBC. The transferrin level decreases in response to 
infl ammation. In iron defi ciency, transferrin rises late in the development of a negative iron balance; 
this occurs slightly earlier than the intrinsic changes in red blood cell measurements. Transferrin 
levels rise during pregnancy and on taking estrogen.  

   2.5 Zinc Protoporphyrin 

 Zinc protoporphyrin (ZP) levels have been used as a laboratory marker of iron defi ciency. When this 
assay is performed in the clinical setting, red blood cells should undergo washing to remove possible 
plasma constituents that may interfere with the fl uorescence readings. This measurement has been 
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used as one of three laboratory markers of iron defi ciency  [  15  ] . Zinc protoporphyrin levels rise in 
anemia of chronic infl ammation as well as iron defi ciency, and levels may also rise in lead toxicity. In 
a study in the Ivory Coast, the high prevalence of malaria and infl ammatory disorders complicated the 
detection of iron defi ciency using the ZP measurement  [  15  ] , and there was a signifi cant correlation 
between ZP and CRP in preschool children, the group with the highest prevalence of infl ammation. 
Based on these results, ZP may overestimate the prevalence of iron defi ciency anemia in population 
studies where infection/infl ammation may be prevalent. In patients with renal failure, the RBC ZP 
level does not adequately detect iron defi ciency in patients on erythropoietin replacement  [  31  ] .  

   2.6 Circulating Transferrin Receptor 

 Erythropoiesis is highly dependent on a continuous supply of iron from the circulation. This iron, 
bound to transferrin, is taken up by transferrin receptors, transmembrane proteins predominantly 
present on the external surface of normoblasts in the bone marrow. Soluble transferrin receptor 
(sTfR) is a truncated form of erythroid precursor surface transferrin receptor  [  32  ] . The sTfR level is 
an indirect quantitative measurement of TfR. A decrease in iron supply from the circulation results 
in upregulation of TfR on the normoblast surface, via a mechanism that involves stabilization of the 
TfR mRNA (see Chap.   3    ). 

 Inadequate iron supply for hemoglobin synthesis results in iron-defi cient erythropoiesis. This 
state has been defi ned as a transferrin saturation below 18%. Iron-defi cient erythropoiesis may occur 
when there is markedly increased iron requirement in the presence of normal transferrin saturation, 
for example, in patients with thalassemia major. Iron-defi cient erythropoiesis may also occur in iron-
replete patients who have enhanced erythropoiesis secondary to erythropoietin administration. In 
iron defi ciency, surface TfR numbers increase signifi cantly on erythroid precursors, accompanied by 
elevated sTfR levels  [  33  ] . The enhanced erythropoietic activity that occurs in hemolytic anemias, 
megaloblastic anemias, myelodysplastic syndromes, and erythropoietin administration also give rise 
to elevated sTfR levels. 

 Serum ferritin and sTfR levels refl ect different stages of iron status. As iron stores decrease, 
serum ferritin declines until iron stores are fully depleted, when the ferritin level is <12–15  μ g/L. 
Once iron stores are depleted and further iron loss occurs, sTfR begins to rise as iron-defi cient eryth-
ropoiesis progressively develops. The sTfR becomes abnormal before other laboratory markers of 
iron-defi cient erythropoiesis become abnormal such as transferrin saturation, MCV, erythrocyte pro-
toporphyrin, and fi nally hemoglobin  [  34  ] . 

 The sTfR does not rise in infl ammatory states and can be used to diagnose iron defi ciency in 
patients with concomitant anemia of chronic disease  [  15,   18,   35,   36,   37  ] . In populations where 
infl ammation and infections are highly prevalent, no correlation is seen between CRP and sTfR  [  22, 
  37, 38,   39  ] . In a study in the Ivory Coast, sTfR was the most reliable indicator of iron defi ciency 
 [  15  ] , and there was no association between malarial infection (which can cause hemolysis) and 
sTfR. The combination of hemoglobin and sTfR may be adequate in some population studies for 
detection of iron defi ciency since sTfR is not affected by infl ammation or infection. In patients with 
either uncomplicated iron defi ciency or clear-cut anemia of chronic infl ammation, TIBC measure-
ment is as discerning as sTfR in distinguishing between the two disorders  [  40,   41  ] . In situations 
where iron defi ciency and anemia of chronic infl ammation coexist, ferritin levels may be normal or 
raised, and elevation of sTfR is helpful in identifying the presence of iron defi ciency  [  41  ] . In anemia 
of chronic infl ammation with raised sTfR level, the bone marrow iron stain may not always show 
depleted iron stores  [  37  ] . In a study of 130 patients with anemia of chronic disease, 54% had normal 
or low sTfR levels, while 46% had raised sTfR levels. Other classic indices of iron defi ciency such 
as MVC and transferrin saturation were signifi cantly lower in those with raised sTfR levels, com-
pared with those with normal sTfR levels. Not all patients with raised sTfR levels had absent iron 
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stores, suggesting that functional iron defi ciency may be present in a proportion of patients with 
anemia of chronic infl ammation, with stainable iron detectable in the bone marrow  [  37  ] . From a 
clinical standpoint, iron status markers are assayed in a sequential manner, sTfR after the serum fer-
ritin and transferrin saturation  [  42  ] . If the transferrin saturation is less than 18% and serum ferritin 
is between 100 and 200 ng/mL, then the sTfR may be helpful. If sTfR is raised, iron defi ciency is 
present in addition to anemia of chronic disease. If the ferritin is below 100 ng/mL, then iron defi -
ciency is likely to be present, while a patient with a ferritin >200 ng/mL is unlikely to have associ-
ated iron defi ciency. STfR measurement is unlikely to help in these circumstances. Sequential 
measurements of sTfR during treatment of populations with iron defi ciency can provide a valuable 
marker of response, with decreasing levels as iron-defi cient erythropoiesis is alleviated  [  43  ] . 

 A drawback of the universal use of sTfR assay is the variability of reported ranges with different 
manufacturers. These differences may relate to differences in sTfR standard reagents. Placental-
derived sTfR standard reagents may give higher sTfR levels than do standards isolated from serum 
 [  44  ] , possibly due to higher immunologic activity of the latter standards. These differences between 
assays will be eliminated when reference materials are produced and utilized to standardize different 
assay systems.  

   2.7 Transferrin Receptor/Ferritin Ratio 

 The sTfR/ferritin ratio is a valuable measure of iron defi ciency since sTfR rises with tissue iron 
defi ciency while ferritin decreases as iron stores decline. The sTfR/ferritin ratio was fi rst used as a 
measure of body iron content in a phlebotomy study in normal subjects  [  34  ] . Subjects underwent 
weekly phlebotomy of 150 mL until hemoglobin levels dropped by 2 g/dL from baseline and 
remained at the new level, without rising over the following 3 weeks. Failure of hemoglobin to rise 
indicated that iron stores were depleted and insuffi cient to supply iron for the production of new 
hemoglobin. The total amount of iron removed with each phlebotomy was calculated, based on the 
iron content of the hemoglobin removed. Total body iron was then calculated retrospectively at each 
phlebotomy time point and showed signifi cant correlation with the sTfR/ferritin ratios at each time 
point  [  34  ] . Correction for iron absorption was also considered in the calculations. The body iron 
measurement is also corrected for body weight, which may be especially important when studying 
children with different weights. However, there are no defi nitive validation studies in young age 
groups or in pregnancy. The use of this ratio to determine iron defi ciency has been validated by oth-
ers  [  45  ] . The index was signifi cantly different in pure iron defi ciency, compared with anemia of 
chronic infl ammation or combined iron defi ciency with infl ammation. However, the diagnostic per-
formance of the index was not superior to sTfR or CHr  [  17  ] . 

 A signifi cant advantage of this ratio to measure iron status is that the assays can be done on small 
capillary blood samples, which makes the method highly suitable for use in population studies, 
especially when only small blood volumes can be obtained. These measurements have also been 
adapted to dried blood spots, which are easily collected in epidemiologic studies especially in infants 
and young children  [  46  ] .  

 The ratio can be applied to estimate body iron in individual subjects and in population studies. 
Subsets can easily be evaluated especially when performing intervention studies to improve iron 
nutrition, and limited interim surveys can be performed. The relationship between sTfR/ferritin and 
body iron may not be equivalent with the use of different sTfR assays. With one assay method using 
the same reagents as described  [  33  ] , body iron can be calculated as follows  [  47  ] :

    = − − −BodyIron (mg/kg) [log(TfR/SF) 2.8229] / 0.1207.    
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 Both TfR and SF are expressed in  μ g/L to obtain this TfR/SF ratio. This calculation can be useful 
in measuring responses to iron interventions. In an iron fortifi cation study of fi sh sauce in Vietnam 
using NaFeEDTA, a mean iron increment of 201 mg was measured, equivalent to the absorption of 
about 12% of fortifi ed iron on a daily basis, while a mean increment of only 26 mg occurred in the 
control group  [  43  ] . 

 The sTfR/ferritin ratio is limited by infections, infl ammation, and liver disease which infl u-
ence ferritin levels independent of iron status. This effect on ferritin value necessitates the use 
of a marker such as C-reactive protein to detect the presence of infl ammation. When infl amma-
tion is present, ferritin levels are regarded as inaccurate, and if infl ammation is confi rmed with 
a C-reactive protein measurement, the ratio may be considered inaccurate. There remains, how-
ever, a signifi cant difference between anemia secondary to iron defi ciency and anemia of chronic 
disease. The sTfR/log ferritin will invariably be >2 in iron defi ciency and combined iron defi -
ciency with chronic disease, and <1 in anemia of chronic disease  [  41  ] . The sTfR is not infl u-
enced by the presence of infl ammation and can be used to detect iron defi ciency when 
infl ammation is present  [  40  ] . 

 Another disadvantage of the sTfR/ferritin ratio as a measure of body iron status is that it has only 
been validated with one of the available assay systems. Unfortunately, variable ranges have been 
reported for sTfR, depending on the source of the assay. 

 Tissue iron defi ciency may develop in the absence of anemia. In a study of pregnant Jamaican 
women, as many as 30% had tissue iron defi ciency without anemia  [  48  ] . Iron defi ciency during 
pregnancy or infancy can have deleterious effects on intellect and learning capabilities. The use of 
body iron measurements based on the sTfR/ferritin ratio allows study of the effects of body iron 
status and tissue iron defi ciency on various parameters of daily activity. Measurement of iron status 
using the ratio may allow early detection of tissue iron defi ciency, permitting early intervention 
strategies to combat and correct iron defi ciency. 

 A further application of these measurements includes iron fortifi cation studies, allowing 
results to be obtained soon after their implementation. In the past, using older measures, inter-
ventions had to be studied over long periods to obtain meaningful results. The utility of this 
method is illustrated in a study of anemic Vietnamese women, one group of whom received a 
meal fortifi ed with 10 mg iron as NaFeEDTA 6 days per week, while a control group received no 
additional iron  [  43  ] . Signifi cant changes in body iron could be identifi ed within 3 months using 
this method. This approach allows early decisions to be made concerning the need to continue 
with a given strategy.  

   2.8 Bone Marrow Iron Content 

 Iron staining of the bone marrow is regarded as the gold standard for the quantitation of body iron 
content. The amount of visualized iron correlates with total body iron. Absent stainable iron is 
regarded as defi nitive iron defi ciency. There are, however, some pitfalls with this approach. Although 
stainable iron may not be visualized, small amounts of iron may be present in the marrow since fer-
ritin iron does not stain with the Perl’s stain. This residual iron contributes signifi cantly to the iron 
supply for erythropoiesis. 

 There are several drawbacks to the direct quantifi cation of bone marrow iron. Bone marrows are 
invasive, painful, and costly procedures; therefore, surrogate blood testing of iron status is clearly 
desirable. Marrow iron distribution is not uniform, thus variances in visual quantifi cation do occur, 
and variability in observer quantifi cation is also an issue. New automated scanning procedures of 
bone marrow slides stained for iron may overcome these drawbacks  [  49  ] .   
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   3 Causes of Iron Defi ciency 

 Although recent evidence suggests that the iron status of developed populations is improving and the 
incidence of iron defi ciency anemia is declining, the worldwide prevalence of iron defi ciency con-
tinues to be a signifi cant problem. Populations residing in underdeveloped countries are especially 
vulnerable. Even within developed countries, certain population subgroups are at risk for developing 
iron defi ciency due to heightened physiological requirements. These include infants, growing chil-
dren, adolescents during the growth spurt, and menstruating and pregnant women. Besides these 
physiological situations, there are a number of pathological disorders that necessitate iron replace-
ment. The causes of iron defi ciency are noted in Table  13.2 .  

 Iron defi ciency may be caused by a single disorder; however, in many cases, multiple causative 
factors interact to produce iron defi ciency. Furthermore, a number of additional causes of anemia 
may contribute to the development of anemia in iron defi ciency, especially when iron defi ciency is 
encountered in hospitalized patients. 

   3.1 Inadequate Dietary Iron Intake 

 The typical western diet contains approximately 6 mg/1,000 kCal. If caloric intake is restricted in 
any way, such as in individuals restricting food intake, or in food faddism, with diet containing 
reduced iron content, it is likely that iron depletion will develop, especially in conditions of concur-
rent increased iron demands such as menstruation, rapid growth spurt in children and adolescents, 
and during pregnancy. To achieve an adequate iron intake, an individual may require ingestion of 
greater than 2,000 kCal in a day. Ingestion of 2,000 kCal may approximate ingestion of 12 mg of iron. 

   Table 13.2    Causes of iron defi ciency   

  Inadequate dietary iron intake  
 Single-food diets in infancy 
 Dieting, fasting, malnutrition 
 Diet containing inhibitors of iron absorption 
  Accelerated iron requirements  
 Growth spurts in childhood/adolescence 
 Menstruation 
 Pregnancy 
 Erythropoietin therapy 
  Increased iron losses  
 Bleeding from gastrointestinal, genitourinary tracts 
 Hemosiderinuria due to intravascular hemolysis 
 Parasitic infestations 
 Exercise related 
 Blood donation 
  Decreased absorption of iron  
 Diseases of stomach or proximal small bowel 
  Celiac disease 
   Helicobacter pylori  gastritis 
  Autoimmune atrophic gastritis 
 Chronic infl ammation 
 Iron-refractory iron defi ciency anemia   
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If the dietary intake contains few inhibitors and approximately 15% of the iron is absorbed, this 
would be equivalent to absorption of 1.8 mg iron. However, should the diet contain inhibitors of iron 
absorption, and the amount of iron absorbed decline by about 66%, then less than 1 mg will be 
absorbed, and a negative iron balance will ensue. Therefore, the dietary content of inhibitors and 
enhancers plays a more important role than does the iron content of the diet  [  50  ] .  

   3.2 Diet Containing Inhibitors of Iron Absorption 

 Differences in iron status occurring in different parts of the world relate in part to differences in 
dietary constituents. Many dietary constituents affect nonheme iron absorption. Populations con-
suming diets rich in meat and ascorbic acid, both facilitators of iron absorption, tend to have less iron 
defi ciency  [  50  ]  than populations consuming diets rich in inhibitors of iron absorption such as phytates 
and polyphenols. Diets high in fi ber and/or calcium  [  51–  53  ]  have a negative effect on iron absorp-
tion, but to a lesser extent than those rich in phytates and polyphenols. Diets containing lower cal-
cium content, taken with food that enhances absorption, do not have an inhibitory effect on either 
nonheme or heme iron absorption  [  54  ] , compared to high calcium-containing diets.  

   3.3 Accelerated Iron Requirements 

   3.3.1 Growth Spurt and Iron Requirements 

 A sizeable growth spurt occurs in adolescent males and females, resulting in increased iron require-
ments, secondary to expansion of the blood volume, increase in lean body mass, and onset of men-
struation in females  [  55  ] . The increase in total blood volume raises the requirements for iron by an 
additional 0.14 mg iron per day in females and 0.18 mg per day in males. This additional iron is 
utilized not only to expand the total red cell mass but also to increase the Hb concentration from a 
mean of 130 g/L to 133 g/L in females and 141 g/L in males. The increase in lean body mass requires 
an additional 0.33 mg iron per day in females and 0.55 mg per day in males. Apart from the above 
requirements, females require additional iron to replace blood lost with the onset of menstruation, 
amounting to an average of 0.56 mg per day (range 0.17–1.08 mg)  [  55,   56  ] .  

   3.3.2 Pregnancy and Iron Requirements 

 Pregnancy creates a signifi cantly increased demand for iron secondary to the physiological expan-
sion of maternal red cell mass, fetal iron requirements, placental growth, and delivery-associated 
iron loss. Iron requirements during pregnancy amount to approximately 500–700 mg, or an addi-
tional 2.5 mg per day over the 1 mg basal daily requirement. Women with multiple pregnancies are 
especially prone to develop iron defi ciency anemia because of the cumulative increased iron demands 
from each pregnancy. Iron defi ciency anemia in pregnancy is associated with increased fetal loss due 
to prematurity and increased prevalence of low birth weight and perinatal mortality. Storage iron 
depletion itself may not be detrimental; however, it is important to avoid tissue iron depletion. 

 Unless dietary iron intake is suffi cient and taken in a bioavailable form, it is likely that most 
women with adequate iron stores before pregnancy (serum ferritin > 60  μ g/L) will develop depleted 
iron stores, and those with lower iron stores at the start of pregnancy (ferritin < 50  μ g/L) will develop 
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iron-defi cient erythropoiesis, if not iron defi ciency anemia. Even with daily ingestion of iron 
supplements, stores are likely to decline during pregnancy. In a study of 176 pregnant women evaluated 
during the third trimester, the majority of whom were taking iron supplements, 30% had depleted 
iron stores at the start of the third trimester (mean serum ferritin 15  μ g/L) and 51% had depleted iron 
stores during the last month of the third trimester (mean serum ferritin 13  μ g/L)  [  57  ] . Similarly, in a 
double-blind placebo-controlled study, iron stores declined signifi cantly during pregnancy even in 
women taking 66 mg of ferrous fumarate per day. However, women taking ferrous fumarate showed 
a less severe decline in ferritin levels and transferrin saturation, and higher hemoglobin levels, com-
pared with placebo  [  58  ] . Studies in pregnant women in Jamaica showed similar results. Patients 
receiving placebo showed a decline in iron stores and hemoglobin concentration compared with 
patients given iron supplements  [  48  ] . It is estimated that an additional daily iron intake of 22–36 mg 
 [  59  ]  would be required to prevent the development of iron defi ciency anemia during pregnancy; 
however, it is diffi cult for most pregnant women to achieve this level of iron intake from diet alone. 
An iron supplement containing 20–30 mg iron in a bioavailable form should be suffi cient to achieve 
this level of iron requirement. This amount of iron supplementation is unlikely to cause signifi cant 
gastrointestinal side effects. The dietary components play an important role in moderating the 
amount of iron that will be absorbed, unless iron is taken on an empty stomach. If the diet contains 
inhibitors of iron absorption, the aforementioned dose may be inadequate. The best time to take iron 
supplements is on retiring at night. 

 The postpartum period is another phase during which iron defi ciency is frequently encountered. 
It is likely that patients who are iron defi cient at delivery will remain iron defi cient in the postpartum 
period. Women treated with iron during pregnancy tend to have improved postpartum iron status 
compared to those not receiving iron  [  59  ] .  

   3.3.3 Erythropoietin Therapy 

 Patients with anemia secondary to chronic renal failure are frequently treated with erythropoietin 
(EPO), especially when they are on dialysis. Their body iron stores and whole body iron status com-
monly decline despite ingestion of oral iron  [  31  ] . Under normal circumstances, iron requirement for 
ongoing erythropoiesis is met by a combination of iron derived from breakdown of senescent red 
cells in the reticuloendothelial system, dietary absorption, and iron stores. During basal erythropoi-
esis, iron recovered from red cell breakdown is the main source of iron for new red cell production. 
When erythropoiesis is accelerated by administration of EPO, iron supply from body stores and 
from absorption become increasingly important, while iron supply from red cell catabolism remains 
stable. When patients are anemic, the contribution of iron from breakdown of senescent RBC is 
limited. When iron stores are ample, much of the heightened iron requirement can be met from 
stores, although the iron mobilization from stores may lag behind the accelerated iron requirement 
of the bone marrow. In this situation, the availability of additional iron for erythropoiesis becomes 
dependent on the amount of iron that can be absorbed from the gastrointestinal tract. The extent to 
which iron absorption can compensate for increased demands determines the severity of iron-defi -
cient erythropoiesis that may develop following expansion of erythropoiesis. Iron absorption does 
increase signifi cantly after EPO administration. In a study in normal subjects, nonheme iron absorp-
tion from a standard meal increased fi vefold from 6% to 32% after administration of EPO. Absorption 
of heme iron (which is absorbed through a different pathway than nonheme iron) also increased 
modestly from 47% to 59%. Absorption of supplemental iron taken with food was approximately 
one third of absorption of iron taken alone. When 50 mg ferrous sulfate was taken alone, baseline 
absorption after EPO administration increased more than threefold, from 7% to 25%. When this 
dose was taken with food, absorption rose from 2% to 18% following EPO administration  [  60  ] . The 
increased iron absorption occurring after EPO administration can be ascribed both to a decline in 
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iron stores secondary to the expanding erythroid mass, and to enhanced erythropoiesis. Because 
EPO administration results in increased iron utilization, a response or lack of response to EPO may 
be predicted based on serum TfR and ferritin levels at baseline. A TfR > 8 mg/L and a ferritin 
level < 50  μ g/L at baseline indicate iron defi ciency and the need to ensure adequate iron replacement 
during EPO therapy, while a serum TfR < 6 mg/L at baseline predicts an adequate response  [  31  ] . 

 In patients on maintenance EPO therapy, iron status declines even when oral iron is taken. 
Patients with adequate iron stores have steeper declines in iron status because of lower iron 
absorption. If iron stores are depleted, indicated by a serum ferritin <50  μ g/L, iron absorption is 
unlikely to meet the increased iron requirements, and therefore intravenous iron replacement is 
recommended. For patients with ferritin levels in the intermediate range (50–100  μ g/L), decreas-
ing hemoglobin or serum ferritin levels indicate that oral iron is not meeting the increased 
demands, indicating the need for intravenous iron administration. When ferritin levels are raised 
greater than 100  μ g/L, iron stores should be adequate for hemoglobin synthesis. Oral iron 
replacement may be adequate in these patients; however, intravenous iron is indicated if ferritin 
level declines. For most patients, overall iron status will decline, necessitating intravenous iron 
replacement  [  31,   61  ] .   

   3.4 Increased Iron Losses 

   3.4.1 Gastrointestinal Tract Bleeding as the Cause of Iron Defi ciency Anemia 

 Blood loss is the most common cause of iron defi ciency in adults, and the various causes are well 
described. It is always essential to exclude pathological disorders, especially of the gastrointestinal 
(GI) tract, in patients without obvious causes for iron defi ciency. Ingestion of aspirin and nonsteroi-
dal anti-infl ammatory drugs should not be overlooked as a cause because even low doses of aspirin 
taken to prevent atherosclerotic complications may cause signifi cant GI bleeding. 

 In adults over 50 years of age presenting with iron defi ciency anemia, underlying malignancies 
should always be considered and excluded. In a recent study in the United Kingdom of patients 
presenting with iron defi ciency anemia with no obvious cause, colon cancer accounted for 6.3% of 
the cases  [  62  ] . Only 1.2% were female, while 14% were male. Cancer of the upper or lower gastro-
intestinal tract accounted for only 7% of the cases. Other studies reported that 2–14% of patients 
presenting with iron defi ciency anemia had colon cancer  [  63  ] . Eighty-nine percent of the patients 
had cancer involving the right side of the colon, and the average age was 70  [  58–  82  ]  years  [  62  ] . Most 
patients with right-sided colon cancer have no symptoms other than those related to iron defi ciency 
anemia. When the cancer is signifi cantly advanced, symptoms may include local discomfort or a 
mass. It is therefore imperative that all patients over 50 years of age presenting with iron defi ciency 
anemia should undergo colonoscopy with or without upper endoscopy. 

 Most causes of unexplained iron defi ciency involve benign disorders of the upper gastrointestinal 
tract (77%) versus the lower gastrointestinal tract (11%)  [  62  ] . The diagnoses include gastritis (46%, 
including 32% taking nonsteroidal medications), duodenitis (23%, including 13% with  Helicobacter 
pylori , discussed below), hiatal hernia 4%, gastric ulcer (<1%), duodenal ulcer (1%), and esophageal 
cancer (<1%). Disorders of the lower intestinal tract include celiac disease (<1%), benign colonic 
polyps (4%), hemorrhoids (3%), and diverticular disease (4%). No cause of iron defi ciency could be 
found in 5% of patients. The causes of blood loss from the gastrointestinal tract may vary between 
differing geographical areas, where intestinal parasites may play an important role. In a study in 
Vietnam, 46% of anemic women were infected with intestinal parasites, including  Ascaris lumbri-
coides  (24%),  Trichuris trichuria  (32%), and hookworm (9%)  [  43  ] . Of these infestations, only hook-
worm is known to have a signifi cant effect on gastrointestinal blood losses.  
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   3.4.2 Excess Iron Losses in Athletes 

 Athletes undergoing endurance training, especially adolescent and young adult females, are prone to 
develop iron defi ciency, with or without anemia. Iron status declines because of expanding red cell 
mass and muscle mass, and additional iron loss may occur from GI tract bleeding, especially when 
anti-infl ammatory drugs are regularly used. In addition, minimal iron loss may occur from traumatic 
(foot-strike) hemolysis.  

   3.4.3 Hemolysis as a Cause of Iron Defi ciency 

 Chronic intravascular hemolysis is an infrequent cause of iron defi ciency. Hemoglobin in plasma 
exceeding the binding capacity of haptoglobin is fi ltered through the glomeruli, after which a 
small amount of hemoglobin is reabsorbed by the renal tubular cells. Within these cells, iron is 
released from the hemoglobin molecule by the heme oxidase enzyme and taken up by ferritin. 
The ferritin molecules subsequently form hemosiderin, and this iron is lost into the urine when 
these tubular cells are sloughed off at the end of their lifespan. Hemosiderin in urine can be iden-
tifi ed by staining of urine sediment with Prussian Blue stain. Hemoglobin not reabsorbed by the 
tubular cells passes into the urine and can be detected by a dipstick or visually if there is frank 
hemoglobinuria. Classical causes of chronic intravascular hemolysis include paroxysmal noctur-
nal hemoglobinuria, malaria, intravascular damage of red blood cells on artifi cial mechanical 
heart valves or due to microvascular diseases, sickle-cell disease, and glucose-6-phosphate dehy-
drogenase defi ciency.   

   3.5 Decreased Absorption of Iron 

 Decreased dietary iron absorption may be secondary to defective extraction of iron from food, fail-
ure to present this iron in a suitable form for absorption by proximal small bowel, or malabsorption 
of iron presented in a suitable form because of abnormal gastrointestinal tract mucosa as in celiac 
disease  [  64  ] . 

   3.5.1  Role of Helicobacter pylori and Autoimmune Gastritis in Obscure 
or Refractory Iron Defi ciency Anemia 

 Conventional endoscopic and radiographic methods fail to identify a source of gastrointestinal blood 
loss in up to one-third of males and postmenopausal females, and in most young women with iron 
defi ciency anemia  [  65–  67  ] . Referral for hematological evaluation is likely to occur when iron defi -
ciency anemia persists despite a negative gastrointestinal workup or when anemia is unresponsive to 
standard oral iron treatment. 

 In recent years, there has been increasing recognition of subtle, nonbleeding gastrointestinal con-
ditions that may result in abnormal iron absorption leading to iron defi ciency anemia in the absence 
of gastrointestinal symptoms. The most prominent disorders are celiac disease  [  68  ] , autoimmune 
gastritis  [  69,   70  ] , and  Helicobacter pylori  gastritis  [  71,   72  ] . The availability of convenient, noninva-
sive screening methods for identifying celiac disease (endomysial and gliadin antibodies), autoim-
mune atrophic gastritis (serum gastrin, parietal cell antibodies), and  H. pylori  infection (antibody 
screening and urease breath test) greatly facilitates the recognition of patients with these entities and 
their possible role in causing iron defi ciency anemia. 
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 In a recent prospective observational study, 300 consecutive patients referred for hematologic 
evaluation of obscure or refractory IDA have been investigated employing the above methods for 
identifying nonbleeding gastrointestinal conditions responsible for the anemia  [  73–  75  ] . The mean 
age of subjects was 39 ± 18 y, and 251 of 300 (84%) were women. A likely cause of IDA was identi-
fi ed in 93% of patients. As expected in females of reproductive age, only 10% had a source of gas-
trointestinal bleeding identifi ed. A history of menorrhagia was present in 32% of patients. The 
second most common abnormality was  autoimmune atrophic gastritis  documented in 77 IDA 
patients (26%) of whom 39 had coexistent  H. pylori  infection.  H. pylori  infection was the only posi-
tive fi nding in 57 patients (19%). There were 13 new cases of  adult celiac disease  (4%) manifested 
in IDA only. Refractoriness to oral iron treatment was found in 100% of patients with celiac disease, 
69% with autoimmune atrophic gastritis, 68% with  H. pylori  infection, but in only 10% of subjects 
with no underlying abnormality. Celiac disease is an uncommon immunologically mediated disorder 
associated with development of abnormal small bowel mucosal cells. A common clinical manifesta-
tion of the disease is gluten intolerance. The incidence of iron defi ciency at presentation of celiac 
disease varies according to sex and age; in patients presenting at greater than 14 years of age, iron 
defi ciency anemia is found in 52% of females versus 39% in males, whereas at 2–14 years of age, it 
is present in 23% of females and 32% in males  [  64  ] . 

 The following section focuses on the role of  H. pylori  infection and autoimmune gastritis, two 
entities which are not widely recognized as conditions commonly associated with refractory or 
obscure IDA.  

   3.5.2 Signifi cance of  Helicobacter pylori  Gastritis in Explaining Iron Defi ciency 

 The role of  H. pylori  in causing iron defi ciency anemia is unsettled, as  H. pylori  infection is common 
in the normal population. Population surveys involving thousands of subjects  [  76  ]  conducted over 
diverse geographic areas indicate that  H. pylori  is associated with a slight decrease in ferritin levels 
implying diminished iron stores, but there was no evidence of a high prevalence of iron defi ciency 
anemia associated with  H. pylori  seropositivity in these populations. 

 A cause-and-effect relation between  H. pylori  and serious gastrointestinal pathology, including 
duodenal ulcer, atrophy of the gastric body predisposing to gastric ulcer, and cancer, or mucosa-
associated lymphoid tissue (MALT) lymphoma, is well established and strongly supported by the 
benefi cial effects of  H. pylori  eradication in these conditions  [  77  ] . Consequently, in a search for evi-
dence supporting a cause-and-effect relation between  H. pylori  and iron defi ciency anemia, it is nec-
essary to focus on possible benefi cial effects of  H. pylori  eradication on refractory iron defi ciency 
anemia. Indeed studies indicate that failure to respond to oral iron treatment in  H. pylori -positive 
patients was more than twice as common as in  H. pylori -negative subjects, and successful  H. pylori  
eradication resulted in an increase in hemoglobin indistinguishable from that in previously responsive 
iron defi ciency anemia patients  [  73–  75  ]  

.
  These observations agree with a number of previous studies 

 [  72,   78,   79  ]  conducted in young females refractory to oral iron treatment in whom improvement 
occurred following  H. pylori  eradication even in the absence of continued iron administration. 

 Because menstrual blood loss is a compounding factor in evaluating the role of  H. pylori  in the 
pathogenesis of IDA in young females, studies in males with negative gastrointestinal workup and 
poor initial response to oral iron treatment would be more useful for assessing the relation between 
 H. pylori  and unexplained IDA. In a recent study involving 25 males with unexplained IDA and  H. 
pylori   [  75  ] , all previously refractory patients achieved normal hemoglobin levels after  H. pylori  
eradication with follow-up periods of 4–69 months. This was accompanied by a signifi cant decrease 
in  H. pylori  IgG antibodies and serum gastrin levels. Sixteen patients discontinued iron treatment, 
maintaining normal hemoglobin and ferritin, and may be considered cured. Remarkably, 4 of the 16 
achieved normal hemoglobin without receiving oral iron after  H. pylori  eradication. 
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 A number of mechanisms may explain the relation between  H. pylori  gastritis and iron defi ciency 
anemia, including occult gastrointestinal bleeding and competition for dietary iron by the bacteria. 
However, the most likely explanation is the effect of  H. pylori  on the composition of gastric juice. 
Studies by Annibale et al. show that gastric acidity and ascorbate content, both critical for normal 
iron absorption, are adversely affected by  H. pylori  infection. Conversely, H.  pylori  eradication 
results in normalization of gastric pH and ascorbate content restoring normal iron absorption  [  80  ] .  

   3.5.3 Signifi cance of Autoimmune Atrophic Gastritis in Explaining Iron Defi ciency 

 Screening for autoimmune gastritis relies on the coexistence of increased serum gastrin and autoan-
tibodies to gastric parietal cells. In most such patients, gastric mucosal histology shows chronic 
gastritis and atrophic gastritis  [  74  ] . Increased serum gastrin is the consequence of increased secre-
tion in response to achlorhydria by G-cells in the gastric antrum and duodenum which are character-
istically spared by autoimmune gastritis involving only the proximal two-thirds of the stomach. This 
combination of abnormalities is typical of pernicious anemia but is largely unrecognized in the con-
text of iron defi ciency anemia. 

 In pernicious anemia, gastric atrophy involving the proximal two-thirds of the stomach but spar-
ing the antrum was fi rst documented by Faber and Bloch in 1900  [  81  ] . Abnormal gastric secretion 
associated with pernicious anemia was designated “achylia gastrica”  [  82  ] . Subsequently, Faber et al. 
described 59 patients with achylia gastrica and anemia, but only 15 of these had pernicious anemia. 
The remaining 37 patients had hypochromic anemia. They were mostly women, responding only to 
large doses of iron but tending to relapse  [  83,   84  ] . Cumulative experience up to 1933 with hypochro-
mic anemia associated with achlorhydria was summarized in a landmark study by Wintrobe and 
Beebe involving 498 patients  [  85  ] . By comparison with pernicious anemia, patients with hypochro-
mic anemia and achylia gastrica were 35–50 years old or about 10 years younger; 96% were females 
compared with a roughly equal gender in pernicious anemia. They had no neurological complica-
tions, and the anemia was microcytic instead of macrocytic. Free hydrochloric acid in gastric juice 
was absent in the vast majority of patients in both groups. The most important difference was that a 
fatal course was almost universal in untreated pernicious anemia, whereas only one of the 498 
patients with achylia gastrica and hypochromic anemia died. 

 Despite these differences between pernicious anemia and hypochromic anemia associated with 
achylia gastrica, certain similarities were recognized by Wintrobe and Beebe  [  85  ] . In hypochromic 
anemia and achlorhydria, there was an increased prevalence of pernicious anemia among family 
members, and progression of hypochromic anemia to pernicious anemia was repeatedly observed. 
The frequent association of thyroid disease with both types of anemia was also recognized. In both 
types of anemia, it was noted that achlorhydria may precede development of anemia by many years. 
Based on the marked difference in gender and younger age of hypochromic anemia patients, the 
authors concluded that an added factor must be the increased physiologic needs associated with 
menstruation and pregnancy. In view of failure to respond to conventional doses of oral iron treat-
ment, it was concluded that iron absorption in this condition is abnormal and lack of free hydrochlo-
ric acid may be the fundamental disorder responsible for “idiopathic hypochromic anemia.” 

 Unfortunately, the concept of gastric atrophy as a common cause of iron defi ciency anemia has 
been largely forgotten and ignored in subsequent surveys of gastrointestinal causes of iron defi -
ciency anemia  [  86  ] . It is possible that the discovery of intrinsic factor, of cobalamin, and the 
profound change in management and prognosis of pernicious anemia resulted in decreased inter-
est in iron defi ciency, a less exotic consequence of achylia gastrica, despite the fact that this type 
of anemia was more common in achylia gastrica than megaloblastic anemia. Although the advent 
of gastroscopic methodology confi rmed the coexistence of iron defi ciency anemia and gastric 
mucosal atrophy, there was no consensus regarding the role of achlorhydria in the pathogenesis of 
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iron defi ciency  [  87–  91  ] . It was even suggested that gastric atrophy may be the result and not the 
cause of chronic iron defi ciency. 

 Following the demonstration of antibodies to gastric parietal cells in pernicious anemia, it was 
also shown that sera in over 20% of patients with iron defi ciency anemia are positive for the same 
antibodies  [  92  ] . Increased incidence of iron defi ciency anemia only occurred in patients with hista-
mine-fast achlorhydria who also had biopsy evidence of atrophic gastritis. Likewise, in a more 
recent study  [  69  ]  employing gastric mucosal biopsies and serologic screening, autoimmune achlo-
rhydric gastric atrophy has been implicated in 20% of subjects with iron defi ciency anemia without 
evidence of gastrointestinal blood loss. These observations have been confi rmed and extended in a 
series of studies  [  70  ]  where 27% of patients with refractory iron defi ciency anemia without gastro-
intestinal symptoms were found to have atrophic gastritis, a percentage almost identical with the 
proportion of subjects with autoimmune atrophic body gastritis found in subsequent studies. 
Impaired iron absorption in pernicious anemia is corrected by normal, but not by neutralized gastric 
juice, indicating that lack of gastric acidity is the key factor in abnormal iron absorption  [  93  ] . Other 
studies have also shown that iron absorption is heavily dependent on normal gastric secretion and 
acidity for dissolving and reducing dietary iron  [  94,   95  ] . Although atrophic gastritis may impair 
both cobalamin and iron absorption simultaneously, in young women in whom menstruation and 
pregnancy represent an added strain on iron requirements, iron defi ciency will develop years before 
depletion of cobalamin stores.  

   3.5.4 Possible Role of  H. pylori  in the Pathogenesis of Autoimmune Gastritis 

 In order to defi ne the relation between iron defi ciency anemia, pernicious anemia, and  H. pylori  
infection, 160 patients with autoimmune gastritis were studied of whom 83 presented with micro-
cytic anemia, 48 with normocytic, and 29 with macrocytic anemia  [  74  ] . 

 The mean age of patients with microcytic anemia was 41 ± 15 y, 18 years younger than the mean 
age of the other groups. Low serum cobalamin was found in 100% of the macrocytic, 92% of the 
normocytic, and 46% of the microcytic groups. Iron defi ciency was found in all patients with micro-
cytic anemia, but also in 50% of the normocytic and 10% of the macrocytic patients. Thus, a consid-
erable proportion of patients had combined iron and cobalamin defi ciency. Endoscopic studies were 
available in 87 patients and gastric mucosal histology in 69. Histology was defi ned as atrophic gas-
tritis in 50%, chronic gastritis (chronic infl ammation) in 42%, MALT lymphoma in 3%, gastric 
polyp in 3%, and adenocarcinoma of the stomach in 1 patient. In an additional 18 cases, the gastric 
mucosa was described as normal macroscopically, but no biopsies were taken. The proportion of 
patients with atrophic gastritis was 9/13 (69%) in patients with macrocytic anemia and 13/32 (41%) 
in microcytic anemia. Conversely, the proportion of patients with chronic infl ammation in the mac-
rocytic group was 2/13 (15%) compared with 18/32 (56%) in microcytic anemia. Stratifi cation by 
age cohorts of autoimmune gastritis from <20 to >60 y showed coexistent  H. pylori  infection in 
87.5% at age <20 y, 47% at 20–40 y, 37.5% at 41–60 y, and 12.5% at age >60y. With ages increasing 
from <20 to >60 y, there was a progressive increase in serum ferritin from 4 ± 2 to 37 ± 41  μ g/L and 
serum gastrin from 349 ± 247 to 800 ± 627 u/mL, and decrease in cobalamin from 392 ± 179 to 
108 ± 65 pg/mL. 

 The high prevalence of  H. pylori  in young patients with autoimmune gastritis and its almost total 
absence in elderly patients with pernicious anemia implies that  H. pylori  infection in autoimmune 
gastritis may represent an early phase of disease in which an infectious process is gradually replaced 
by an autoimmune disease terminating in burned-out infection and irreversible destruction of gastric 
body mucosa. The relation between  H. pylori  and pathogenesis of pernicious anemia is still unsettled 
 [  96  ] .  H. pylori -infected subjects have circulating IgG antibodies directed against epitopes on gastric 
mucosal cells. Of these, the most likely target of an autoimmune mechanism triggered by  H. pylori  
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and directed against gastric parietal cells by means of antigenic mimicry  [  97–  104  ]  is H + K+-ATPase, 
a protein that is the most common autoantigen in pernicious anemia. Conversely,  H. pylori  eradica-
tion in patients with autoimmune atrophic gastritis is followed by improved gastric acid and ascor-
bate secretion in many and complete remission of atrophic gastritis in a variable proportion of 
patients  [  105–  107  ] . Failure to achieve remission by  H. pylori  eradication in many patients does not 
argue against the role of  H. pylori  in the pathogenesis of autoimmune gastritis but more likely indi-
cates that a point of no return may be reached beyond which the autoimmune process may no longer 
require the continued presence of the inducing pathogen. 

 In view of the above considerations, initial testing for celiac disease (anti-endomysial antibodies), 
autoimmune type A atrophic gastritis (gastrin, antiparietal antibodies), and  H. pylori  (IgG antibodies 
followed by urease breath test) provides high-sensitivity screening and an effective starting point for 
further investigation. This is recommended in all patients with obscure iron defi ciency anemia and 
in those refractory to oral iron treatment. Interpretation of positive serology for  H. pylori  confi rmed 
by positive urease breath test requires clinical judgment as 20–50% of the healthy population in 
industrialized countries will have such fi ndings. In such patients, refractoriness to oral iron treatment 
may justify a “test-and-treat” approach of  H. pylori  eradication as currently advocated in the 
management of dyspeptic patients  [  108  ] . Cure of previously refractory iron defi ciency anemia by 
 H. pylori  eradication may be regarded as evidence supporting a cause-and-effect relation. The 
recently reported disorder, iron-refractory iron defi ciency anemia due to mutations of the TMPRSS6 
gene which encodes matriptase-2, should also be considered when other causes of iron refractoriness 
have been excluded  [  109  ]  (see Chap.   26    ).    

   4 Prevalence of Iron Defi ciency 

 Historically, iron defi ciency has been estimated to affect approximately 30% of the world population 
 [  110  ] . Prevalence of iron defi ciency can be evaluated on the basis of age, sex, race, socioeconomic 
status, and regional variances, including altitude. Several studies in the past have utilized anemia as 
a surrogate indicator of iron defi ciency. More recent data refutes the use of hemoglobin as the sole 
indicator of iron defi ciency since the hemoglobin level is infl uenced by other factors affecting sur-
veyed populations, including socioeconomic factors, infections, other infl ammatory conditions, and 
altitude. In view of the availability of specifi c laboratory tests covering several aspects of iron status, 
the use of hemoglobin as the sole indicator of iron defi ciency should be abandoned. Newer measure-
ments to diagnose iron defi ciency in population studies have included, in addition to hemoglobin 
levels, serum ferritin, transferrin saturation, free erythrocyte protoporphyrin, and C-reactive protein 
as an indicator of infl ammation. Iron defi ciency is present when at least two of the following three 
measurements are abnormal: low serum ferritin, low transferrin saturation with a raised or high nor-
mal TIBC, or a raised free erythrocyte protoporphyrin. A low ferritin by itself may indicate that 
anemia is secondary to iron defi ciency; however, this only refl ects depleted stores and it is possible 
that tissue iron defi ciency is not occurring and some other cause is responsible for the anemia. A 
second abnormal measure of iron status would confi rm that iron defi ciency is the probable cause of 
the anemia  [  111  ] . 

 The serum TfR/ferritin ratio provides a signifi cantly improved quantitative measure of iron sta-
tus, independent of hemoglobin level  [  13,   47,   112  ] . However, when infection or infl ammation is 
present, body iron measurement becomes unreliable because ferritin behaves as an acute phase reac-
tant. A number of population studies have used only hemoglobin levels, some with high incidences 
of anemia; however, specifi c iron studies were not obtained  [  113  ] . Such reports are not included in 
this review. 
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 The effects of age, sex, and infections and the need to utilize a spectrum of tests and not rely 
solely on hemoglobin levels are illustrated by a study performed in the Ivory Coast in West Africa. 
The prevalence of iron defi ciency was 41–63% in women and children and 13% in men. Iron defi -
ciency anemia was present in 30–66% of the iron-defi cient women and children, and 30% of iron-
defi cient men. Overall, iron defi ciency accounted for about 50% of cases of anemia in this population 
where malaria, other infections, and hemoglobinopathies were also prevalent  [  15  ] . 

   4.1 Effect of Age, Growth, and Sex 

 Studies measuring whole body iron in a population sample from NHANES III  [  114  ]  indicate a sig-
nifi cant effect of age and sex on iron status (Fig.  13.1 )  [  47  ] . Body iron status remains stable until late 
adolescence in both sexes. An abrupt rise occurs in late teenage years in males. In females, body iron 
remains on a plateau due to menstruation and childbearing, but begins to slowly rise after the child-
bearing years, and menopause begins. Thereafter, iron status increases continuously, eventually 
reaching levels equivalent to males after 50 years of age. In males, iron stores continue to rise from 
adolescence to the third decade, after which iron stores plateau, but rise slowly over the next three 
decades. The incidences of iron defi ciency in various parts of the world are noted in Table  13.3 . This 
table does not refl ect all studies that have been completed. These studies rely on specifi c markers of 
iron defi ciency and do not include the incidences of iron defi ciency anemia.    

   4.2 Toddlers (Age 12–35 Months) and Preschool Children 

 In the USA, iron defi ciency occurs in approximately 2.4 million children, and iron defi ciency anemia 
occurs in approximately 490,000 children  [  110,   114  ] . During the fi rst year of life, approximately 
50% of infants have tissue iron defi ciency. A further decline in iron status occurs during the second 
year of life, after which body iron status improves steadily over the next 2 years, despite a rapid 
growth spurt. The incidence of iron defi ciency varies with race and ethnicity in the USA. In the 

  Fig. 13.1    Effect of age and 
sex on body iron based on 
blood specimens collected in 
the NHANES III.  Shaded  
areas represent ±SEM for 
each 5-year interval (From 
 [  47  ] )       
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NHANES IV study (conducted 1999–2002), 8% of toddlers were iron defi cient. Hispanic children 
had the highest incidence of iron defi ciency (12%), versus 6% in white toddlers and 6% in black 
toddlers  [  115  ] . Iron defi ciency was highest (20%) in overweight toddlers, versus 7% for normal 
weight toddlers. The incidence of iron defi ciency was also infl uenced by profi ciency of the mothers 
in speaking and understanding English (7% among those whose mothers did, versus 14% among 
those whose mothers did not speak or understand English). Attendance at day care also played a 
role; the incidence was half that of those that did not attend day care (5% vs. 10%)  [  115  ] . In this 
survey, Hispanic children were more likely to be overweight and less likely to be in day care. An 
association between overweight children and iron defi ciency was also seen previously in children 
2–16 years of age  [  116,   117  ] . Several factors may play a role in these fi ndings, including inadequate 
iron content of the diet, especially diets high in calories, with poor micronutrient levels, for example, 
excessive ingestion of juices and milk. 

 In a study in Bolivia evaluating body iron measurements in children and their mothers, hemoglo-
bin levels rose from 99 g/L and 100 g/L in the fi rst and second years of life to 120 g/L at 4 years of 
age. Mean body iron content rose from a defi cient state at 1 year to reach 3.85 mg/kg by 4 years of 
age, which was a similar iron value to that seen in their mothers  [  112  ] . An interesting observation in 
this study was the signifi cant correlation between body iron content in the children and their moth-
ers. Iron-replete mothers tended to have iron-replete infants, while iron-defi cient mothers had iron-
defi cient infants. However, in a study from Australia, iron status of 6-month-old children did not 
show any difference whether or not their mothers were given iron supplements during pregnancy, 
and whether or not the mothers were iron defi cient at the time of childbirth  [  118  ] . The children also 
did not show differences in iron status at 4 years of age related to their mothers’ iron status at the 
time of childbirth. These contrasting observations are related to the infl uence of diet and its iron 
content and availability, which is the likely common factor between each household in underdevel-
oped populations. In developed countries, where the population is well nourished and a variety of 
food sources are available, children may have different iron status from their mothers. An additional 
factor is the relationship of iron status in the mother during gestation and its infl uence on iron status 
of the infant  [  119  ] . 

   Table 13.3    Prevalence of iron defi ciency in developing and developed countries   

 Developing countries  Developed countries 

 Toddlers (1–3 years old)  63%  [  15  ]   31%  [  120  ]  
 7–9%  [  115  ]  

 Children (5–16 years old)  47%  [  15  ]   1–5%  [  120  ]  
 15%  [  128  ]   8–10% girls 

 <1% boys 
 Menstruating women  41%  [  15  ]   9–16%  [  120  ]  a  

 7%  [  13  ]  
 15%  [  112  ]  
 36%  [  146  ]  

 Pregnancy  30%  [  48  ]   30%  [  144  ]  
 56%  [  55  ]   20%  [  145  ]  

 10%  [  57  ]  
 Men  13%  [  15  ]   1–5%  [  121  ]  

 6%  [  146  ]  b  
 Elderly  –  3–7%  [  121  ]  

 3–4% males 
 6–7% females 

   a White 8–10%, Black 15–19%, Hispanic 19–22% 
  b Recreational athletes  
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 In the Ivory Coast study, iron defi ciency was present in 63% of children aged 2–5 years. Iron 
defi ciency anemia occurred in about two-thirds of these with an overall incidence of 39%  [  15  ] .  

   4.3 School-Age Children (Age 6–15 Years) 

 It is estimated that 46% of the world’s children have anemia, the majority of these living in underde-
veloped areas  [  56  ] . Whether these children have iron defi ciency alone, anemia of chronic infection, 
or other causes of anemia, such as vitamin B12 or folate defi ciency, is unclear. These estimates are 
easily corroborated by the study from Ivory Coast, where 47% of children had iron defi ciency, of 
which about one half (25%) were anemic  [  15  ] .  

   4.4 Pregnancy 

 Hemoglobin levels normally decline during pregnancy. Under normal physiological conditions, 
expansion of the red cell mass occurs, provided adequate iron stores are present. There are two 
causes for the decline in hemoglobin concentration, the fi rst being the physiological expansion of 
plasma volume leading to dilution of hemoglobin, the second being the propensity to develop iron 
defi ciency. Increased iron required by the fetus, placenta, and umbilical cord leads to a signifi cant 
decline in iron stores during pregnancy, refl ected by changes in serum ferritin as well as sTfR. 

 It is estimated that 48% of pregnant women worldwide have anemia, and in underdeveloped 
countries, the incidence is as high as 56%  [  57  ] . In Bolivia, pregnant women had a mean serum fer-
ritin of 15 ug/L versus a mean of 29 ug/L in nonpregnant women; however, tissue iron defi ciency 
was not evident in pregnancy as measured by serum TfR itself. Body iron content calculated for each 
individual averaged 1.31 ± 3.67 mg/kg in pregnant women and 3.99 ± 4.3 mg/kg in nonpregnant 
women  [  112  ] . In a study of anemic pregnant women in Jamaica, the mean ferritin level was 11  μ g 
(range 4–32  μ g/L), mean sTfR was 7.9 ± 3.4 mg/L, and mean sTfR/ferritin ratio was 650 (range 
187–2,258). Mean body iron was 0.085 ± 4.5 mg/kg, and half the women had tissue iron defi ciency. 

 Iron supplementation somewhat prevents iron depletion during pregnancy. In an Australian study 
comparing 20 mg iron versus placebo administered from 20 weeks of gestation, signifi cant differ-
ences in Hb and ferritin concentrations were observed in the two groups at delivery (128 g/L versus 
121 g/L and 16.1  μ g/L versus 11.1  μ g/L, respectively)  [  118  ] . In general, because iron stores are 
frequently depleted during pregnancy, serum ferritin has poor specifi city for iron defi ciency, while 
serum TfR has greater specifi city.  

   4.5 Menstruating Women 

 Studies in the USA indicate a low incidence of iron defi ciency in menstruating women, utilizing older 
criteria to detect iron defi ciency, including serum ferritin, transferrin saturation, and free erythrocyte 
protoporphyrin, and iron defi ciency anemia by addition of hemoglobin. However, differences in inci-
dence were noted within different population groups. Iron defi ciency occurred in 11% and 12% of the 
population in the NHANES III and NHANES 1999–2000 survey, while iron defi ciency anemia 
occurred in 4% and 3%, respectively  [  121  ] . In white non-Hispanics, iron defi ciency incidence was 
8–10%, in blacks, 15–19%, and in Mexican Americans, 19–22% in these two study time periods 
 [  121  ] . Body iron measurements have recently been employed to examine the prevalence of iron 
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defi ciency in the USA. Mean ferritin was 34 ug/L (range 12–94 ug/L), mean serum TfR was 
6.3 ± 2.6 mg/L, mean sTfR/ferritin ratio was 172 (range 54–544), and body iron was 4.9 ± 4.1 mg/kg 
 [  47  ] . The frequency distribution of this population was not linear in the lower portion of the curve, in 
keeping with a minor population of iron-defi cient women. Mixed distribution analyses allowed dif-
ferentiation of these populations. The normal population had a mean body iron of 5.5 mg/kg, while 
7% of the population had iron defi ciency with a mean whole body iron defi cit of −3.9 mg/kg. 

 In a study in Bolivia, examining the infl uence of high altitude on body iron, a similar frequency 
distribution of body iron status occurred in mothers and their children, except that the children’s iron 
status was shifted toward the lower end of the spectrum. Iron defi ciency occurred in 15% of the 
women  [  112  ] , which was half the incidence in children living in the same household (31%). Iron 
defi ciency severe enough to cause anemia (iron defi cit greater than 4 mg/kg) occurred in approxi-
mately 6% of mothers and 12% of their offspring. Anemia occurred in about one-third of all women 
with absent iron stores (defi ned by body iron < 0 mg/kg). Similar to the USA fi gures mentioned 
above, 83% of Bolivian women had a mean body iron of 5.3 mg/kg, while 17% iron-defi cient women 
had a mean body iron defi cit of −2.3 mg/kg  [  112  ] . 

 The incidence of iron defi ciency and iron defi ciency anemia varies signifi cantly in different parts 
of the world, and when populations have concurrent infections, as demonstrated in studies in Ivory 
Coast  [  15  ] , the prevalence can be diffi cult to defi ne clearly. As demonstrated in this study, iron defi -
ciency occurred in 41% of the women and iron defi ciency anemia occurred in approximately half of 
these (20%).  

   4.6 Males Aged 20–65 Years 

 In a subsample from the NHANES III study in men between 20 and 65 years of age, mean ferritin 
concentration was 109  μ g/L (range 66–285  μ g/L), mean sTfR was 6.1 ± 2.7 mg/L, and the geometric 
mean TfR/Ferritin ratio was 42 (range 19–93), equivalent to body iron stores of 9.89 ± 2.82 mg/kg, 
consistent with a single normal distribution. 

 In men from Ivory Coast, mean serum ferritin concentration was 65  μ g/L and mean sTfR was 
7.2 mg/L,    not dissimilar to the values reported in the USA study noted above  [  15  ] . Iron depletion 
was present in 13% of the men, and 30% of these (4% overall) had iron defi ciency anemia.  

   4.7 Elderly (Over 65 Years of Age) 

 The incidence of anemia in the elderly rises from approximately 8% in the 65–74 year age group to 
13% in the 75–84 year age group to 24% in the 85 year and older age group  [  121  ] . Data from the 
NHANES III study (1988–1994) in noninstitutionalized subjects 65 yrs and older indicated that 20% 
of anemic subjects had iron defi ciency. Approximately 16% of the iron-defi cient population had iron 
defi ciency combined with folate or vitamin B12 defi ciency  [  121  ] . In a number of previous popula-
tion studies, anemia was presumed to be due to iron defi ciency. However the NHANES III study 
clearly established that nutritional defi ciencies account for only one-third of all causes of anemia in 
this age group. In subjects 70 years and older, iron defi ciency was present in 4% and 7% of males 
and females, respectively, and in 3% and 6% of males and females in a more recent NHANES study 
in 1999–2000. Iron defi ciency anemia occurred in 2% of the females in the NHANES III study and 
1% of females in the more recent NHANES study  [  120  ] .  
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   4.8 Effect of Altitude 

 Diminished oxygen tension at high altitude leads to increased hemoglobin levels, mediated by 
increased erythropoietin production. Expansion of hemoglobin mass requires increased iron mobili-
zation from stores as well as increased iron absorption from the diet. There is evidence, based on 
animal models, that hypoxia has a direct stimulating effect on iron absorption, possibly mediated by 
downregulation of hepcidin  [  122  ] . A rise in hemoglobin of 10 g/L requires an additional 33.8 mg of 
iron/L of blood. Thus a 60-kg woman with an average blood volume of 67 mL/kg, or total blood 
volume of 4.02 L, will require an additional 135 mg of iron to produce a rise in hemoglobin of 
10 g/L (or 1 g/dL). Although this amount appears trivial, it may be diffi cult for some women to 
accomplish based on poor dietary iron intake, excess menstrual losses, and further pregnancies. 

 As noted previously, studies relying on hemoglobin measurements as markers of iron defi ciency 
tend to overestimate its prevalence. In a study at high altitude in Bolivia, the prevalence of iron defi -
ciency was estimated to be between 27% and 52%. When more specifi c measurements were intro-
duced, the level of iron defi ciency was <10%  [  123  ] . In another study of menstruating women in 
Bolivia, rising altitude at 1,000 m intervals had no effect on body iron status in children younger than 
5 years of age; however, diminished iron status occurred in mothers living at altitudes greater than 
3,000 m  [  112  ] . Serum ferritins in mothers at altitudes below and above 3,000 m were 30  μ g/L and 
23  μ g/L, respectively, mean serum TfR values were 6.61 mg/L and 7.97 mg/L, respectively, and 
mean body iron was 30% lower at the higher altitude (4.32 mg/kg and 2.77 mg/kg, respectively) 
 [  112  ] . When only hemoglobin levels were used in this study, anemia prevalence was 27% in women 
of menstruating age; however, body iron measurements indicated that only 5.7% had tissue iron 
depletion severe enough to produce anemia (which requires a tissue iron defi cit greater than −4 mg/
kg). Similar fi ndings were noted in children, of whom 45% were anemic, but only 12% had tissue 
iron defi ciency that could cause anemia. The discrepancy between the prevalence of anemia and the 
prevalence of tissue iron depletion severe enough to cause anemia can be explained by the fact that 
iron defi ciency is not the only cause of anemia in such populations. Furthermore, in this study, 
hemoglobin may have been erroneously corrected for differences in altitude.   

   5 Therapy for Iron Defi ciency Anemia 

 When iron defi ciency is identifi ed, whether in an individual patient or a population, it is always nec-
essary to investigate and establish causes, evaluate the clinical consequences of the iron defi ciency, 
and establish a plan to correct the defi ciency. Different strategies are required for the management of 
iron defi ciency, depending on the population undergoing therapy. Iron depletion may require correc-
tion of iron balance in whole population segments where fortifi cation of the diet may be required, or 
iron supplementation may be directed toward specifi c members of a population. Iron fortifi cation 
may not always be the desired strategy since it may be harmful to certain population members, for 
example, where the gene for hemochromatosis is prevalent. 

 Diets containing inadequate amounts of iron or those that contain excess inhibitors of iron absorp-
tion are important causes of iron defi ciency, especially in situations of coexistent increased iron 
demand. These causative factors often coexist, for example, during the 4th–12th month of infancy, 
when there is increased iron requirement due to expansion of body tissues and red blood cell mass. 
Approximately 0.9 mg of iron is required per day during this time. Milk contains only about 0.2 mg 
of iron per deciliter, or about 1.5 mg per 100 K cal. If cow’s milk (which has a lower iron bioavail-
ability than human breast milk) is ingested, the amount of iron absorbed may be insuffi cient to meet 
the growing child’s iron requirement and additional iron fortifi cation or supplementation of the diet 
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are necessary to avoid a negative iron balance. A similar circumstance occurs during menstruation 
or pregnancy, when there is enhanced iron requirement. Under these circumstances, if there is insuf-
fi cient dietary intake, for example, due to food faddism and/or a diet containing increased inhibitors 
of iron absorption, iron defi ciency is likely to develop. On the other hand, ingestion of a diet rich in 
vitamin C, meat, or other animal proteins is protective against iron defi ciency by enhancing iron 
absorption. This partly explains the lower incidence of iron defi ciency in developed countries. 
Population studies have shown an inverse correlation between meat ingestion and prevalence of iron 
defi ciency. 

   5.1 Dietary Iron Fortifi cation 

 Various strategies have been devised to prevent iron defi ciency. In most developed countries, it has 
been the practice to fortify the diet with iron. Iron is routinely added to fl our in 49 countries. 
Fortifi cation can be large scale or localized to certain population sectors. Specifi c iron fortifi cation 
programs directed at populations with higher iron requirements (such as children, adolescents, 
and pregnant women) would be benefi cial and should perhaps replace nationwide fortifi cation 
programs. 

 There are a number of pitfalls associated with large-scale fortifi cation. If the prevalence of the 
iron-loading gene for genetic hemochromatosis is high in a population, this segment may experience 
severe complications. Besides this, the dietary vehicle may contain inhibitors that interact with the 
particular iron fortifi cant, and iron compounds may have different absorption properties depending 
on the specifi c food vehicle. Commonly studied iron fortifi cants include NaFeEDTA  [  124–  127  ] , 
ferrous fumarate, and electrolytic iron. NaFeEDTA does not have unacceptable organoleptic proper-
ties on the fortifi cant, and it is bioavailable and water soluble. In Africa, fortifi cation of staple cereals 
has been common. In a recent study in Kenyan schoolchildren  [  128  ] , NaFeEDTA at two different 
doses, or electrolytic iron, was compared to no supplementary iron, added to whole grain maize 
fl ower. NaFeEDTA at 56 mg/kg was superior in correcting iron defi ciency anemia compared to a 
lower dose (28 mg/kg) of NaFeEDTA and to electrolytic iron, which had no benefi cial effect. The 
lower NaFeEDTA dose diminished the prevalence of iron defi ciency but not the incidence of iron 
defi ciency anemia  [  128  ] . In contrast, others report that electrolytic iron is the elemental iron that 
should be used in cereal fl ours. These differences may relate to the type of cereal used. Whole grain 
fl our has a higher phytate content than low-extraction fl our. When phytate content is high, EDTA 
chelates iron, preventing its binding to phytate, thus making it more likely to be absorbed. On the 
other hand, meals containing less phytate may promote absorption of electrolytic iron over 
NaFeEDTA. Various food vehicles have been utilized in different populations. In a study in Vietnam, 
fi sh sauce, consumed by more than 80% of the population, was fortifi ed with 10 mg iron as 
NaFeEDTA. This was added to the diet daily for 6 days each week over a 6-month period and com-
pared with a control group. This intervention led to higher hemoglobin and ferritin levels and lower 
sTfR levels in the iron-fortifi ed group. The incidence of iron defi ciency anemia declined from 58% 
to 20%, and the incidence of iron defi ciency dropped from 62% in the control group to 33% in the 
treatment group  [  43  ] . 

 Because iron compounds such as ferrous sulfate that are readily soluble in water promote fat 
oxidation and cause unacceptable organoleptic changes in food, alternative iron compounds for tar-
geted fortifi cation have been evaluated. These include ferrous fumarate, which produces no signifi -
cant organoleptic effect. Studies comparing absorption from ferrous fumarate to ferrous sulfate 
added to infant cereals show no differences in iron absorption. Absorption from ferrous fumarate 
and ferrous sulfate contained in a rice cereal was 2.58% from each compound or 0.2 mg of a 7.5 mg 
dose. Further studies of a chocolate drink powder designed for targeted fortifi cation in children and 
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containing 5 mg iron per serving showed similar results of 3.31% absorption from ferrous fumarate 
and 2.28% from ferrous sulfate  [  129  ] . Processing of the drink ingredients after addition of the iron 
salts signifi cantly improved absorption of ferrous fumarate to 5.3% compared with 2.6% from fer-
rous sulfate. These studies suggest that when ferrous compounds are taken in the diet, iron enters a 
common pool in the gastrointestinal tract, where it comes under the infl uence of inhibitory ligands 
contained in the diet, such as phytates and polyphenols. In the study mentioned above however, 
processing during manufacture of the chocolate drink appeared to alter assimilation from this com-
mon iron pool. 

 When instituting iron fortifi cation strategies, it is important to evaluate response because initial 
positive results obtained under well-controlled circumstances in pilot studies may not refl ect out-
comes under realistic conditions when large fortifi cation programs are implemented.  

   5.2 Oral Iron Therapy 

 The majority of patients with iron defi ciency anemia respond readily to oral iron replacement. 
Although a number of iron compounds exist for oral use, signifi cant differences in iron bioavail-
ability occur between the various compounds. Ferrous iron salts have superior bioavailability com-
pared to ferric iron salts. Furthermore, a single iron compound may vary in bioavailability depending 
on the manner in which it is coated during manufacture. Some iron tablets may be almost totally 
unavailable for absorption because the tablet coating is resistant to dissolution in the stomach. 
Tablets may pass whole or only partly dissolved through the gastrointestinal tract. Each iron com-
pound form may be manufactured by a number of different companies. In the USA, there are at 
least 15 brands of ferrous sulfate, at least 7 brands of ferrous fumarate, 3 brands of ferrous glucon-
ate, and 5 brands containing polysaccharide iron. In addition, there is at least one brand containing 
two iron compounds. 

 Because of relatively low cost and reasonable bioavailability, ferrous sulfate is the iron com-
pound used most often for oral iron therapy. It is also commonly used as a standard for comparison. 
Ferrous sulfate is, however, associated with a number of gastrointestinal side effects that often lead 
to poor compliance or discontinuation of therapy. A number of alternative iron compounds have 
been manufactured in an attempt to lessen side effects and thereby enhance acceptability, with the 
hope of having equal, if not improved, bioavailability. Apart from the compounds mentioned below, 
very few iron preparations exist with bioavailability equivalent to ferrous sulfate while at the same 
time having decreasing side effects. Ferrous fumarate, ferrous lactate, ferrous succinate, and fer-
rous glutamate have similar bioavailability to ferrous sulfate, based on studies using double radio-
isotopic labeling techniques  [  130  ] . 

 A number of preparations with slow iron-release properties have been designed, but for the most 
part, bioavailability does not equal that of standard ferrous sulfate tablets, although there are some 
exceptions. One of these is ferrous sulfate suspended in a gastric delivery system which is retained 
in the stomach for 5–12 h  [  48  ] ; however, this preparation is not commercially available. 

 An important determinant of effi cacy of iron therapy pertains to the side effects induced by the iron 
preparation. This is the single most important cause of noncompliance with iron therapy. A number 
of side effects have been described, almost exclusively involving the gastrointestinal tract. Common 
side effects include constipation, nausea, heartburn, intestinal gas, diarrhea, and loss of appetite. Side 
effects may necessitate a dose reduction or change in the manner or form in which iron is taken. Side 
effects are directly related to the dose of iron and frequency of ingestion, although the latter is less 
important. Iron is customarily prescribed to be taken three times per day; however, this dosing sched-
ule is probably unnecessary for most patients, unless they have signifi cantly accelerated iron loss or 
iron requirements. This may occur as a result of chronic bleeding, during pregnancy or in situations 
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where there is markedly enhanced erythropoiesis such as with erythropoietin therapy  [  60  ] . At lower 
doses of iron, it is diffi cult to demonstrate signifi cantly increased side effects compared to placebo 
 [  59  ] ; however, higher doses of iron are associated with increased side effects. One study compared 
222 mg iron, given as either ferrous fumarate or ferrous sulfate, with placebo; subjects taking placebo 
had a 14% incidence of side effects, while in those taking ferrous sulfate and ferrous fumarate, the 
incidence of side effects was signifi cantly higher at 28% and 26%, respectively. There were no differ-
ences in incidence and type of side effects between ferrous sulfate and ferrous fumarate. One percent 
of the placebo group discontinued taking tablets because of side effects, compared to 10% of the 
group taking ferrous sulfate and 6% of those taking ferrous fumarate  [  129  ] . 

 The dose of iron or frequency of iron intake can be reduced to once or twice per day for most 
patients who do not have excessive requirements. Furthermore, high doses are not necessarily required 
during times of major iron requirement such as pregnancy. This was shown in an iron supplement 
study of pregnant women in Australia, using low-dose ferrous sulfate at 20 mg per day versus a pla-
cebo control group. Most previous studies in pregnancy utilized 100 mg iron per day, a dose which is 
approximately threefold higher than required. At the end of pregnancy, 3% of the treatment group had 
iron defi ciency anemia versus 11% in the placebo group, the rate of iron defi ciency without anemia 
was reduced to 35% compared with 58% in the placebo group, and hemoglobin levels were higher in 
the iron-supplemented group at week 28 and at delivery. At 6 months postpartum, 16% of the women 
in the iron-supplemented group were iron defi cient versus 29% in the control group  [  59  ] . At this low 
dose, no intolerance to iron was encountered compared with the control group. 

 Reducing the frequency of iron ingestion from once daily to once or twice weekly may decrease 
the incidence of side effects and lead to proportionately higher iron absorption from each intermit-
tent dose of iron, compared to that with daily intake. This is based on the theory that iron taken daily 
or more frequently may result in diminished luminal iron uptake by the mucosal cell and diminished 
transport from the cell into the portal circulation because iron taken up from the previous day’s dose 
may still be present in the mucosal cell and may block further iron uptake from the bowel lumen. 
However, a study has shown no advantage to administering iron less than once a day  [  131  ] . It was 
reported that absorption from weekly administration would likely fall short of the amount of iron 
required in most situations where iron supplementation is used, such as pregnancy. Iron absorption 
from a daily dose was a nonsignifi cant 3% lower compared to weekly iron administration, regardless 
of whether iron was taken alone or with food. Absorption amounted to 4.2 mg from daily iron 
administration compared with 4.8 mg from a weekly dose  [  131  ] . Extrapolation of the data indicates 
a sixfold higher total iron assimilation when iron is taken daily rather than weekly. Furthermore, 
reducing administration to less than once per day may not diminish side effects appreciably because 
the majority of side effects originate in the upper gastrointestinal tract. These symptoms often occur 
soon after iron ingestion and are caused by the effects of released iron on the gastrointestinal tract 
mucosa. The only advantage to less frequent ingestion is less frequent symptoms. 

 A number of strategies may be used to diminish side effects of iron. If a single daily dose on an 
empty stomach fails to alleviate symptoms, iron should be taken with food; however, this signifi -
cantly reduces iron absorption. Ingestion of vitamin C with the meal may help improve iron assimi-
lation in this situation. Taking ferrous iron solution may help occasionally if iron tablets are 
intolerable, but usually, this results in similar side effects. In general, an erythropoietic response to 
iron therapy should be seen within 4–6 weeks of iron replacement therapy. When a response does 
not occur, reasons for a lack of response should be actively pursued. 

 A concern has been raised that ingestion of iron supplements may interfere with zinc absorption. 
When pregnant women ingested 20 mg of ferrous sulfate daily, no differences in serum zinc concen-
trations were observed at delivery or 6 months postpartum. At delivery, 51% of the iron-supple-
mented group versus 59% of the placebo group were zinc defi cient (zinc levels < 9.8  μ mol/L), while 
7% of the iron-supplemented group and 10% of the placebo group were zinc defi cient at 6 months 
postpartum  [  59  ] . 
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 Under most circumstances when iron defi ciency anemia is treated, the hematological response is 
prompt, with a discernable change in laboratory markers of hematopoiesis within 14 days. In general, 
hemoglobin levels rise by approximately 1 g/L per day after starting iron therapy. Lack of response to 
iron therapy may be due to poor compliance, or concurrent disorders of the bone marrow, the most 
common of which is anemia of chronic disease. The use of poorly bioavailable iron preparations or 
concurrent ongoing blood loss may also result in lack of response. The latter problem can be identi-
fi ed by testing the feces for occult blood. If the hemoglobin level fails to rise, a hematological response 
may be evidenced by a raised reticulocyte count. Reticulocyte hemoglobin content (CHr) is an early, 
sensitive indicator of a favorable response to iron administration  [  17,   18,   19  ] . Iron malabsorption may 
occur with disorders involving the small bowel or gastric mucosa (see above). Performing an iron 
tolerance test with an iron preparation known to be well absorbed will be helpful in identifying this 
possibility. The iron tolerance test may not accurately refl ect total absorption, especially from iron 
compounds designed to dissolve as delayed-release formulations. For the most part, however, this 
method can be used to measure relative iron absorption from a particular preparation or “brand” of 
iron. This method is also useful in the clinical arena, when patients on oral iron therapy fail to respond. 
This may be due to iron malabsorption related to an underlying gastrointestinal disease. Alternatively, 
poor absorption may occur because of poor iron bioavailability from the iron tablet. If there is suspi-
cion that a particular brand of iron is poorly absorbed in a patient and this is confi rmed in an iron toler-
ance test, the test should be repeated using a ferrous sulfate solution. If absorption from this solution 
is still abnormal, iron malabsorption is the likely cause. If absorption from ferrous sulfate solution is 
normal, then the problem lies with the iron compound that the patient was taking, in some cases due 
to thick enteric coating that does not dissolve in the stomach. It is important to use a brand of oral iron 
with proven effi cacy, rather than to randomly purchase any over-the-counter preparations. 

 Although ferrous sulfate has been the traditional iron salt used for replacement, other ferrous 
salts, including ferrous fumarate and ferrous gluconate, have equivalent effi cacy and can be used for 
initial therapy. These iron compounds should be tried when ferrous sulfate induces intolerable side 
effects. The concomitant administration of ascorbic acid enhances iron absorption from these prepa-
rations, and some oral iron preparations contain added vitamin C. Vitamin C may also improve iron 
mobilization from iron stores, and administration of vitamin C may improve hematological indices 
in hemodialysis patients  [  23  ] .  

   5.3 Oral Iron Therapy During Erythropoietin Administration 

 Therapy with erythropoiesis-stimulating agents (ESA) has been used primarily for patients with 
anemia of chronic renal failure. Other indications for erythropoietin therapy include anemia of 
chronic infl ammation, anemia with HIV infection, myelodysplastic syndromes, and patients receiv-
ing chemotherapy, although the latter has come to be considered inadvisable for a number of malig-
nancies. ESA therapy necessitates increased iron delivery to the erythroid bone marrow to produce 
hemoglobin. In most situations, iron mobilization from iron stores meets this enhanced requirement; 
however, a number of studies report subtle changes of iron-defi cient erythropoiesis under these cir-
cumstances. Some studies used normal volunteer subjects whose erythroid response may exceed that 
in patients with complex diseases. Furthermore, the form of oral iron replacement used in some stud-
ies may have less than adequate effi cacy. With ESA treatment, the rate of iron mobilization from 
stores may be unable to match iron requirements of an expanding red cell mass. Consequently, to 
obtain optimal response from a given dose of ESA, additional iron replacement is often necessary. It 
has been suggested that iron absorbed from oral iron supplements is inadequate to meet the enhanced 
requirements of ESA therapy. This presumption may not be correct in all cases, and signifi cant 
controversy exists concerning the optimal route of iron replacement. Intravenous iron dosing is 
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advocated by most authorities to obtain optimal response to ESAs. Intravenous iron preparations 
must be catabolized in macrophages to release iron, in order for iron to become available for use by 
the erythroid marrow. The difference in rate and magnitude of the erythropoietic response to admin-
istered intravenous iron or oral iron may be negligible.  

   5.4 Intravenous Iron Therapy 

 Intravenous iron replacement is indicated in limited clinical situations. It should be reserved for 
patients who are intolerant to oral iron therapy, have iron malabsorption, or have iron losses that can-
not be adequately replenished to keep up with the rate of bleeding. Intravenous iron therapy may also 
be used during ESA administration, especially in anemia of chronic renal disease, where oral iron 
replacement is usually inadequate to replenish or maintain adequate iron status. Iron defi ciency is the 
most common cause of erythropoietin hyporesponsiveness. Because patients on hemodialysis are 
unable to maintain a stable iron balance, oral iron administration often fails to maintain adequate iron 
stores, especially if they are treated with ESAs. Intravenous iron therapy is frequently administered to 
maximize the effi cacy of ESAs  [  132  ] . However, the National Kidney Foundation Kidney Disease 
Outcomes Quality Initiative anemia guidelines caution against the regular administration of intrave-
nous iron when ferritin levels exceed 500  μ g/L  [  133  ] . Autologous blood donation is another situation 
where intravenous iron may be useful. 

 There are four parenteral iron preparations currently available for use in the United States. These 
preparations have a carbohydrate ligand and ferric hydroxide or paramagnetic ferric oxide iron cores. 
The iron core particles differ in size, and there are differences in affi nity of the bond between the core 
iron and the carbohydrate moiety. There are two main risks associated with the administration of these 
preparations – anaphylaxis-type reactions and bioactive iron reactions. Anaphylactic reactions are 
usually related to the carbohydrate ligand, which may cause immune responses predominantly occur-
ring with dextran. The bond between the carbohydrate and iron core infl uences the rate of iron release 
from the carbohydrate ligand in the reticuloendothelial system, predominantly in the bone marrow, 
spleen, and liver. Bioactive iron reactions occur when iron is released in intracellular or extracellular 
spaces and precipitate adverse reactions, including hypotension, abdomen, fl ank or chest pain, myal-
gias, arthralgias, nausea, vomiting, or diarrhea. 

 Iron dextran, which has been available the longest, has been associated with adverse side effects, 
including hypotension, bronchospasm, anaphylaxis, and death. The rate of intolerance has been 
reported to be 2.5%, including a 0.7% rate of life-threatening anaphylactoid reactions  [  134  ] . Three 
alternative preparations now available include ferric gluconate (Ferrlecit®), which has an intoler-
ance rate of 0.44–1.7%  [  135,   136  ] ; iron sucrose (Venofer ® )  [  137  ] , a drug available in Europe for over 
50 years; and ferumoxytol (Feraheme ® )  [  138  ] . In a study of 144 hemodialysis patients with sensitiv-
ity to iron dextran, treated with ferric gluconate, 88% had no adverse reaction  [  134  ] . In another study 
of 130 patients with intolerance to iron dextran, neither ferric gluconate nor iron sucrose was associ-
ated with any serious adverse events. There were 14 nonserious adverse events in eight patients 
attributed to iron sucrose, none of which resulted in discontinuation of therapy  [  137  ] . Initial studies 
with ferumoxytol have shown anaphylaxis/anaphylactoid reactions of 0.2% and other reactions that 
can be associated with hypersensitivity in 3.7%  [  138  ] . 

 These preparations can be used for the treatment of iron defi ciency or the maintenance of iron 
stores. An advantage of iron dextran is that doses up to 1,000 mg can be administered in a single 
infusion, while only 125 mg of ferric gluconate can be safely given at a time. In a study of iron 
sucrose in hemodialysis patients  [  137  ] , up to 200 mg of iron sucrose was administered intravenously 
undiluted over 2–5 min, or diluted in normal saline over 15–30 min. Doses of the latter two intrave-
nous iron preparations can be repeated more frequently than weekly, but it is preferable to give them 
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weekly, unless there is a compelling reason to obtain a faster correction of the iron defi cit. Ferumoxytol 
is given on days 1 and 5, each at a dose of 510 mg as a rapid intravenous injection. Few patients have 
been tested with additional doses, and possible increased adverse reactions to repeat doses need to 
be followed. Approximately 170 mg of iron is required to obtain a 10 g/L rise in hemoglobin in a 
70-kg male, based on a total blood volume of 4.9 L. 

 Although intravenous iron has benefi cial effects in treating iron defi ciency or functional iron 
defi ciency in patients treated with ESAs, excess intravenous iron administration generates oxidative 
stress, infl ammation, endothelial dysfunction, and renal injury  [  133,   139,   140  ] . Nondextran iron 
preparations may increase this propensity. Differences exist between iron sucrose and ferric glucon-
ate in their ability to donate iron directly to transferrin (gluconate > sucrose > iron dextran)  [  141  ] , 
indicating that a labile iron fraction may develop with these intravenous iron preparations, especially 
if serum UIBC is low  [  141  ] . This may cause proteinuria and increased plasma levels of lipid peroxi-
dation products  [  133  ] . The long-term effects of excess intravenous iron preparations on vascular 
function  [  142  ] , systemic infl ammatory responses, atherogenesis, and rate of renal disease progres-
sion  [  143  ]  require careful study, especially since cardiovascular disease is the primary cause of death 
in patients with end-stage renal disease. 

 The iron status of patients taking iron therapy, whether oral or intravenous, should be monitored 
intermittently, to establish whether iron stores are adequately replenished, and to avoid iron overload 
that may occur with unmonitored long-term iron replacement.       
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   1 General Clinical Manifestations 

 The overt physical manifestations of iron defi ciency include the generic symptoms of anemia, which 
are tiredness, lassitude, and general feelings of lack of energy  [  1,   2  ] . Clinical manifestations of iron 
defi ciency are glossitis, angular stomatitis, koilonychia (spoon nails), blue sclera, esophageal web-
bing (Plummer-Vinson Syndrome), and microcytic hypochromic anemia. Behavioral disturbances 
such as pica, which is characterized by abnormal consumption of nonfood items such as dirt 
(geophagia) and ice (pagophagia), are often present in iron defi ciency, but clear biological explana-
tions for these abnormalities are lacking. More recently, restless legs syndrome (RLS) has been 
described as being causally related to iron defi ciency anemia  [  3  ] . This aphasic involuntary muscle 
contraction appears related to altered movement of iron to and within motor-control centers in the 
brain and is treatable in most cases with either iron or levodopa  [  4  ] . Neuro-maturational delays have 
been described by many research groups and will be discussed in detail in a later section. Physiological 
manifestations of iron defi ciency have also been noted in immune function, thermoregulatory per-
formance, energy metabolism, and exercise or work performance  [  2  ] . The current understanding of 
the iron biology underlying defi cits in the neurobiology, muscle and energy metabolism, and conse-
quences specifi c to pregnancy outcomes will be discussed in the remaining sections of this chapter.  

   2  Conceptual Relationship between Severity 
of Iron Defi ciency and Sequelae 

 The conceptual relationship between functional consequences of iron defi ciency and specifi c 
outcomes goes back to research from 30 years ago when research groups were looking at exercise 
performance and temperature regulation  [  5–  9  ] . Those research groups clearly established that few 
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consequences of iron defi ciency occurred in the absence of anemia. Exchange transfusion studies 
and other approaches showed biochemical and hormonal signaling of metabolism were sensitive to 
increasing severity of iron defi ciency, with biologically meaningful changes frequently observed at 
about the same severity of iron defi ciency as when anemia became present. This, however, is largely 
an academic question because tissue iron defi cits occur simultaneously with defi cits in oxygen 
transport in naturally occurring iron defi ciency anemia. Good examples are the 50% decreases in 
muscle myoglobin content, cytochrome oxidase activity and electron transport capacity in skeletal 
muscle with iron defi ciency at the same time, and the    subjects have a 50% decreased oxygen trans-
port capacity due to anemia  [  8  ] . Individual cell types within organs may have their own specifi c 
iron requirements, and compete with other cells for available iron delivered by transferrin or other 
transport proteins. The adaptive strategies for acquisition of iron and intracellular metabolism, or 
export, are described elsewhere in this text. It is not likely, however, that all cell types have the same 
iron requirements and ability to retain cellular iron when availability from extracellular sources 
becomes limiting. Application of new genomic, proteomic, and metabolomic approaches will likely 
provide new evidence as to the different approaches that immune cells, myocytes, hepatocytes, and 
neurons may all employ to prevent cellular depletion of iron contents  [  8  ] . The most accurate 
approach to the human studies regarding consequences of iron defi ciency is to consider individuals 
along a continuum of iron nutriture with different functional consequences arising at different 
stages of severity  [  6,   10  ] .  

   3 Neuronal Function and Iron Defi ciency 

 Out of necessity, a number of the studies cited below rely on animal studies to identify the brain 
biology that is altered by dietary iron defi ciency. The early autopsy studies of Hallgren established 
the large heterogeneity of iron distribution in the human brain  [  11  ] . There is evidence from both 
human infant development studies  [  12  ]  and studies of older humans with certain neurological disor-
ders such as restless legs syndrome  [  13,   14  ]  that are consistent with depletion of brain iron when 
there is systemic iron status depletion. In RLS, there is a strong inverse correlation between serum 
ferritin levels and RLS symptoms and neuroleptic-induced akathisia  [  3,   15  ] . There is a lower CSF 
ferritin in these patients, and MRI analysis also shows a signifi cantly lower brain iron concentration 
 [  16,   17  ] . These patients have a strong urge to move their legs at rest, and this urge is relieved with 
movement. Importantly, correction of the brain iron status of these patients will frequently improve 
symptoms  [  18  ] . Other neuropathologies associated with likely abnormalities of brain iron metabo-
lism include amyotrophic lateral sclerosis in which there is an association between H63D mutations 
in HFE and the clinical pathology  [  19–  23  ] . 

   3.1 Acquisition, Location, and Function of Iron 

 The brain primarily obtains iron via transferrin receptors expressed on endothelial cells on the brain 
microvasculature, though recent evidence also indicates that non-transferrin bound iron also fl uxes 
across the blood-brain barrier  [  24–  26  ] . The rate of iron uptake into the brain is increased when the 
iron status of the subject is low and is decreased when the iron status is higher  [  27  ] . The choroid 
plexus is a rich source of transferrin mRNA, and transferrin secreted by this organ presumably is used 
for the distribution of iron to glia and neurons for use or storage  [  28  ] . While plasma transferrin (Tf) 
can move across the blood-brain barrier and become part of the circulating pool of transferrin in 
cerebrospinal fl uid, brain-produced Tf has a slightly different structure than systemic Tf and may 
play a distinct role  [  27,   29,   30  ] . H-ferritin has been documented as binding to neurons as well as 
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cells of the blood-brain barrier and may function as an iron transport protein in addition to its 
well-described role in intracellular iron storage  [  31,   32  ] . Brain iron is located primarily in microglia 
and oligodendrocytes where it is involved in numerous metabolic activities that are related to the 
functioning of the particular cells of interest. 

 Dietary iron defi ciency results in a heterogeneous depletion of iron in different regions of the 
brain  [  30,   33  ]  with corresponding changes in the gene expression for transferrin  [  28  ] , transferrin 
receptor  [  28,   34  ] , and DMT-1  [  27,   35  ] . In addition, ferroportin is present in the blood-brain barrier 
and its functioning is likely related to the presence of astrocyte projections in close proximity to the 
epithelial cells of the barrier  [  36,   37  ] . While there is a great scarcity of data in humans, autopsy 
analyses of RLS brains that have a low brain iron diagnosed by MRI also have this general profi le of 
iron management proteins  [  38,   39  ] . Iron defi ciency during periods of early development results in 
functional defi cits consistent with declines in brain iron in the hippocampus, striatum, and prefrontal 
cortex  [  40  ] .  

   3.2 Iron Functioning in the Brain and Sensitivity to Iron Defi ciency 

 Alterations in CNS functioning have been broken into morphological changes, bioenergetics, hypo-
myelination, and alterations in neurochemistry, based on the available literature in animal models. 
There is substantial evidence that nerve cells are structurally different in iron-defi cient animals  [  41, 
  42  ] , but analogous data are missing in human infants. There are morphological changes in hip-
pocampus where dendritic arborization is decreased when iron defi ciency occurs during the perina-
tal period  [  41,   42  ] . This is likely related to altered electrical activity in hippocampal nerve fi bers 
 [  43–  45  ] . 

 Neurochemical studies using high-energy proton nuclear magnetic resonance show that energy 
metabolism in the hippocampus is also dramatically altered by early life iron defi ciency  [  46  ] . The 
relative sorting of iron to preserve intracellular iron-dependent processes apparently fails to preserve 
suffi cient iron for mitochondrial functioning in these brain regions as ratios of creatinine to phospho-
creatine are consistent with limitations in electron transfer reactions. 

 One of the earliest described consequences of iron defi ciency in animal models was hypo-myeli-
nation of nerve cells  [  47  ] , which persists despite later iron repletion  [  48  ] . Oligodendrocytes need 
abundant amounts of iron for production of myelin lipids and proteins  [  49–  51  ] . Such compositional 
changes resulting from disrupted iron homeostasis in the early stages of growth may contribute to 
the abnormal behavior that has been observed in developmental testing of auditory and visual evoked 
potentials.  

   3.3 Development and Brain Iron Location 

 Regions of the brain rich in iron in adulthood – substantia nigra, globus pallidus, nucleus accumbens 
– are not the regions that have a high iron content in early life and are far less affected by dietary iron 
defi ciency than are other regions  [  30,   52  ] . Iron concentrations in CSF are approximately 15–25  μ g/L 
in humans, 14  μ g/L in monkeys, and 5–20  μ g/L in mice  [  53  ] , but the developmental dependency of 
these levels is unknown. In RLS, CSF iron levels may be normal despite lower CSF ferritin concen-
trations, and this has been related to brain iron defi ciency in these patients  [  14,   18,   54  ] . The role of 
the cerebrospinal fl uid in the delivery of iron to various brain cells is not well understood  [  55  ] , 
although recent data suggest that H ferritin may play a role  [  16  ] . In rat and human brains, most fer-
ritin is found in microglia and oligodendrocytes, whereas in mice, most is in astrocytes. Ferritin 
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levels correlate with brain iron content and are highest at birth and decline thereafter in the newborn 
rat  [  56  ] . Moreover, the concentration can be directly affected by the body iron burden  [  57  ] . Studies 
in postnatal iron defi ciency involving ferritin ratios (H:L) in brain reveal a dramatic effect of iron 
defi ciency and the expression of these two subunits of the ferritin molecule  [  32,   58–  60  ] . The devel-
opmental roles of the two subunits relative to iron storage or use and detoxifi cation are unknown, 
although accumulation of iron in certain brain regions is believed to play a role in a number of neu-
ropathologies  [  59  ] .  

   3.4 Iron Defi ciency Effects During Development 

 Dallman  [  61,   62  ]  demonstrated two decades ago that young rats deprived of iron in early postnatal 
life have signifi cantly lower (27%) whole-brain iron content than do controls 28 days postnatally and 
were quite resistant to restoration of their normal complement of brain iron (still 20% lower) despite 
aggressive dietary repletion for 45 days. Although these studies were landmark investigations at the 
time, they were usually misinterpreted to indicate that brain iron content was very static and not at 
all sensitive to dietary iron defi ciency. The last decade of research shows animal models are quite 
sensitive to iron depletion and refeeding  [  12,   33  ] . There are few human MRI data in iron defi ciency, 
although there is evidence from weighted T2 relaxation times that systemic iron defi ciency is associ-
ated with depleted striatal and nigra iron contents  [  13  ] . In contrast, genetic alterations that lead to 
iron accumulation in the brain, such as pantothenate kinase 2 defi ciency, are easily identifi ed via 
MRI  [  63  ] . 

 Iron is required for proper myelination of the spinal cord and white matter of cerebellar folds 
 [  64  ] . Oligodendrocytes are responsible for the synthesis of fatty acids  [  50  ]  and cholesterol for 
myelin, and both of these metabolic processes require iron  [  65  ] . In iron defi ciency, oligodendrocytes 
appear immature  [  48  ]  and this could be causally related to delayed motor maturation and perhaps 
behavioral alterations in young humans  [  66–  68  ] . These investigators demonstrated a slowed nerve 
conduction velocity during an auditory evoked potential test. The reversibility of this fi nding is still 
being investigated, but current data suggest the alteration in nerve conduction velocity persists for 
many years  [  12,   69  ] .  

   3.5 Neurotransmitters 

 The role of intraneuronal iron in metabolism is varied and involves the incorporation of iron into 
enzymes of oxidation-reduction or electron transport, synthesis and packaging of neurotransmitters, 
uptake and degradation of the neurotransmitters, and iron incorporation into other proteins that may 
directly or indirectly alter brain function through peroxide reduction, amino acid metabolism, and 
fat desaturation. 

   3.5.1 Oxidation-Reduction 

 Mackler demonstrated that cytochrome concentrations in mitochondria from the brain of iron-defi -
cient animals were not different from those of controls whereas muscle metabolism was signifi cantly 
changed  [  70  ] . More recent studies with proton NMR, however, have demonstrated clear alterations 
in bioenergetic profi les in vivo  [  46,   71  ] .  
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   3.5.2 Synthesis and Degradation 

 Iron is a cofactor for a number of enzymes related to neurotransmitter synthesis and degradation 
 [  72  ] . Nutritional iron defi ciency would be expected to lead to decreased activities of these enzymes, 
but this has not been consistently observed. When brain iron levels were reduced by as much as 40% 
with dietary restriction in postweanling rats, there was no change in the activity of tyrosine hydroxy-
lase, tryptophan hydroxylase, monoamine oxidase, succinate hydroxylase, or cytochrome C oxidase 
 [  73  ] . Aminobutyric acid transaminase and glutamate decarboxylase activities were decreased, and 
subsequent studies demonstrated functional changes in glutamate and glutamine metabolism  [  59, 
  74,   75  ] . The turnover of norepinephrine, dopamine, and serotonin in brain homogenates was also 
unaffected by iron defi ciency  [  76  ] , but more sophisticated approaches have not be used in recent 
years. Monoamine oxidase and aldehyde dehydrogenase are critical in the catabolism of neurotrans-
mitters in the dopaminergic, serotoninergic, and noradrenergic systems of the brain, but appear to be 
unaffected by dietary iron defi ciency  [  70  ] .  

   3.5.3  g -Aminobutyric Acid 

 There is a similarity in brain iron distribution and the brain regions that receive input from  γ -amin-
obutyric acid (GABA)  [  77  ] . Because GABA release will modulate the activity of dopaminergic 
neurons, it is important to determine if GABA metabolism is altered by iron defi ciency. Iron defi -
ciency in utero and postweaning are associated with signifi cant decreases in glutamate decarboxy-
lase, glutamate dehydrogenase, and GABA transaminase activities  [  74,   78  ] . These latter two enzymes 
are shunt enzymes responsible for the synthesis and degradation of GABA and the fi ndings are con-
sistent with the proton-NMR imaging of striatum and hippocampus  [  71  ] .  

   3.5.4 Dopamine 

 The dopaminergic system has been shown to be sensitive to experimental changes in iron status  [  79  ] . 
As whole-brain iron content drops 15% below normal, biological and behavioral alterations occur 
that may result from changes in the dopaminergic system  [  80–  83  ] . Striatum dopamine D 
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receptor densities and the dopamine transporter are signifi cantly lower (25–35%) in postweaning 
iron-defi cient rats, and the dopamine transporter is also signifi cantly lower in density in several brain 
regions  [  80,   84  ] . 

 Recent in vivo animal data demonstrate that extracellular dopamine is elevated in the striatum of 
postweaning iron-defi cient rats and returns to normal levels when brain iron content and iron status 
return to normal  [  83  ] . Attentional processing of environmental information is highly dependent on 
appropriate rates of dopamine clearance from the interstitial space, which suggests that iron status 
may affect behavior through effects on dopamine metabolism  [  40  ] . A number of the alterations in 
functioning in iron-defi cient human infants and monkeys may be attributed to changes in dopamine 
metabolism in the mesolimbic and the nigrostriatal tracts  [  85,   86  ] .  

   3.5.5 Serotonin and Norepinephrine 

 As part of their initial survey of neurotransmitter systems that may be affected by iron defi ciency, 
Youdim and colleagues measured the concentrations of serotonin, norepinephrine, and their primary 
metabolites 5-hydroxy indole acetic acid and normetanephrine  [  87,   88  ] . They observed no signifi -
cant alterations in concentrations of these neurotransmitters or metabolites in the striatum of rats. 
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Other groups have also failed to observe consistent alterations in their concentrations in extracellular 
fl uid in the brain  [  83  ] . However, ligand binding studies demonstrated signifi cantly lower densities of 
the serotonin transporter in striatum of iron-defi cient mice  [  89  ]  as well as other regions of the brain 
in iron-defi cient rats  [  90  ] . These observations have signifi cance because the dopamine, norepineph-
rine, and serotonin transporters have a high degree of homology as well as a similar traffi cking  [  91, 
  92  ] . The observations of a consistent decrease in dopamine transporter density in the striatum of 
iron-defi cient rats, in combination with the one study of serotonin transporter, suggest a more gen-
eral role of iron in the removal of neurotransmitters from the synaptic cleft  [  84  ] .   

   3.6 Developmental Models 

 In a series of studies, investigators demonstrated a prompt recovery of brain iron in nearly all brain 
regions with feeding of a high-iron diet after experiencing iron defi ciency in utero or during early 
lactation  [  40  ] . In contrast, human infants may have persistent effects of early life iron defi ciency that 
extend into adulthood  [  93  ] . Thus, it is possible that despite brain iron repletion, important biological 
switches for the acquisition of brain iron in early development may be irreversibly altered. The 
recent fi ndings from rodent models which used variable time points of iron repletion support this 
concept of persistent effects of transient periods of brain iron defi ciency  [  94,   95  ] .   

   4 Thermoregulation 

 Iron-defi cient humans and lab animals are not able to effectively thermoregulate when exposed to 
cold  [  96  ] . Correction of iron status improves or corrects this defi cit in functioning  [  97–  99  ] . This 
alteration in homeostasis has usually been attributed to alterations in the neuroendocrine system that 
controls thermoregulation, specifi cally changes in norepinephrine (NE) and thyroid hormone metab-
olism. Support for this concept comes from animal studies in which iron-defi cient rats had increased 
plasma NE and decreased thyroid hormone  [  99–  101  ] . Other associated changes that have not yet 
been examined in this context include bioenergetic capabilities to generate heat and the roles of other 
neuropeptides and neurotransmitters in these processes  [  71  ] . In the earliest human study, Martinez-
Torres et al. found that iron-defi cient anemic subjects had a signifi cantly lower oral temperature after 
60 min of exposure cold water bath of 28°C  [  102  ] . Beard et al. found that after a 100-min cold water 
bath of 28°C that women with iron defi ciency anemia (IDA) had signifi cantly lower rectal tempera-
tures than the control group  [  5,   103,   104  ] . A dietary depletion and repletion study by Lukaski et al. 
found that iron-defi cient women had lower skin and rectal temperatures during cold air exposure 
(16°C) and that iron therapy restored temperature regulation  [  98  ] . 

   4.1 Human Studies 

 One of the fi rst studies of the neuroendocrine liabilities of iron defi ciency was the study of Oski in 
iron-defi cient infants  [  105  ]  where he observed that iron-defi cient infants had signifi cant elevations 
of urinary NE and its metabolites. Intramuscular iron treatment reduced the urinary NE and its 
metabolite MHPG (3-methoxy-4-hydroxyphenylglycol) levels to normal within 1 week indicating 
that sympathetic nervous system (SNS) metabolism of monoamines is strongly affected by iron 
status. Martinez-Torres and colleagues observed that iron-defi cient and IDA subjects had baseline 
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plasma NE values almost double those of the control subjects; this difference was further exaggerated 
with cold exposure  [  102  ] . The apparent increased activation of SNS activity with increased NE 
spillover into plasma and urine was confi rmed in the study by Lukaski when they showed that iron-
defi cient nonanemic women had signifi cantly higher NE concentration during cold air exposure at 
baseline  [  98  ] . A third human study of iron status and thermoregulation failed to reproduce these 
fi nding when subjects were matched for body fat and day of the menstrual cycle  [  5  ] .  

   4.2 Animal Studies 

 The section on brain monoamines and iron defi ciency noted that both animal studies and cell culture 
studies demonstrated that neuronal iron defi ciency is associated with alterations in the synthesis of 
NE and its reuptake through the NE transporter  [  106  ] . Studies with a focus on SNS activity are con-
sistent with the concept that iron defi ciency alters the reuptake, catabolism, and clearance of NE. 
IDA is associated with increased plasma and urinary NE  [  99,   100  ] , decreased NE content in tissues 
such as heart, liver, and brown adipose tissue  [  107  ] , and increased fractional turnover in such tissues 
 [  96,   108  ] . The observations that T4 and T3 replacement therapy did not alter NE metabolism in iron-
defi cient rats suggests independent effects of iron defi ciency on NE and thyroid metabolism  [  108  ] .  

   4.3 Thyroid Hormone Human Studies 

 The identifi cation of slightly lower (5–10%) T3 levels in IDA women in the original cold stress stud-
ies  [  102  ]  was confi rmed in the second study conducted with cold air stress  [  98  ] , but these studies 
suffered from inappropriate body size and menstrual cycle controls. When female subjects were 
matched for body fat and day of the menstrual cycle, IDA women had lower plasma thyroxine (T4) 
and triiodothyronine (T3) than control women both at baseline and after cold exposure  [  109  ] . 
Modestly iron-defi cient women without anemia were similar to control subjects. Iron supplementa-
tion (79 mg elemental iron/day for 12 weeks) corrected thermoregulation and plasma thyroid hor-
mone levels in iron-defi cient and anemic women  [  5  ] . 

 In a recent study of IDA children without a cold stress, thyroid function was not found to be 
abnormal and there was no signifi cant change in thyroid hormone levels with correction of anemia 
 [  110  ] . However, in response to TRH injections, IDA children tended to reach peak TSH concentra-
tion more slowly (p = 0.08) than control subjects and did not have a signifi cantly lower total TSH 
response or peak TSH value. 

 In another recent study of iron-defi cient, nonanemic adolescent girls, there was a signifi cant correla-
tion between T4 concentration and ferritin (r = 0.52) and between TSH and ferritin (r = −0.3), indicating 
that the severity of the iron defi ciency may affect the severity of thyroid hormone metabolism altera-
tions  [  111  ] . They also had higher reverse triiodothyronine (rT3) concentrations, indicating that a larger 
than normal portion of the T4 pool was metabolized to the physiologically inactive metabolite. Overall, 
iron-defi cient girls were not found to have a functional defi ciency of thyroid hormone.  

   4.4 Thyroid Hormone Animal Studies 

 In animal studies, IDA results in decreased T3 and T4 levels  [  109,   112  ]  and changes in plasma kinet-
ics. These alterations are reversed by iron repletion  [  99  ]  or by exchange transfusion  [  97,   101,   113  ] . 
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 Several steps in thyroid metabolism have been investigated in animal models as possible causes 
of decreased thyroid hormone in iron defi ciency. IDA animals fail to increase circulating TSH when 
exposed to cold  [  97  ] . In addition, despite lower baseline TSH levels, IDA rats have a blunted TSH 
response to TRH injection  [  101  ] . Thyroid peroxidase (TPO) is the fi rst enzyme in thyroid hormone 
synthesis and is iron-dependent and heme-containing. In a recent study, thyroid peroxidase activity 
was decreased in iron-defi cient animals when compared to pair fed controls  [  112  ] . The decrease in 
activity was more substantial in more severely anemic animals. Once thyroxin has been released, it 
is converted to the active form T3 via a selenium-dependent 5 ¢ -deiodinase enzyme (5 ¢ DI). The early 
studies of Dillman showed that injected T3 was effective in preventing hypothermia in iron defi cient, 
thyroidectomized rats, whereas T4 was not  [  99  ] . Subsequent studies showed that liver 5 ¢ DI activity 
was decreased in IDA  [  108  ] .  

   4.5 Related Clinical Issues 

 An intriguing connection between thyroid function and iron defi ciency is the connection between 
iron and iodine status. There is a high prevalence of iron defi ciency and anemia in areas of endemic 
goiter which may reduce the effectiveness of iodine fortifi cation programs  [  114,   115  ] . Indeed, IDA 
has been shown to decrease the effectiveness of iodine supplementation  [  116  ] . Similarly, in children 
with IDA, iron supplementation has been shown to increase the effi cacy of iodized salt or oil supple-
mentation. Dual fortifi cation of salt with iron and iodine to reduce anemia also increases the effi cacy 
of the iodine fortifi cation  [  116  ] . 

 Anemic dialysis patients have been found to have a decreased TSH response to TRH in compari-
son to control patients  [  117  ] . This abnormality was corrected after the correction of anemia via EPO 
therapy (and parental iron for 4/5 subjects). The    anemic patients were also found to have decreased 
fT4, fT3, and total T4 in response to TRH administration as compared to controls. However, correc-
tion of anemia did not return thyroid hormone levels to control levels, though fT3 was signifi cantly 
increased. These responses of the thyroid system in human patients as well as the transfusion experi-
ments in rodents suggest that this segment    of the thyroid abnormality in iron defi ciency anemia is 
related to anemia per se. 

 Regulation of metabolic rate and heat loss rates have only been superfi cially examined in animal 
models of iron defi ciency anemia  [  99,   113  ] , but neither study was able to remove the confounding 
role of decreased body fat in iron defi ciency. In the two human studies that controlled for body fat 
between groups during cold exposure, O 

2
  consumption (VO 

2
 ) was lower in iron defi ciency  [  5,   98  ] . 

Depletion of essential pools of iron for bioenergetic production of ATP could be limiting to the meta-
bolic response just as it may be limiting to exercise performance or brain cell functioning.   

   5 Physical Performance 

 There is strong evidence that iron defi ciency anemia  [  118  ]  impairs physical performance, resulting 
in reduced aerobic capacity, reduced endurance capacity, increased exercise heart rate, and increased 
blood lactate with exercise  [  119–  125  ] . These impairments are proportional to the severity of the 
anemia  [  122,   125  ]  and are corrected through improvement of hemoglobin  [  126  ]  by transfusion or 
iron treatment  [  119–  121,   123  ] . Although iron defi ciency without anemia does not impact aerobic 
capacity  [  127–  130  ] , it affects physical performance in other ways. Iron defi ciency results in tissue 
iron defi ciency before it progresses to full-fl edged anemia, and there is evidence that muscle iron 
defi ciency in the absence of anemia may result in impaired endurance, reduced energetic effi ciency, 
and decreased ability to benefi t from training. 
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 A classic animal study by Davies et al. separated the effects of decreased oxygen transport and 
decreased muscle iron enzyme activity on physical performance  [  131  ] . They measured two iron 
markers, hematocrit (a marker of oxygen transport) and muscle pyruvate oxidase (a marker of mus-
cle functional iron content), and two measures of physical performance, VO 

2
  max and endurance 

capacity, over 7 days of iron repletion. They found that the recovery pattern of hematocrit paralleled 
the recovery of VO 

2
  max and the recovery pattern of muscle pyruvate oxidase followed that of 

endurance  [  131  ] . A follow-up study, which used exchange transfusion to equalize the Hb of the 
control and anemic rats, found that VO 

2
  max was corrected to within 15% of the control values, 

while endurance was not changed, further supporting the idea that the reduced aerobic capacity of 
anemia results primarily from reduced oxygen transport while the effect on endurance is primarily 
caused by decreased muscle functional iron content  [  8  ] . 

 Animal studies have clearly shown that iron defi ciency and IDA impair endurance and have pro-
vided further evidence that this defi cit is due to reduced oxidative capacity of the tissues rather than 
anemia  [  132–  134  ] . However, laboratory studies have in general been unable to link iron defi ciency 
to endurance in humans  [  127,   130,   135  ] . The negative fi ndings may be due to many factors including 
the small sample sizes, failure to prove tissue iron defi ciency, variations in the work level during the 
endurance test, and the diffi culty in testing physical endurance capabilities in humans due to issues 
of motivation  [  136  ] . However, one recent study by Brutsaert et al. used a dynamic knee extension 
test that measures progressive muscle fatigue during submaximal exercise while largely removing 
the effect of motivation  [  137  ] . After iron supplementation, iron-defi cient subjects had decreased 
muscle fatigue, as measured by the force of maximal voluntary static contractions at the end of the 
test, while there was no difference in the placebo group  [  137  ] . 

 Iron defi ciency has also been shown to impair the ability of subjects to benefi t from athletic 
training, both in endurance and aerobic measures  [  129,   138–  140  ] . The strongest evidence for the 
negative effect of iron defi ciency on adaptation to training comes from a 15-km time trial study of 
previously untrained women with iron defi ciency  [  140  ] . They found that after training, the supple-
mented group had signifi cantly greater improvements both in endurance time and VO 

2
  max than the 

placebo group  [  138,   140  ] . Further analysis of the data from this study showed that these changes 
were driven by a subset of women who had elevated serum transferrin receptor (sTfR) at baseline 
 [  138,   139  ] . In addition, in the less depleted subset (with lower sTfR levels), iron treatment did not 
have signifi cant effects on endurance trial time or VO 

2
  max  [  139  ] . These fi ndings indicate that iron 

depletion without tissue level iron defi ciency (as indicated by in increased sTfR) does not have an 
effect on endurance or aerobic adaptation to training. These results have serious implications for 
earlier studies of physical functioning in nonanemic iron defi ciency that did not measure sTfR and 
indicate the importance of establishing a functional defi ciency in the tissue of interest. Although 
not all studies of physical training on iron-defi cient subjects have shown a defi cit  [  127,   141  ] , these 
negative results may be due to small sample sizes, or as discussed above, failure to show functional 
tissue iron defi ciency  [  139  ] . 

 Iron defi ciency may also have a negative effect on physical performance by decreasing energetic 
effi ciency. Although an early cross-sectional study by Zhu and Haas found no difference in  δ -effi -
ciency between a sample of iron-defi cient women and controls  [  142  ] , a follow-up experimental 
study found that iron treatment signifi cantly increased the energetic effi ciency of iron-defi cient 
women during a 15-km time trial  [  130  ] . When compared to the placebo group, the iron-treated 
women had 2.0 kJ/min lower energy expenditure and 5.1% lower VO 

2
  max  [  130  ] . A recent study of 

recreationally active iron-defi cient men and women found that iron supplementation resulted in 
signifi cantly increased gross energetic effi ciency during endurance exercise when compared to the 
placebo group  [  143  ] . In a fi eld study done by Li et al. on female cotton mill workers, supplementa-
tion of iron-defi cient and IDA women signifi cantly decreased mean heart rate and increased ener-
getic effi ciency at work by 467 kJ/day  [  144  ] . In addition, despite limitations to increased production 
imposed by the speed of the machines the women worked on, they were able to show that both 
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production (Yuan/day) and production efficiency (in Yuan/mJ of energy expenditure) were 
significantly increased in the iron-treated group  [  144  ] . These fi ndings begin to show us the extensive 
consequences of impaired physical performance due to iron defi ciency. 

 Several other studies have examined the economic impacts of impaired physical performance due 
to iron status  [  144–  146  ] . The strongest evidence is from a study of IDA in rubber tree tappers in 
Indonesia  [  145  ] . This study found that at baseline, anemic subjects collected about 18.7% less rub-
ber than the nonanemic control group. After treatment, the IDA workers who had received iron 
supplements collected a similar amount of rubber as the nonanemic group and 14.5% more rubber 
than the placebo group  [  145  ] . A study of iron-defi cient tea pickers in Sri Lanka found that iron 
supplementation resulted in a signifi cant increase in tea picked of 0.3 kg/d  [  146  ] . Although this is a 
small change, it is impressive considering the initial mean Hb concentration of the workers was rela-
tively high, only 11 g/dL. In contrast, those subjects whose initial Hb was <9 g/dl increased their 
output by nearly 2 kg tea/day after supplementation. In a subset that wore activity monitors, iron 
supplementation was found to cause very signifi cant increases in daily physical activity outside of 
work  [  146  ] . This change was also found in the previously mentioned study of cotton mill workers 
 [  144  ] . In the cotton mill study, the iron-supplemented group had a statistically signifi cant increase in 
energy expended during leisure when compared to the placebo group, as calculated from heart rate 
data. Analysis of activity diaries showed that the supplemented workers spent about 30 min more per 
day working in the kitchen or shopping  [  144  ] . This connection between iron defi ciency anemia and 
voluntary activity is well supported by the animal literature  [  132,   147,   148  ] . 

 This decrease in voluntary activity and leisure time activities shows us that the impact that iron 
defi ciency and IDA have on physical performance has far-reaching consequences beyond athletic 
performance and economic productivity. Such defi cits may affect an individual’s ability to fulfi ll 
their social responsibilities such as childcare and household chores such as cooking, with obvious 
consequences for child development, nutrition, and overall quality of life. Although the evidence for 
iron defi ciency impairing physical performance is sometimes equivocal, this area of research has 
broad impacts due to the prevalence of iron defi ciency worldwide.  

   6 Liabilities in Pregnancy 

 Iron requirements increase quite dramatically during pregnancy for expansion of the maternal blood 
volume, placental growth, and fetal growth. Quantitatively, these requirements change from <1 mg 
Fe/day in a reproductive age female to a median requirement of 4.6 mg Fe/day and a 90th percentile 
requirement of nearly 6.75 mg Fe/day by the third trimester  [  149  ] . The sinks for iron during an entire 
pregnancy include an expansion of the red cell mass (450 mg), needs for fetal and placental iron 
(370 mg), and blood losses during and after delivery (150–250 mg). Thus the total estimated addi-
tional needs are 1,040–1,240 mg of iron. Of course, these requirements are not equal in all trimes-
ters: In the fi rst trimester, iron for the fetus (25 mg) and the umbilicus and placenta (5 mg) totals 
30 mg of iron. Much of the expansion of the red cell mass occurs in the second trimester, while most 
of the fetal deposition of iron occurs in the third trimester. 

   6.1 Iron for the Maternal Red Cell Mass and Anemia 

 The red cell mass in pregnancy is not static and can be affected by the amount of iron supplementation 
that has occurred during the pregnancy  [  150  ] . For example, when supplemental iron was provided to 
a group of women, the expansion of the red cell mass was approximately 570 mg of iron, whereas 
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when no supplementation was provided, the expansion was only 260 mg of iron. It has been 
suggested that for every 10 g/L increase in maternal Hb desired, there is a need for an additional 
175 mg of absorbed iron  [  151  ] . The World Health Organization recommends iron supplements of 
between 30 and 60 mg/d if the woman has low iron stores (e.g., ferritin <30 ug/L). It is easy to 
assume that more iron and higher Hb are better, but there are data that demonstrate a negative 
outcome to an overly elevated Hb concentration  [  152  ] . Consumption of large doses of iron supple-
ments have been related to oxidative damage, and the gastrointestinal side effects may be related 
to the poor compliance in many populations of pregnant women  [  153,   154  ] . This alternative 
approach of non-daily low-dose iron supplementation appears to be effective in some situations of 
only modest iron defi cits.  

   6.2 Iron Supplementation and Maternal Red Cell Responses 

 The decline in Hb in the fi rst trimester is now seen as a normal physiological event and is the result 
of expansion of the plasma volume. Overzealous supplementation to prevent this physiological ane-
mia has been associated with risk of poor fetal outcomes in at least one study  [  155  ] . The normal 
nadir of Hb is between 24 and 32 weeks of gestation after which the Hb concentration again rises to 
levels similar to that seen in the fi rst trimester. The extent of this Hb readjustment may be affected 
by iron reserves as the large expansion of the red cell mass in the second trimester and early third 
trimester usually depletes all iron reserves and physiological anemia may now be replaced with 
nutritional anemia. 

 Maternal Hb concentration and infant outcomes have a U-shaped curve with an increased risk for 
poor outcomes at each end of the distribution  [  156  ] . High Hb likely refl ects an improper expansion 
of the plasma volume, as in preeclampsia, with increased infant mortality and morbidity  [  157  ] . The 
variation in the amount of hemodilution is considerable and makes the relatively simple Hb mea-
surement quite unreliable with regard to diagnosis of iron defi ciency anemia. Current target Hb 
concentrations in each trimester are based on supplementation trials which suggest that Hb > 110 g/L 
in the fi rst and third trimesters and 105 g/L in the second trimester represent reasonable clinical 
expectations of lower normal levels  [  149  ] .  

   6.3 Iron Absorption 

 Maternal iron stores are usually limited in women, and the capacity to increase the effi ciency of 
absorption of dietary iron appears to maximize at around 40–60% for non-heme iron in the second 
trimester  [  158–  160  ] . The adaptive responses in placental transfer of iron with severe iron defi ciency 
includes upregulation of placental ferritin receptors and presumably an increase in placental-fetal 
transfer of iron  [  161,   162  ] . These attempts to maximize iron delivery to the fetus often have limited 
success as there is still a smaller-than-normal endowment of iron for the newborn and subsequent 
postnatal infant iron defi ciency results (see sections below)  [  163  ] .  

   6.4 Consequences of a Negative Iron Balance 

 The consequences of depletion of the essential body pools of iron include anemia, altered hormone 
metabolism, altered energy metabolism, depressed immune functioning, and changes in behavior 
and cognition  [  164,   165  ] . The impacts of each of these consequences on maternal and fetal survival, 
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fetal growth, and postnatal development are still being examined and include direct and indirect 
effects of anemic hypoxia, placental delivery of iron, and alterations in hormonal control of preg-
nancy due to alterations in the stress-hypothalamic-pituitary-adrenal axis system  [  163  ] . Maternal 
anemia has been related to maternal mortality, fetal mortality, fetal growth retardation, pregnancy 
complications, and to a small amount infant growth  [  166–  169  ] . The vast majority of the studies on 
anemia and pregnancy outcome have not separated the effects of iron defi ciency from the effects of 
anemia. 

   6.4.1 Anemia and Birth Weight, Gestational Age, and Infant Mortality 

 Most reviewers of the scientifi c literature will agree that there is a U-shaped curve relationship 
between the maternal hemoglobin concentration and the proportion of low birth weight (LBW) 
infants  [  169  ] . The cause of the elevation in prevalence of LBW infants at the upper end of the distri-
bution of Hb is believed to be improper expansion of the maternal plasma volume  [  170  ] , while insuf-
fi cient erythropoiesis and poor volume expansion may be associated with the low Hb concentrations 
at the other end of the distribution curve. The optimal maternal Hb for minimal incidence of LBW 
in the published literature varies. The hemoglobin concentration and the defi nition of “anemia” are 
trimester-dependent with a clear nadir of concentration in mid gestation. Since many of these studies 
did not use fi nite times of sampling, the variations may well refl ect the timing of sampling and not 
true discrepancies in the relationship of data to outcomes  [  171  ] . 

 The severity of anemia is an additional factor associated with an increased risk of LBW and pre-
maturity, even though the exact causes of the anemia are not known  [  171,   172  ] . There is a median 
relative risk (RR) of 4.9 for severe anemia, with moderate anemia having a median risk of approxi-
mately 2.0. In a study of pregnancy outcome where malaria is endemic, Verhoeff et al.  [  173  ]  reported 
an RR of 1.6 for intrauterine growth retardation in a study of 1,423 live-born singleton births in rural 
Malawi if maternal Hb was <80 g/L in the fi rst trimester, compared to no effect of moderate anemia 
at delivery. Iron-folate administration during pregnancy reduced the prevalence of prematurity, while 
malaria intervention was effective in promoting fetal growth. 

 Several research groups have computed relative risks for the impact of iron defi ciency anemia 
on pregnancy complications while controlling for other causes of anemia  [  169,   174  ] . In a study in 
the USA, Scholl and colleagues  [  175  ]  showed that iron defi ciency anemia in the fi rst trimester was 
more strongly related to prematurity and LBW (RR = 3.1) than anemia of any cause later in preg-
nancy. They concluded from this that iron defi ciency in the fi rst trimester was important but ane-
mia at other times had little effect. In Chinese mothers in early pregnancy (<8 weeks), moderate 
iron defi ciency anemia conferred an RR of 2.96 for prematurity and LBW  [  176  ] . This suggests 
that iron defi ciency anemia has an impact on fetal growth and development similar to anemia in 
general.  

   6.4.2 Maternal Anemia and Mortality 

 Maternal mortality is correlated with the severity of anemia in pregnancy  [  177  ] . In his review of 
reports from 1950 to 1999, Rush examined the relationship of maternal anemia, usually at delivery, 
with both antepartum and postpartum death. He concluded that severe anemia (Hb <6–7 g/L) is 
associated with an increased rate of maternal death. In very severe anemia, the death rate may be as 
high as 20% greater than a comparison group. When the Hb is this low, compensatory mechanisms 
begin to fail, lactic acid levels rise, and cardiac failure may occur. While no direct causal relation-
ships between iron defi ciency anemia and mortality are usually demonstrated, it is reasonable to 
expect that it is contributory to death rates.   
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   6.5 Maternal Iron Defi ciency and Fetal Outcomes 

 Plasma ferritin is not a sensitive indicator of iron status by the middle of the second trimester and, as 
a result, has little sensitivity as a predictor of poor fetal outcomes  [  178  ] . There is a signifi cant rela-
tionship of elevated ferritin with preterm birth, LBW, and also preeclampsia  [  175,   179  ] , suggesting 
possible relationships of ferritin as an acute phase marker and not an iron status biomarker  [  180  ] . 
Higher ferritin concentrations may be more an indication of upper genital tract infection and a sub-
sequent development of spontaneous preterm delivery than an indication that higher iron status is 
detrimental for fetal growth and development. Lao et al.  [  181  ]  reported on an analysis of birth out-
comes for 488 nonanemic women. They observed a signifi cant inverse relationship between mater-
nal ferritin quartiles and infant birth weight with an increased risk of prematurity and neonatal 
asphyxia in those mothers with the highest quartile of ferritin. In an analysis of the Preterm Prediction 
Study of the National Institute of Child Health and Human Development Maternal-Fetal Medicine 
Units network conducted from 1992 to 1996, there was a similar relationship  [  179,   182  ] . Regardless 
of the gestational age at sampling (19, 26, or 36 weeks), ferritin in the highest quartile was associ-
ated with the lower mean birth weights than those in the other three quartiles of ferritin. The adjusted 
odds ratio was signifi cant, however, only in the 26-week sample with an odds ratio of 2.0 for prema-
ture delivery and 2.7 for small birth weight (<1,500 g). In the 2002 follow-up analysis, utilizing 
cervical ferritin concentrations at 22–24 weeks of gestation, the adjusted odds ratio of very prema-
ture delivery (<32 weeks) was as high as 6.3. There was also a strong correlation with other markers 
of infl ammation from cervical fl uid. These studies suggest that elevations of ferritin in mid gestation 
increase the risk for pregnancy complications. Iron supplementation trials can answer the question 
of whether prevention of the decrease in iron status can improve birth outcomes. 

 Prophylactic iron supplementation during the fi rst trimester of pregnancy in poor women improved 
birth weight, lowered the incidence of prematurity, but did not alter the incidence of small for gesta-
tional age deliveries  [  183  ] . The timing and dose of supplementation, as well as the frequency of 
supplementation, are important considerations in interventions during pregnancy  [  153,   184  ] . 

   6.5.1 Maternal Iron Status and Subsequent Infant Development 

 Despite the concept that the fetus is an effective parasite for iron, the previously discussed informa-
tion indicates that fetal development is compromised when maternal iron status is compromised. 
One dimension now receiving attention vis-à-vis iron status is neurodevelopment of the infant  [  40  ] . 
In an important study several years ago, Tamura and colleagues noted a relationship between new-
born cord ferritin levels and cognition and behavior at 5 years of age  [  185  ] . The children were com-
pared by their cord blood ferritin in the two median ferritin quartiles, and those in the lowest quartile 
scored lower on a number of tests including language ability, fi ne motor skills, and tractability. Since 
cord blood ferritin is correlated with maternal iron status, these data suggest that poor iron status at 
birth is related to later infant development. The intervention study of Presozio et al.  [  186  ]  reached a 
similar conclusion regarding the benefi t of iron supplementation in pregnancy on infant scores in 
tests of motor and mental development at 12 months of age. More recently, a study in South Africa 
 [  187,   188  ]  showed that infants of iron-defi cient anemic mothers had lower developmental scores, 
assessed with the Griffi th scale at 9 months of age, than infants of mothers who were not anemic. All 
infants in this study were of full gestational age and weight; thus intrauterine growth failure and 
severe maternal anemia (<85 g/L) were excluded. These anemic mothers had increased amounts of 
depression and altered mother-child interactions compared to iron-supplemented mothers. Indeed, 
maternal postpartum depression related to Hb concentration in the months after delivery of the infant 
may contribute to changes in infant development. This is not to suggest that iron supplementation 
will lead to smarter children. A recent study showed that very modest iron supplementation (20 mg/d) 
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of mothers in New Zealand had no effect on the IQ of the infants at 4 years of age despite a reduction 
in prevalence of IDA from 11% to 1% during pregnancy  [  189  ] . The authors did show that behaviors 
of the infants were affected by the iron intervention in pregnancy, but they could not separate direct 
biological effects of the iron on fetal growth and development from the indirect effect that would be 
expected through the improved iron status of the mother during and after the pregnancy. Mother-
child interactions can be quite sensitive to the nutritional status of the infant and the mother.  

   6.5.2 Maternal Iron Defi ciency and Infant Iron Status 

 The relationship between moderately anemic mothers and infant hematology has been reviewed 
 [  167,   190  ] . There is a general correlation between maternal Hb in the third trimester with the infant 
Hb at 9 months of age  [  191  ] . However, this relationship is not observed when the overall prevalence 
rates of anemia are so high as to remove the possibility that there are “normal” Hb concentrations in 
both mothers and infants  [  192  ] . In a number of other studies reviewed by Allen, Milman, and Scholl, 
there is a reoccurring theme that maternal anemia may be related to infant anemia in early life on 
some occasions, but more commonly the relationship is more strongly expressed at 9–12 months of 
age when infant iron stores have been exhausted  [  167,   169,   190  ] . Thus, there is the concept that iron-
depleted and moderately anemic mothers provide suffi cient delivery of iron for infant growth and 
erythropoiesis in utero, but fail to provide suffi cient iron for normal growth and development over 
the next 12 months of life.    

   7 Conclusions 

 The liabilities of iron defi ciency on human functioning are diverse and likely involve the effects of 
defi cits on essential tissue essential iron pools as well as to defi cits in oxygen transport to the tissues. 
Importantly, the impact of these defi cits on functioning can have persistent, and perhaps lifelong, 
effects if the defi ciency occurs during periods of organogenesis. The epigenesis of effects of early 
life iron defi ciency will be the challenge of the next decade as well as understanding the complexity 
of the contribution of genetic variability to iron biology in humans.      
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  sTfR    Soluble/serum transferrin receptor   
  Tf    Transferrin   
  TfR    Transferrin receptor   
  TIBC    Total iron binding capacity   
  TNF    Tumor necrosis factor.       

   1 Prevalence 

 Anemia associated with infl ammation and chronic disease (AICD) is a commonly observed anemia, 
second only to iron defi ciency anemia in its prevalence in developed countries. It is a mild, normocytic, 
normochromic anemia that is characterized by adequate or increased iron in macrophages and low 
serum iron, a blunted response of erythroid precursors to erythropoietin (Epo), and decreased eryth-
rocyte survival. Such an anemia is associated with bacterial, viral, or parasitic infections, but as anti-
biotics have become widely available, the incidence of long-lasting suppurative infections has 
decreased. AICD is classically associated with chronic disease states that generate systemic infl am-
matory mediators  [  1  ] , including autoimmune disorders – like rheumatoid arthritis (RA), systemic 
lupus erythematosus (SLE)  [  2  ] , or infl ammatory bowel disease (IBD) – and cancer. More recently, 
anemia has been recognized as a signifi cant risk multiplier or comorbid factor in the context of severe 
trauma  [  3  ] , heart failure (HF)  [  4  ] , chronic kidney disease (CKD)  [  5  ] , aging  [  6  ] , and frailty  [  7,   8  ] . 
Finally, the anemia associated with infl ammation or infection is increasingly recognized as a cause of 
anemia in the developing world apart from nutritional defi ciencies  [  9  ] . While the incidence of anemia 
related to nutritional defi ciencies, Epo defi ciency, and blood loss overlaps with AICD in many patients, 
infl ammation is clearly involved in the pathogenesis of anemia in these complex disease states. 

 Estimates of the prevalence of AICD vary widely among study groups depending upon the laboratory 
criteria for inclusion, the underlying disorder, and the demographics of the subjects involved. 
Table  15.1  highlights a few representative studies from a number of diseases associated with AICD. 
While most studies report only the incidence of anemia within the particular disease group, some 
used additional criteria to diagnose AICD.   

   Table 15.1    Incidence of anemia in disease groups associated with AICD   

 Disorder  Subgroup  Anemia (all causes)  AICD (% total)  Reference 

 Infection  Tuberculosis  20%  NR   [  10  ]  
 HIV/AIDS  12–37%  NR   [  11  ]  

 Trauma  Heart transplant  72%  NR   [  12  ]  
 Intensive care  ~40%  NR   [  3  ]  

 Autoimmune  RA  16%  NR   [  13  ]  
 SLE  16%  NR   [  14  ]  

 34%  NR   [  15  ]  
 IBD  9–74%  NR   [  16  ]  

 41%  24%   [  17  ]  
 Cancer  Palliative care  >50%  NR   [  18  ]  

 39%  NR   [  19  ]  
 41%  NR   [  20  ]  
 68–77%  36–52%   [  21  ]  

 CKD  40%  NR   [  22  ]  
 HF  32%  NR   [  23  ]  
 Aging  >65 years  10–11%  ~2%   [  24  ]  

 21%  ~6%   [  25  ]  
 8.5%  NR   [  26  ]  

   NR  not reported  



30515 Anemia of Chronic Disease 

   2 Review of the Erythropoiesis Cycle 

 As we review the physiology and molecular pathology associated with AICD, it is important to 
highlight several key features of erythropoiesis that have already been discussed in Chap.   10    . 
Erythropoiesis begins in the bone marrow (Fig.  15.1a ). Maturation of erythroid precursors occurs in 
“erythroid” or “blood islands.” Here, erythroid precursors develop in association with a central mac-
rophage, which supports their development and assists with the extrusion of the erythroblast nucleus 
 [  27,   28  ] . Epo  [  29  ]  promotes survival and allows proliferation of erythroid precursors [erythroid 
colony-forming units (CFU-E) and erythroblasts] that express the Epo receptor (EpoR)  [  30  ] . Survival 
of erythroid precursors is closely linked to their ability to successfully hemoglobinize. To furnish the 
iron for hemoglobin, early precursors, the erythroblasts, express abundant transferrin receptor 1 
(TfR1/CD71)  [  31–  34  ]  to acquire iron from the serum protein, transferrin (Tf)  [  35,   36  ] . Much of 
erythropoiesis is ineffective, as many precursors do not complete full development, but instead 
undergo apoptosis  [  30  ] . Upon maturation, reticulocytes shed TfR into the serum (sTfR), which nega-
tively correlates with the amount of iron available to developing erythrocytes  [  37  ] . Reticulocytes 
that successfully mature are released from their bone marrow niche where they continue to mature 
in the circulation (Fig.  15.1b ). For a more detailed discussion of erythroid iron handling, please see 
Chap.   10    .  

 Mature red cells circulate approximately 120 days in humans and approximately 50 days in mice; 
after which, they senesce and express phosphatidyl serine (PS) on the outer membrane leafl et  [  38  ] . 
These senescent  [  39  ]  red cells are phagocytosed by tissue macrophages  [  38  ]  (Fig.  15.1c ). Little is 
known concerning the specifi c macrophages responsible for erythrocyte turnover. Many are present 
in the splenic red pulp and are differentiated from other splenic macrophages by the expression of 
F4/80  [  40  ] . These macrophages recognize PS and phagocytose senescent red cells. Various components 
of the aged erythrocyte are then recycled. 
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  Fig. 15.1    Cycle of erythropoiesis. Erythroid cells develop in the bone marrow ( a ) in a specifi c environment or “niche” 
called erythroid islands, or erythroblastic islets. Here, erythrocyte progenitors maintain physical contact with central 
macrophages as they develop. Proliferation of proerythroblasts is dependent upon Epo and TfR1. Epo receptor ( EpoR ) 
is downregulated at the erythroblast stage, but TfR1 is required for hemoglobinization. Upon maturation to reticulo-
cytes, TfR1 is shed and the erythroblast nucleus ( N ) is extruded and phagocytosed by the central macrophage. 
Reticulocytes continue to mature in circulation to erythrocytes ( b ). Senescent erythrocytes express phosphatidyl ser-
ine ( PS ) and are phagocytosed by macrophages of the spleen ( c ). Heme is returned to the serum by the feline leukemia 
virus, subgroup C, receptor ( FLVCR ). Heme oxygenase-1 ( HO-1 ) degrades some heme. The iron recycled from heme 
is returned to transferrin ( Tf ) in the serum by ferroportin ( FPN ). Ceruloplasmin ( Cp ) converts Fe 2+  transported by FPN 
to Fe 3+  for binding to Tf. See text for references. Figure courtesy of the author       
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 The feline leukemia virus, subgroup C, receptor (FLVCR) has recently emerged as an intriguing 
point of control for reticuloendothelial iron homeostasis. This channel is capable of releasing heme 
from macrophages  [  40,   41  ] . It has been hypothesized that this function allows the macrophage to 
avoid accumulation of damaging heme. The heme is likely bound by hemopexin, then returned to 
macrophages and hepatocytes via the hemopexin receptor, CD91/low density lipoprotein–related 
protein (LRP), which undergoes endocytosis. Heme and hemopexin are then degraded in the lyso-
some  [  42  ]  (see also Chap.   8    ). 

 Alternatively, or in addition, heme oxygenase-1 (HO-1)  [  43  ]  catabolizes heme from senescent red 
cells and allows for recycling of elemental iron, though the exact machinery required for phago-
somal iron export is unclear  [  44–  47  ] . Ferroportin (FPN), which is expressed in these macrophages, 
is a critical control point for the regulation of elemental iron egress  [  48,   49  ] . It is the only transporter 
known to facilitate cellular release of elemental iron. Some iron is stored within the macrophage in 
a complex with ferritin (Ft)  [  50–  53  ] , while some is released to the circulation. Virtually, nothing is 
known concerning the signals that dictate whether heme or elemental iron is released from the mac-
rophage. Likewise, very little is known of the regulators that control whether iron is stored in Ft or 
released from the macrophage. Ferrous iron released from macrophages is oxidized to ferric iron, 
then loaded onto Tf in a process that involves the serum copper oxidase, Ceruloplasmin (Cp)  [  54–  56  ] . 
Thus, Tf closes the loop between erythrocyte production and turnover. For a more detailed discussion 
of reticuloendothelial iron handling, please see Chap.   11    .  

   3 Diagnosis and Treatment 

 Traditionally, AICD has been considered a diagnosis of exclusion in patients with unexplained 
anemia accompanying another illness. The anemia can be normochromic and normocytic or, if 
accompanied by iron defi ciency, it can be hypochromic and microcytic. At present there is no defi ni-
tive diagnostic test; rather, a diagnosis of AICD is made considering the overall clinical picture and 
laboratory fi ndings, which typically include low serum iron, low total iron-binding capacity (TIBC, 
an indirect measure of Tf), and normal or elevated serum Ft (sFt)  [  57  ] . When examined after Perls’ 
staining, bone marrow macrophages typically show retained iron in spite of iron-restricted erythro-
poiesis  [  58,   59  ] . Levels of C-reactive protein and the erythroid sedimentation rate may be elevated, 
indicative of an infl ammatory process  [  60  ] . Soluble transferrin receptor (sTfR) levels are only 
increased if iron defi ciency is also present. An index based on measurements of sTfR and sFt has been 
proposed to differentiate AICD from iron defi ciency anemia  [  61,   62  ] , but it is not widely used. 
Cytokine measurements, particularly measurement of interleukin (IL)-6 might, theoretically, be help-
ful  [  63  ] , but they are not used routinely in medical practice. Measurement of hepcidin antimicrobial 
peptide levels may be of use in the diagnosis of AICD associated with some chronic diseases  [  64 ,  65  ] , 
but it is not yet clear whether hepcidin will be a universal predictor of anemia in all cases. The putative 
role of hepcidin in the pathogenesis of AICD will be discussed in more detail later in this chapter. 

 Unfortunately, there is often little urgency associated with the treatment of AICD. In the context 
of short-term conditions, AICD should resolve when the underlying disease is abated. When a 
chronic disease underlies AICD, the gradual development of anemia, possibly without obvious 
symptoms, can easily be ignored. However, even mild anemia is increasingly recognized as an 
important independent contributor to adverse health outcomes such as disability, frailty, and mor-
tality, especially in older adults  [  7,   66–  69  ] . Since many chronic diseases such as HF, CKD, and 
cancer cannot yet be cured, only managed, early diagnosis and treatment of anemia in the context 
of chronic disease is likely to substantially increase quality of life for many patients with chronic 
disease  [  70–  72  ]  and to reduce the economic burden associated with treatment of the underlying 
condition  [  73,   74  ] . 
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 Treatment options for patients with AICD must be carefully weighed based on the severity of the 
anemia, the specifi c disease underlying AICD, and whether other causes of anemia are contributing 
 [  57  ] . Since AICD is derived from the innate immune response to infection, there is little support for 
the use of exogenous iron or erythroid-stimulating agents in the course of anemia due to infection. 
However, in the case of autoimmune disorders or end-stage renal disease, iron treatment in conjunc-
tion with erythroid-stimulating agents can be effective  [  70,   75–  77  ] . Since AICD, alone, is a mild 
anemia, transfusions are only warranted in life-threatening situations that usually involve another 
anemia due to other pathologies. When treating such patients, the target hemoglobin level that should 
be achieved will depend upon their age, sex, and race and is a hotly debated topic that will not be 
reviewed here  [  78  ] .  

   4 Features of AICD 

 The severity of the systemic reaction to infection or disease seems a better prognostic marker for 
anemia than the actual time course of the disease. Very active disease (associated with joint pain and 
tenderness, fever, accelerated erythrocyte sedimentation rate, and weight loss) was shown to corre-
late with the most severe anemia in RA patients. In contrast, the severity of the anemia did not cor-
relate with the number of years patients had endured RA  [  79  ] . Likewise, in the context of infection, 
the onset of anemia is relatively rapid (within 6 weeks) but subsequently stabilizes despite the dura-
tion of the infection for many months  [  80  ] . This stabilization suggests the establishment of a new 
equilibrium for erythropoiesis that is likely dependent upon both the intensity of cytokine expression 
and the portfolio of cytokines involved. The anemia associated with infl ammation likely results from 
pleiotropic effects of cytokines at the various stages of erythropoiesis and turnover (Fig.  15.2 ) which 
were described above. The major features of AICD include: 

    1.    Low serum iron and iron sequestration in reticuloendothelial cells  
    2.    Hypoproliferative erythroid precursors  
    3.    A modest decrease in erythrocyte survival     

 We will use examples from specifi c disease states to highlight these common “endophenotypes” 
of AICD. 

   4.1  Low Serum Iron (Hyposideremia/Hypoferremia) 
and Reticuloendothelial Iron Sequestration 

   4.1.1 Cytokines and Reticuloendothelial Iron Cycling 

 Because many infections are resolved quickly by the immune system, hyposideremia may be the 
only feature of AICD that actually manifests during an infection. Hyposideremia (which is low 
serum iron, also called “hypoferremia”) is associated with bacterial  [  81,   82  ] , viral  [  83–  86  ] , and para-
sitic  [  87  ]  infections. 

 It has been clear for some time that the low serum iron levels observed during infl ammation result 
from impaired iron release by the reticuloendothelial system  [  82,   88–  90  ] . Tumor necrosis factor 
(TNF) α   [  91,   92  ] , IL-1 α   [  91,   92  ] , and IL-6  [  93,   94  ]  are each associated with hyposideremia, but 
whether their effects are direct or indirect in relation to reticuloendothelial iron cycling remains 
somewhat unclear. The recent discovery of Hepc certainly argues for molecular mediators between 
cytokine production and regulation of the reticuloendothelial system.  
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   4.1.2 IL-6 and Hepcidin 

 IL-6 is the primary cytokine that induces hepcidin expression  [  64  ] . Though IL-1 α  is also capable of 
inducing hepcidin after 24 h, this induction occurs through the elaboration of IL-6 in response to 
IL-1 α   [  64  ] . IL-6 has been shown to correlate with the incidence or severity of anemia in a number 
of diseases associated with AICD including RA  [  95  ] , ovarian cancer  [  96  ] , SLE  [  97  ] , and the morbid-
ity associated with aging  [  8,   98  ] . While we would expect hepcidin levels to be increased in these 
patients, those data are not yet available. The small size and unique structure of hepcidin has made 
it exceedingly diffi cult to assay in serum and urine, so very few studies have assessed hepcidin 
expression in patients. However, hepcidin has been shown to be elevated in patients with iron refrac-
tory anemia and liver adenomas  [  99  ] , in patients with elevated sFt and anemia  [  64  ] , and in humans 
injected with LPS  [  100  ] . Antibiotic treatment of one patient with epididymitis and sepsis returned 
urinary hepcidin levels to normal  [  64  ] , suggesting treatment of the underlying disorder may resolve 
hepcidin overexpression. 

 Hepcidin was fi rst identifi ed for its similarity to defensin-like cationic peptides involved in host 
defense  [  101,   102  ] . While it does have some antimicrobial activity, it is not a very strong agent. The 
primary antimicrobial role of hepcidin is likely to be in the sequestration of iron from pathogens. 
Hepcidin induces hypoferremia by inhibiting reticuloendothelial iron egress through FPN  [  103, 
  104  ] . Injection of hepcidin peptide  [  105  ]  or overexpression of hepcidin in mice  [  106,   107  ]  results in 
low serum iron concentrations as expected. Monocytes from AICD patients have decreased FPN, 
decreased iron regulatory protein (IRP) activity, and increased Ft  [  108  ] , consistent with hepcidin-
dependent sequestration of iron, though serum or urinary hepcidin were not determined in this study. 
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  Fig. 15.2    Cytokine regulation of erythropoiesis. The anemia associated with infl ammation and chronic disease 
( AICD ) inhibits erythropoiesis along the development continuum. Various cytokines (enclosed in triangles) inhibit 
proliferation of early erythroid precursors by acting directly on early precursors and by reducing Epo production. 
Cytokines also prevent iron release from macrophages, resulting in hypoferremia and decreased proliferation and dif-
ferentiation of later erythroblasts. Finally, cytokines reduce erythrocyte survival. See text for references. Figure cour-
tesy of the author       
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Hepcidin also reduces intestinal iron absorption  [  109  ]  by reducing FPN expression at the enterocyte 
basolateral surface. However, because most of the iron required for erythropoiesis in adults is recy-
cled from senescent erythrocytes, this regulatory step has little initial impact in the setting of AICD. 
For more discussion of the molecular basis of hepcidin action, see Chap.   9    .  

   4.1.3 Hepcidin-Independent Mechanisms of Iron Sequestration 

 TNF α  fails to induce hepcidin expression  [  110  ] , yet expression of TNF α  results in low serum iron 
 [  111,   112  ]  and anemia  [  113,   114  ] . This suggests hepcidin-independent mechanisms exist which may 
regulate other proteins involved in cellular iron handling and result in reticuloendothelial iron 
sequestration. Ft is a likely target within the macrophage for such regulation. TNF α  treatment of the 
human monocytic cell line U937 resulted in increased transcription of Ft. TNF α  treatment also 
increased the relative amount of radiolabeled iron sequestered in Ft  [  115  ] . 

 Studies in human U937  [  115  ]  and in murine J774  [  116  ]  and RAW264.7  [  117  ]  macrophage cell 
lines implicated IFN γ  in iron regulatory protein-2-mediated accumulation of Ft. IFN γ , in combina-
tion with lipopolysaccharide, was shown to increase expression of divalent metal-ion transporter 1 
(DMT1) and to downregulate expression of FPN in the human monocytic cell lines U937 and THP-1 
 [  118  ] . Both of these studies are consistent with iron sequestration. Cyclopentenone prostaglandins 
have also been shown to target Ft accumulation in human monocytes  [  119  ] . For a summary of cytok-
ines effects on serum iron, see Table  15.2 .  

 Patients with IBD treated with IL-10 may become anemic  [  120  ] . Higher doses of IL-10 were 
shown to correlate with increased sFt and sTfR. IL-10 was also shown to increase Ft transcription 
and translation in human monocytic THP-1 cells  [  121  ] , yet IL-10 does not seem to induce transcrip-
tion of hepcidin  [  122  ] . 

 The drawback to most of these in vitro studies is their use of monocytes or monocytic cell lines 
that are not fully differentiated and lack potential signals from interacting erythrocytes. More studies 
in coculture systems and whole animal models are needed to validate the fi ndings in primary mono-
cytes or cultured cell lines.  

   4.1.4 Additional Regulatory Changes 

 In addition to the blockade of reticuloendothelial iron egress, the concentration of Tf in the serum 
(assayed by TIBC) is decreased  [  123  ] . Since this increases the relative ratio of diferric Tf to mono-
ferric forms, it might encourage more effi cient iron uptake by reticulocytes in the face of decreasing 
serum iron  [  59  ] . Additionally, Cp levels can be elevated during infection  [  124,   125  ] . Cp promotes 
the oxidation of FeII to FeIII for loading on Tf and sequestration of FeII from various pathogens. 
Despite these changes in favor of Tf uptake in erythroid precursors, alpha-1 antitrypsin, an acute 
phase protein, has been shown to compete with Tf for binding to the TfR and may thus inhibit eryth-
ropoiesis by reducing erythroid iron acquisition from Tf  [  126,   127  ] .   

   Table 15.2    Molecular mechanisms to reduce serum iron   

 Mediator  Target(s)  Remarks  References 

 TNF α   Ft  None   [  111,   112  ]  
 IFN γ   IRP2, Ft, DMT1, FPN  Ft, DMT1, and FPN all have putative 

binding/regulatory sites for IRP2 
  [  116–  118  ]  

 Prostaglandins  Ft  None   [  119  ]  
 Hepcidin  FPN  Induces internalization and degradation   [  103,   104  ]  
 Cp  Fe 2+   Converts to Fe 3+  to load onto Tf   [  124,   125  ]  
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   4.2  Hypoproliferation of Erythroid Precursors 
and the “Blunted Epo” Phenomenon 

 Despite the inhibitory effects of iron restriction on erythropoiesis, AICD is also characterized by 
disturbances in Epo-dependent regulation of the erythron. This disturbance is usually described as a 
“blunted Epo response.” Understanding the biological mechanisms behind this pathophysiological 
response has been exceedingly diffi cult due to the number of events that modulate Epo responsive-
ness of erythroid precursors. The regulatory block in the Epo axis differs among studies and patient 
groups – sometimes even among patients with essentially the same underlying disease. These seem-
ing contradictions are likely the result of an insuffi cient understanding of the disease process and the 
inherent problems associated with sampling patients during the course of their treatment, when regu-
latory systems are in fl ux. 

   4.2.1 Blunted Epo Production 

 Whatever the cause of anemia, decreased circulating hemoglobin reduces tissue oxygen tension and 
induces production of Epo in the peritubular fi broblast-like interstitial cells of the kidney  [  128  ] . As 
the anemia becomes more severe, Epo levels should increase to stimulate proliferation and differen-
tiation of CFU-E and proerythroblasts. 

 The blunted Epo response is sometimes synonymous with insuffi cient Epo production. A com-
parison of Epo production in patients with infection and malignancy to patients with anemia due to 
iron defi ciency and primary hematopoietic disorders  [  129  ]  found no correlation between Epo and 
anemia in patients with infection or malignancy. Furthermore, these levels were lower than those in 
the patients with anemia from other etiologies. Similar observations of blunted Epo production have 
been made in AICD patients when compared to patients with hereditary spherocytosis  [  108  ] . 

 Zucker et al. demonstrated blunted Epo production in a cohort of patients with infections and RA 
 [  130  ] . Patients with infection and infl ammation had normal to elevated Epo, but the increase was not 
in keeping with the amount of Epo produced in patients with equally severe anemia due to iron or 
folate defi ciency  [  130  ] . In the same study, addition of exogenous Epo to cultured bone marrow 
induced appropriate heme synthesis in these patients. 

 Blunted Epo production has been described in the context of RA  [  131–  136  ] , AIDS  [  137  ] , cancer 
 [  138  ] , trauma  [  139  ] , tuberculosis  [  140  ] , malaria  [  141  ] , and aging  [  142–  144  ] . A “pre-anemic” state 
of increased Epo levels and normal hemoglobin has been described in individuals with infl ammation 
 [  145  ] , suggesting prolonged infl ammation diminishes the sensitivity of the Epo response. 
Recombinant human Epo has been shown to be effective for improving hemoglobin in RA patients 
 [  146  ] , though it does not improve measures of RA disease activity itself. 

 Cytokines are likely involved in the regulation of Epo production in response to oxygen tension 
 [  147  ] . IL-1 β  has also been shown to dampen the response of Epo to hypoxia through inactivation of 
hepatocyte nuclear factor 4 α   [  148  ] . Both IL-1 β  and TNF α  promote recruitment of GATA-binding 
protein 2 and nuclear factor  κ b to suppress transcription of Epo  [  149  ] . In contrast, IL-6 and IFN γ  do 
not regulate Epo production  [  150,   151  ] . This suggests that the cytokine profi le associated with a 
particular disease is important with respect to the features of AICD that may arise  [  152  ]  and should 
be used to develop more sensitive diagnostics or individualized treatments for AICD. 

 The anemia associated with systemic lupus erythematosus (SLE) stems from various pathologies, 
including aplasia, iron defi ciency, autoimmune hemolysis, cyclophosphamide-induced myelotoxic-
ity, and chronic renal insuffi ciency  [  2  ] . But SLE has provided some added insight into the problem 
of blunted Epo production in AICD. Close to half (46%) of SLE patients in one study had autoanti-
bodies against Epo  [  153  ] . Whether these antibodies participate in clearance of Epo from the system 



31115 Anemia of Chronic Disease 

or might interfere with Epo detection is not yet clear. However, the patients with anti-Epo antibodies 
did not have more severe anemia than their SLE counterparts lacking anti-Epo antibodies, suggest-
ing the anti-Epo antibodies are not the cause of anemia in these patients. Even SLE patients without 
anti-Epo antibodies had lower Epo levels than expected, which suggests blunted Epo production 
consistent with AICD  [  154  ] . 

 As is the case for SLE, the anemia associated with chronic kidney disease is a complex entity  [  5  ] . 
Epo defi ciency secondary to kidney failure is clearly involved in the pathogenesis of the anemia in 
these patients, but treatment with Epo and exogenous iron does not fully resolve this anemia, indicat-
ing other pathogenic factors are at work. Patients with chronic kidney disease also have signifi cant 
infl ammation  [  60  ] . For this reason, AICD is a common complication of patients with CKD and end-
stage renal disease.  

   4.2.2 Blunted Erythron Response to Epo 

 In contrast to the Epo defi ciency described above, sometimes the blunted Epo response refers to a 
failure of the erythron to respond to available Epo. Zucker et al. contrasted their fi ndings in patients 
with infection and infl ammation (described above) with patients with malignancy  [  130  ] . Epo levels 
were increased in patients with malignancy (a fi nding consistent with decreased hemoglobin). 
However, heme synthesis was not suffi ciently increased in response to exogenous Epo in bone mar-
row cultures of these patients. This seems to be a relatively common feature in the anemia associated 
with cancer  [  155  ]  (see also Chap.   24    ). At least two other groups have described RA patients with 
elevated circulating Epo, but hypoproliferative erythroid precursors  [  156,   157  ] . Hepcidin overex-
pressing transgenic mice also have circulating Epo levels greater than phlebotomized controls with 
identical hemoglobin concentration, yet the erythron of hepcidin transgenic mice fails to increase 
reticulocyte production in response to this available Epo  [  107  ] . Both blunted Epo production and the 
blunted erythron response to Epo have been observed in patients with lung cancer  [  158  ] .  

   4.2.3 Pleiotropic Effects of Individual Cytokines 

 Early efforts to investigate how cytokines modulate proliferation of erythroid progenitors in 
infl ammatory states studied precursors cultured from murine spleen and human and murine bone 
marrow  [  159,   160  ] . The earliest precursors were designated blast-forming units (BFU-E) and 
more mature precursors, colony-forming units (CFU-E). Only CFU-E require Epo, as BFU-E 
proliferation and survival occur without expression of EpoR  [  30  ]  (Fig.  15.2 ). Emerging data sug-
gest that individual cytokines regulate particular erythroid targets. However, the effects of combi-
nations of cytokines are unclear, and this underscores the importance of continued research toward 
understanding how the full complement of cytokines expressed in an individual may contribute to 
the pathogenesis of AICD. 

   TNF α  

 TNF α  is closely associated with disease activity and anemia in RA patients  [  161  ] . TNF α  is capable 
of suppressing erythroid development from CFU-E and BFU-E  [  95,   162  ] . Similarly, chronic treat-
ment of mice with TNF α  resulted in an erythropoietic block in CFU-E in bone marrow and spleen 
 [  113,   163  ] . Since these cultures initially contain accessory cells that may produce secondary signal-
ing molecules, Means and colleagues depleted the accessory cells and then found no TNF α -mediated 
colony inhibition  [  164  ] . They went on to show the hypothesized secondary signaling molecule was 
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IFN β   [  165  ]  (see below). In contrast, Roodman and colleagues tested several hematopoietic cell lines 
and found proliferation of these lines was inhibited by TNF α  alone. However, the effect seemed to 
be specifi c to a particular subset of cells that could not be clearly defi ned  [  166  ] . 

 Davis and colleagues applied these fi ndings to patient care and demonstrated that anti-TNF α  
antibodies relieved the blockade of erythropoiesis, increasing hemoglobin while decreasing Epo and 
IL-6 in RA patients  [  167  ] . BFU-E also increased in the bone marrow of RA patients treated with 
anti-TNF α  antibody  [  168  ] .  

   IL-1 β  

 IL-1 β  is increased in anemic RA patients relative to non-anemic RA patients and inhibits erythroid 
colony formation of normal bone marrow  [  95,   169  ] . The inhibitory effect on bone marrow cultures 
is probably mediated through IFN γ  (see below)  [  170  ] . However IL-1 β , alone, inhibits proliferation 
of human erythroleukemia cell lines  [  171  ] , suggesting that this cytokine can act directly on some 
erythroid precursors.  

   IFN 

 IFN γ  inhibits proliferation and differentiation of early erythroid precursors, BFU-E and CFU-E 
 [  172,   173  ] . Secondary signals  [  174  ] , such as nitric oxide  [  175  ]  or IL-15  [  176  ] , elaborated from 
accessory cells are likely to be involved. IFN γ  inhibits proliferation and differentiation of precursors 
by decreasing expression of stem cell factor and EpoR  [  177  ] . These regulatory targets are specifi c, 
as expression of insulin-like growth factor receptor is unchanged. In addition to preventing prolifera-
tion and maturation of erythroid precursors, IFN γ  may also induce apoptosis, as it increases expres-
sion of Fas in erythroid progenitors  [  178,   179  ] . 

 IFN β  has also been shown to inhibit erythropoiesis in erythroid islands  [  180  ] . This effect requires 
expression of the type I interferon receptor, but the signaling pathways that result in anemia are not 
yet understood.  

   Hepcidin 

 Over production of hepcidin attenuates erythropoiesis in vivo despite suffi cient Epo production 
 [  107  ] . Whether this is due to a direct effect of hepcidin on the erythron  [  181  ]  or the iron-restricted 
erythropoiesis that results from sequestration of iron in the reticuloendothelial system  [  102  ]  is not 
yet clear.    

   4.3 Erythrocyte Survival 

 The modest decrease in erythropoietic capacity in the bone marrow is exacerbated in AICD by 
decreased survival of circulating erythrocytes. In the classical contexts of AICD, this is not related 
to hemolysis. However, in the settings of SLE and CKD, autoimmune hemolysis  [  2  ]  and the effects 
of membrane dialysis  [  60  ]  can confound and contribute to the severity of AICD. 

 Early attempts to quantitate survival of peripheral erythrocytes relied on Ashby differential red 
cell agglutination techniques and chromium labeling. Labeled erythrocytes from normal donors 
have decreased survival times in patients with disease without regard to the techniques used to label 
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the cells  [  182–  185  ] . Labeled erythrocytes from donors with infl ammation have normal survival 
times in healthy recipients. The most likely explanation for these results would be an increase in the 
rate of erythrocyte turnover by the reticuloendothelial system of patients with infl ammation, rather 
than a defi ciency intrinsic to the red cell  [  186,   187  ] . It is likely that infl ammatory cytokines play an 
additional role in the regulation of macrophage “surveillance” of circulating red cells, reducing their 
tolerance of erythrocyte anomalies that must increase as erythrocytes age. 

 No specifi c cytokine has been closely tied to this phenomenon, but TNF α  and IL-1 are, again, 
important mediators. A comparison of the effects of recombinant TNF α  or recombinant IL-1 α  on 
red cell survival  [  91  ]  showed this feature was most apparent in TNF α -treated rats, though detectable 
in IL-1 α -treated rats. A study in RA patients reported anemic patients had higher serum IL-1 α  levels 
and decreased erythrocyte survival, as measured by red cell–bound immunoglobulins  [  188  ] . 
Overexpression of hepcidin in transgenic mice does not alter erythrocyte survival  [  107  ] . 

 The decreased red cell survival in AICD is consistent with an activated infl ammatory state. Faster 
turnover of erythrocytes without iron recycling would also contribute to elevated iron stores in mac-
rophages of patients with AICD. It does seem important, however, to consider the potential contribu-
tion of intestinal blood loss or enteropathy, especially in the context of RA. The majority of patients 
with RA take nonsteroidal anti-infl ammatory drugs (NSAIDs)  [  189  ] , and their use increases with 
age  [  190  ] . NSAIDs contribute to infl ammation of the intestine and enteropathy  [  191  ] , making these 
important study groups especially susceptible to gastrointestinal bleeding. Hemoglobin, serum iron, 
and sFt levels were found to be similar in anemic rheumatology patients without regard to the pres-
ence of gastrointestinal lesions or fecal occult blood  [  192  ] . Thus, until enteropathy can be ruled out 
in individuals with decreased erythrocyte survival, it may be an important confounder.   

   5 Conclusions 

 AICD is best defi ned as anemia in the context of adequate iron stores. Functional iron defi ciency 
results from an inability to access or utilize iron sequestered in the reticuloendothelial system. 
Hypoproliferation of erythroid precursors results in failed attempts to offset losses associated with 
increased erythrocyte turnover. The specifi c disease underlying AICD critically impacts the presen-
tation of anemia. The relative expression of pro-infl ammatory cytokines, serum hepcidin, and other 
signaling molecules in various disease states must be investigated further to improve treatment 
options for individuals.      
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   1 Introduction 

 Anemias are a numerous and diverse group of disorders, ranging from limited erythroid precursor 
production to premature senescence of RBCs. In many cases, anemia is associated with hypoprolif-
erative erythropoiesis (HE), while in other forms, with ineffective erythropoiesis (IE). HE leads to a 
reduction of the erythron and consequent anemia by absent or limited proliferation of the erythroid 
precursors. In contrast, the anemia in IE occurs despite expansion of the erythron. In some cases, IE 
is triggered by impaired maturation of the erythroid precursors while, in others, by hemolysis and/
or premature senescence of RBCs. In some forms of hypoproliferative anemia, administration of 
iron and an erythropoiesis-stimulating agent (ESA), such as recombinant human erythropoietin 
(rhEPO), might be required. In aplastic and IE-associated anemias, blood transfusion and iron chela-
tion may be necessary as supportive therapies.  

   2 Hypoproliferative Erythropoiesis-Associated Anemias 

 Hypoproliferative erythropoiesis (HE)-associated anemias are a large and diverse group of disorders. 
In a proportion of HE-associated anemias, the erythroid precursors have the potential to sustain a 
normal erythropoiesis under optimal conditions of iron and erythropoietin (EPO) administration, 
such as in many forms of chronic kidney disease (CKD). In other cases, the anemia is caused by 
limited or impaired production of erythroid progenitor cells, as in aplastic anemia (AA) or pure red 
cell aplasia. CKD and AA will be discussed as examples of different forms of HE-associated anemia 
(Table  16.1 ).  

    Chapter 16   
 Disorders of Red Cell Production and the Iron-Loading 
Anemias       

         Stefano   Rivella            
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   2.1 Chronic Kidney Disease 

 Chronic kidney disease, also referred to as chronic renal failure, encompasses a spectrum of diseases 
with mild renal impairment at one end and end-stage renal disease (ESRD) at the other, the latter 
requiring hemodialysis for survival. Anemia develops during the early stages of CKD, and is com-
mon in patients with ESRD as a result of diminished production of EPO. In general, the marrow 
erythroid lineages appear normal. However, the bone marrow is abnormal in the context of the ane-
mia and expected increased erythroid activity. In cases of acute renal failure, erythroid hypoplasia 
has also been observed  [  1  ] . In anemic patients, hypoxia is one of the common factors responsible for 
CKD progression. CKD also plays an important role in the morbidity and mortality associated with 
cardiovascular disease, infection, and related side effects  [  2–  4  ] . Correction of anemia by rhEPO has 
been shown to improve the quality of life and survival of patients affected by CDK  [  3–  5  ] . 

 In CDK patients, detection of both absolute and functional iron defi ciency is important because 
these are the most common causes of hyporesponsiveness to rhEPO. Absolute iron defi ciency may 
be due to inadequate iron intake, reduced bioavailability of dietary iron, increased utilization of iron, 
or chronic blood loss. The percent saturation of transferrin and serum ferritin concentration cutoff 
levels for absolute iron defi ciency in CKD patients are <20% and <100  μ g/L, respectively. The 
serum ferritin cutoff in CDK patients is determined by the observation that chronic infl ammation 
increases serum ferritin levels approximately threefold compared to that of normal individuals  [  6  ] . 

 Functional iron defi ciency is the most common cause of a poor response to rhEPO therapy. It is a 
condition in which there is a failure to release iron rapidly enough to keep pace with the demands of 
erythropoiesis. However, it may be more diffi cult to diagnose since iron-related parameters may 
indicate adequate iron stores. In these cases, ferritin levels may be normal or high, even though the 
supply of iron to the erythron is limited. The Kidney Disease Outcomes Quality Initiative (K/DOQI) 
of the National Kidney Foundation recommends maintaining transferrin saturation levels above 20% 
and a lower limit of serum ferritin equal to 200  μ g/L and 100  μ g/L for CKD patients who do and do 
not require the hemodialysis, respectively. In general, iron defi ciency is accompanied by reductions 
in the serum iron concentration and transferrin saturation and by elevations in the red cell distribution 
width, free erythrocyte protoporphyrin concentration, total iron binding capacity (TIBC), percentage 

   Table 16.1    Main features associated with anemias resulting from hypoproliferative or ineffective erythropoiesis   

 Hypoproliferative erythropoiesis 

 Cause a   Kidney failure  Tumor infection  Toxic agents  Inherited mutations 
 EPO/iron ↑  Hamp/IL6 ↑ 

 Leading to  CDK  Anemia of 
infl ammation 

 Aplastic anemia  Aplastic anemia 

 It may require  Administration of EPO 
and iron 

 Transfusion and 
chelation 

 Transfusion and 
chelation/BMT 

 Transfusion and 
chelation/BMT 

 Ineffective erythropoiesis 

 Cause a   Toxic agents or limited 
folate/B12 

 Toxic agents or 
mutations in 
ALAS2 ↓ 

 Mutations in red cell 
PGK ↓ 

 Mutations 
in beta-globin ↓ 

 Leading to  Megaloblastic anemia  SA  PKD  Beta-thalassemia 
 SCD 

 It may require  Administration 
of folate/B12 

 Phlebotomy, 
transfusion, and 
chelation/BMT 

 Transfusion and 
chelation/BMT 

 Transfusion and 
chelation/BMT 

   a  Only some of the many potential causes that can lead to hypoproliferative or ineffective erythropoiesis are listed. 
Similarly, only a partial inventory of therapeutic approaches is presented, limited to iron and EPO administration or 
transfusion and iron chelation. The descending arrow might indicate reduction of mRNA or protein synthesis, limited 
enzymatic activity, or alteration of the protein properties  
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of hypochromic red blood cells, and circulating transferrin receptor levels  [  7  ] . Serum soluble 
transferrin receptor levels, however, refl ect ongoing erythropoiesis but not iron availability in 
rhEPO-treated chronic dialysis patients  [  8,   9  ] . Reticulocyte Hb content (CHr) represents a snapshot 
of the immediate availability of bone marrow iron and therefore may represent a useful test for guid-
ing iron therapy  [  10–  13  ] . Unfortunately, these parameters can be infl uenced by factors other than 
iron status, most notably infl ammation, malnutrition, and infection. 

 CDK patients might be affected by uremia, which is associated with a chronic infl ammatory state 
 [  14,   15  ] . Even in the absence    of overt infection or infl ammation, many ESRD patients show increased 
levels of acute-phase proteins, such as C-reactive protein (CRP), and cytokines such as interleukin 
(IL)-1, IL-6, IL-10, IL-13, interferon (IFN)- γ , and tumor necrosis factors TNF-alpha and TNF-gamma 
 [  16,   17  ] . Hepcidin might also exert a role in this disorder  [  18,   19  ] , since hepcidin is also induced dur-
ing infl ammation. Under such conditions, hepcidin transcription is likely to be activated by IL-6 and 
its receptor through STAT-3  [  20–  22  ] . It has also been demonstrated that p53 binds the hepcidin pro-
moter activating its expression, suggesting that upregulation of hepcidin by p53 is part of a defense 
mechanism against cancer through iron deprivation, and that hepcidin induction by p53 might be 
involved in the pathogenesis of the anemia accompanying cancer  [  23  ] . An additional factor that might 
play a role in the anemia of infl ammation is the product of the growth arrest–specifi c gene 6 ( Gas6 ), 
which enhances Epo    receptor signaling by activating the serine-threonine kinase Akt in erythroid 
cells  [  24  ] . In the absence of  Gas6 , it has been shown that erythroid progenitors are hyporesponsive to 
Epo and fail to restore hematocrit levels in response to anemia, while in a mouse model hypomorphic 
for Epo production, Gas6 synergized with Epo in restoring hematocrit levels. It has been suggested 
that Gas6 infl uences erythropoiesis via a paracrine erythroblast-independent mechanism. In addition, 
the activity of Gas6 on erythroid cells may involve macrophages. The role of macrophages in the 
anemia of infl ammation has been proposed by several groups based on the observation that mac-
rophages may be able to produce hepcidin or infl ammatory cytokines  [  24–  27  ] . In particular, proin-
fl ammatory cytokines may antagonize the action of EPO by exerting an inhibitory effect on erythroid 
progenitor cells, while high hepcidin levels may interfere with ferroportin-mediated iron release, thus 
explaining why CKD patients have high ferritin levels, poor intestinal iron absorption, and disturbed 
iron release from the reticuloendothelial system  [  19,   28  ] . 

 In clinical practice, functional iron defi ciency is confi rmed by the erythropoietic response to a 
course of parenteral iron and is excluded by the failure of the erythroid response to intravenous iron 
administration  [  29  ] . However, supplying intravenous iron may be associated with acute adverse 
events and should be carefully monitored  [  4,   6,   30  ] . For monitoring the response to rhEPO, hemo-
globin (Hb) levels should be determined after 4 weeks of therapy. If the Hb level increases by less 
than 1 g/dL ,  iron status should be reevaluated and iron supplementation considered  [  31–  33  ] . If no 
response is achieved after 8 weeks as an optimal dose in the absence of iron defi ciency, a patient is 
considered non-responsive to erythropoietic agents. Two main mechanisms could explain resistance 
to endogenous and exogenous EPO. First, as mentioned previously, EPO resistance might be caused 
by infl ammation  [  34  ] . Second, patients treated with rhEPO may develop neutralizing antibodies to 
recombinant and endogenous EPO, causing pure red cell aplasia. The incidence of this adverse 
effect peaked in 2002  [  35,   36  ] , and it has now abated, although very rarely patients may still develop 
anti-EPO antibodies  [  37,   38  ]  and became transfusion dependent  [  35–  37,   39  ] .  

   2.2 Aplastic Anemia 

 Aplastic anemia (AA) is a rare, potentially life-threatening hematopoietic stem-cell disorder that 
results in pancytopenia and a hypocellular bone marrow. Often fatty replacement occurs in the marrow 
with a near absence of hematopoietic stem cells. Although most of AA cases are acquired, there are 
unusual forms due to inherited bone marrow failure syndromes, e.g., Fanconi’s anemia, dyskeratosis 
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congenita, amegakaryocytic thrombocytopenia, and Shwachman-Diamond syndrome  [  40  ] . Failure 
to diagnose an inherited form may lead to inappropriate supportive therapy, immunosuppressive 
treatment, and conditioning for bone marrow transplantation  [  41  ] . 

 A large number of studies support apoptosis of hematopoietic stem cells as the underlying defect 
in AAs. For instance, Fanconi’s anemia is triggered by mutations    in genes that modulate DNA stabil-
ity, the resulting pancytopenia being associated with and marked by increased rate of bone marrow 
apoptosis  [  42,   43  ] . In addition, TNF-alpha and TNF-gamma may be overexpressed in the marrow of 
these patients  [  44  ] , leading to suppression of erythropoiesis  [  45,   46  ] . Similarly, acquired aplastic 
anemias are likely to result from the death of hematopoietic stem cells by an autoimmune mecha-
nism. In aplastic anemia, autoreactive lymphocytes might target CD34 +  cells, CD34 being a surro-
gate marker that identifi es, mainly hematopoietic stem cells. It has been shown that a signifi cant 
proportion of CD34 +  cells in aplastic anemia patients exhibit an increased expression of Fas and 
become the targets of T lymphocytes which, in the same patients, overexpress FasL  [  42,   47,   48  ] . In 
addition, many patients affected by AA show a positive clinical response to immunosuppressive 
agents  [  40,   41,   49  ] . Environmental exposure to drugs, viruses, and toxins is thought to trigger the 
aberrant immune response in some patients, but most cases are classifi ed as idiopathic. Similar to 
other autoimmune diseases, aplastic anemia has a varied clinical course; some patients have mild 
symptoms that necessitate little or no therapy, whereas others present with life-threatening pancy-
topenia constituting a medical emergency  [  41,   49  ] . Paroxysmal nocturnal hemoglobinuria and myel-
odysplastic syndrome commonly arise in patients with aplastic anemia, showing a pathophysiological 
link between these disorders  [  50,   51  ] . 

 Management of aplastic anemia consists of supportive therapy and treatment aimed at restoring 
normal bone-marrow activity. Some forms of inherited and acquired aplastic anemia can be effectively 
treated by allogeneic bone-marrow transplantation. In some cases of acquired aplastic anemia, immu-
nosuppression, using antithymocyte and antilymphocyte globulin, ciclosporin and high-dose cyclo-
phosphamide can be effective  [  41,   52,   53  ] . In all forms of AA, supportive therapy involves red cell and 
platelet transfusions, and, in cases of long-term use of transfusion therapy, iron chelation  [  54,   55  ] .   

   3 Ineffective Erythropoiesis and the Iron-Loading Anemias 

 Ineffective erythropoiesis is associated with all those conditions in which erythroid progenitor pre-
cursors either fail to mature, die in the process of becoming erythrocytes, or develop into erythro-
cytes that are abnormal and die prematurely despite all the necessary factors in the bone marrow to 
support erythropoiesis. Although the erythron is expanded in IE, this results in only a limited num-
ber of erythrocytes being produced, far fewer than the pool of erythroid progenitor cells. This 
includes conditions ranging from megaloblastic anemia (MA), where early erythroid progenitor 
precursors die prematurely, to red cell pyruvate kinase defi ciency (PDK), where it is mostly hemoly-
sis of mature erythroid cells that triggers IE. In beta-thalassemia, IE is characterized by a combina-
tion of premature death of nucleated erythroid cells and a shorter life span of RBCs. In addition, new 
observations point to a role for limited erythroid cell differentiation in the development of IE in this 
disorder  [  56  ] . Alternatively, IE can be defi ned by ferrokinetic parameters as described originally by 
Huff and collaborators  [  57,   58  ]  and further elaborated on by Finch and colleagues  [  59–  63  ] . 
Ferrokinetic studies were performed by the injection of  59 Fe into normal and anemic individuals. 
Red cell iron turnover was then estimated with consideration paid to the clearance time of  59 Fe after 
administration, the plasma iron turnover, and the subsequent rate of incorporation of  59 Fe in RBCs 
 [  57  ] . Based on these measurements, it was determined that the iron uptake by RBCs was equal to 
80–90% of the injected  59 Fe 10–14 days post administration in normal individuals. In patients 
affected by IE, such as those with beta-thalassemia major, this percentage was reduced to 10–30% 
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during the same time period  [  59  ] . These and subsequent ferrokinetic studies introduced the notion 
that intravascular erythroid cell death was responsible for IE in thalassemia  [  64,   65  ] . 

 As examples of IE-associated anemia, MA, sideroblastic anemia, red cell PKD, and some hemo-
globinopathies will be discussed (Table  16.1 ). In particular, beta-thalassemia will be utilized to fur-
ther discuss the relationship between IE, iron metabolism, and iron overload. 

   3.1 Megaloblastic Anemias 

 MA is caused most commonly by a defi ciency of folate or cobalamin (vitamin B12), thus affecting 
DNA synthesis. Folate, in the form of tetrahydrofolate (THF) coenzymes, is required for the synthe-
sis of thymidylate and purines and is indirectly involved in the methylation of cytosines in DNA 
 [  66  ] , while cobalamin defi ciency limits the intracellular supply of THF coenzymes  [  67  ] . In these 
conditions, DNA synthesis is affected in all hematopoietic lineages. The bone marrow is cellular and 
shows remarkable features, especially in the erythroid lineage, where there are increased numbers of 
large immature-appearing erythroblasts and myeloblasts (i.e., megaloblasts). In addition, cytoge-
netic studies have shown increased chromosomal breakage. MA is characterized by macrocytic 
erythrocytes, hypersegmented neutrophilic granulocytes, and reticulocytopenia. The differentiation 
of erythroid cells is ineffective, resulting in anemia due to an inability of erythroid colony forming 
units (CFU-E) and proerythroblasts to form reticulocytes. Failure to produce new erythrocytes stim-
ulates EPO production, which, in turn, increases the proportion of erythroid cells at the CFU-E and 
proerythroblast stages of development  [  68,   69  ] . When erythroblasts derived from a murine model of 
MA were grown in folate-rich medium, they survived, proliferated, and underwent terminal matura-
tion  [  69  ] . IE is observed in MA patients based on the increased ratio of erythroid precursors to 
reticulocytes. Elevated plasma iron turnover, increased lactate dehydrogenase and bilirubin levels in 
the plasma, and extramedullary hemolysis also support IE and hemolysis in MA  [  70–  75  ] . 

 Studies in patients with anemia due to folate or vitamin B12 defi ciency have shown that impaired 
DNA synthesis increases hematopoietic cell death. In particular, the high rate of proliferation of their 
erythroid progenitors likely makes these cells more susceptible than others to impaired DNA synthe-
sis. In vitro and in vivo models of folate defi ciency were used to study the relationship between 
S-phase accumulation of the progenitors and apoptosis in MA  [  68,   69,   75,   76  ] . The results indicate 
that folate-defi cient cells accumulate in S-phase where they undergo apoptosis  [  66,   68,   77–  79  ] . 
Addition of thymidine to the folate-free medium inhibited apoptosis and rescued the cells, thus sug-
gesting that folate defi ciency leads to a defect in thymidine synthesis with consequent uracil misin-
corporation into DNA. This misincorporation of uracil into DNA may induce double-stranded 
breakage of the DNA with consequent induction of an apoptotic process  [  66,   68,   69,   76,   78  ] . 
However, studies in folate and vitamin B12-defi cient patients  [  80,   81  ]  did not fi nd increased incor-
poration of uracil in the DNA of their blood cells  [  82  ] . Treatment of MA consists of folate or cobala-
min administration. Occasionally, transfusions are required when the hematocrit is less than 15% or 
when the patient is debilitated, infected, or in heart failure.  

   3.2 Pyruvate Kinase Defi ciency 

 Among glycolytic defects causing chronic non-spherocytic hemolytic anemia, red cell pyruvate 
kinase defi ciency (PKD) is the most common, with heterozygote frequencies ranging from 0.24% 
to 3.1%  [  83–  86  ] . Red cell PKD is transmitted as an autosomal recessive trait and is a genetically 
heterogeneous disorder, with different mutations causing different kinetics and electrophoretic 
changes in the corresponding enzyme. The erythrocyte PK mRNA is synthesized from the 
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corresponding erythroid-specifi c promoter of the gene called PK-LR located on chromosome 1. 
To date, more than 150 different mutations in the PK-LR gene have been associated with PKD. 
Most patients with hereditary non-spherocytic hemolytic anemia manifest only symptoms of 
chronic hemolysis, only a few having minimal RBCs in their circulation due to very severe PKD. 
Other potential complications associated with red cell PKD are iron overload  [  87  ] , severe jaun-
dice, and cholecystolithiasis  [  88  ] . 

 No specifi c therapy is available. Treatment of this disease is, therefore, based on supportive mea-
sures  [  83,   84  ] . Dietary supplementation of folic acid and other B vitamins is recommended to pre-
vent defi ciencies of these factors due to increased erythrocyte production. Red cell transfusions may 
be required in severely anemic cases, particularly in the fi rst years of life. Splenectomy usually 
results in an increase in Hb of 1–3 g/dL and reduces or even eliminates the need for transfusion sup-
port  [  83  ] . This therapeutic option, however, must be weighed carefully, since in some patients, it 
may not be benefi cial, and it may increase the likelihood of sepsis in children and thromboembolic 
events in adults  [  89  ] . Iron chelation may be required since iron overload has been documented in 
PKD, even in non-transfused patients  [  90,   91  ] . In the latter patients, iron overload was demonstrated 
by observing that their serum ferritin level was higher than that in matched controls, and some were 
affected by liver siderosis, fi brosis, and cirrhosis. These studies underlined the importance of evalu-
ating the iron status of all PKD patients in order to prevent the clinical consequences of iron over-
load. Although no studies have been carried out so far to assess the mechanism that leads to iron 
overload in red cell PKD, increased intestinal iron absorption, triggered by enhanced erythropoiesis 
due to chronic hemolysis, is likely to be the cause, these conditions having been documented in red 
cell PKD. Morphologic abnormalities are not a prominent fi nding, but polychromatophilia, anisocy-
tosis, poikilocytosis, and nucleated red blood cells can be observed. Erythrocyte life span is moder-
ately to severely reduced, depending on the severity of the anemia and the level of splenic congestion, 
reticuloendothelial hyperplasia, and erythrophagocytosis. In addition, pathologic and histologic 
fi ndings suggest IE, since normoblastic erythroid hyperplasia of the bone marrow and extramedul-
lary hematopoiesis can be observed in patients affected by this disease. 

 Since red cell PKD is a monogenic disorder with no defi nitive cure, potential therapeutic approaches 
involve gene addition strategies similar to those that have been evaluated in hemoglobinopathies  [  92, 
  93  ] . The rationale for this approach is based on studies involving gene transfer techniques and murine 
models of red cell PKD. The feasibility of gene therapy in PKD was fi rst demonstrated by Tani and 
colleagues  [  94  ] , who introduced the human liver-specifi c PK-RL cDNA into mouse bone marrow 
cells using a retroviral vector. They demonstrated prolonged expression of human liver PK-RL mRNA 
in both the peripheral blood and hematopoietic organs of normal mouse with long-term bone marrow 
chimeras. Additional studies were performed using two murine transgenic models expressing low 
(hRPK-lo) or high (hRPK-hi) levels of the human-specifi c cDNA of the PK-RL gene under control of 
the human erythroid PK-RL promoter and a cassette containing elements of the beta-globin locus 
control region (uLCR)  [  95  ] . This approach was designed to test the tissue specifi city, level of expres-
sion, and therapeutic potential of a cassette harboring human erythroid PK-RL cDNA that potentially 
could be introduced into viral vectors and utilized for gene transfer into bone marrow cells. The 
hRPK-lo and hRPK-hi mouse lines were crossed with a red cell PKD mouse model to evaluate 
whether expression of human erythroid PK-RL reduced the pathophysiological features associated 
with this disorder. hRPK-lo mice showed RBC PK activity at the same level of normal littermates, 
with mean Hb levels of 13.0 g/dL and reduced reticulocytosis, while hRPK-hi mice had PK activity 
double that of controls with no hemolytic anemia, with Hb levels of about 15.1 g/dL and almost nor-
mal reticulocyte counts. However, even with a high level of expression of the transgene, splenomegaly 
was still present. Interestingly, the authors observed an inverse correlation between human PK activ-
ity and the number of apoptotic erythroid progenitors in the spleen. These data provided direct evi-
dence that the metabolic alteration responsible for PK defi ciency not only leads to hemolysis of RBCs 
but also affects erythroid progenitor maturation, further contributing to IE  [  96  ] .  
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   3.3 Sideroblastic Anemias 

 Acquired or inherited sideroblastic anemias (SA) are a heterogeneous group of disorders that have 
in common the presence of large numbers of ringed sideroblasts in the marrow. Sideroblasts are 
erythroblasts containing large amounts of non-heme iron aggregates deposited within the cristae of 
the mitochondria. They are visible under light microscopy as Prussian blue positive granules sur-
rounding the nucleus. Disorders associated with the formation of sideroblasts might exhibit impaired 
hematopoiesis as a primary defect, in particular erythropoiesis, or a series of defects affecting mul-
tiple organs, including the bone marrow. The former group of disorders can be classifi ed as primary 
acquired SAs, a subset of myelodysplastic manifestations, or secondary acquired SAs, resulting 
from ingestion of drugs, alcohol or other toxins, or inherited SAs, as in the case of X-linked SA or 
XLSA. 

 In the case of primary and secondary SAs, the primary defects have not been elucidated, although 
alteration of mitochondria function may have a role in the initiation or progression of these disorders 
 [  97–  99  ] . Compromised mitochondrial function could be related to mitochondrial genome mutations, 
alterations in mitochondrial iron metabolism, or exacerbation of physiological pathways involving 
caspases, leading to the activation of the mitochondrial pathway to apoptotic cell death  [  99–  101  ] . In 
secondary SA, discontinuation of the offending insult drug usually restores normal erythropoiesis 
 [  102–  105  ] . In primary SA, if patients require chronic blood transfusions, iron chelation might be 
required  [  55,   106  ] . However, even in a subset of non-transfused patients, IE may be elevated  [  107–
  109  ]  and iron absorption increased  [  110  ] . 

 XLSA is the most common form of congenital sideroblastic anemia associated with molecular 
defects of the erythroid-specifi c 5-aminolevulinate synthase isoenzyme (ALAS2), which is involved 
in the biosynthesis of heme. In most cases, a mutation in the ALAS2 gene appears to affect the affi n-
ity of the enzyme for its cofactor, pyridoxal 5-phosphate  [  111,   112  ] . In fact, many of XLSA patients 
are, to some extent, responsive to pyridoxine, which is metabolized to pyridoxal 5-phosphate. In 
other circumstances, the ALAS2 gene mutation either decreases the enzymatic activity of the gene 
product  [  113  ]  or abrogates its interaction with protein partners  [  114  ] , thus rendering patients resis-
tant to pyridoxine supplementation  [  115  ] . While an ALAS-E-defi cient mouse has been generated 
 [  116,   117  ] , experimental production of ringed sideroblasts has not been observed and the mice died 
by E11.5. The life span of the embryos was extended to E19.0 by crossing the ALAS-E-defi cient 
mice with animals expressing the human ALAS-E gene at a level lower than the wt gene  [  118  ] . In 
these hypomorphic embryos, most of the primitive erythroid cells were transformed into ringed 
sideroblasts. Defi nitive ringed sideroblasts were also observed, and the majority of the circulating 
defi nitive erythroid cells exhibited enucleated erythrocytes containing iron deposits. Interestingly, 
these iron-overloaded cells suffered from an alpha/beta-globin chain imbalance. Unfortunately, 
analysis of the iron distribution and IE in adult mice was prevented by embryonic lethality. These 
results suggest that limiting the heme supply provokes ringed sideroblast formation. This conclusion 
is supported by studies in the zebrafi sh mutant s hiraz , which exhibits severe anemia and is embry-
onically lethal due to deletion of the gene glutaredoxin 5 ( GRLX5 ). The absence of  GRLX5  expres-
sion leads to insuffi cient biogenesis of mitochondrial iron-sulfur (Fe/S) clusters and deregulated iron 
regulatory protein 1 (IRP1) activity. Reduced IRP1 activity, in turn, leads to the stabilization of 
transferrin receptor 1 mRNA, and repression of ferritin and ALA-synthase 2 ( ALAS2 ) translation 
with impaired heme synthesis. The iron-sensing protein IRP2 has no role in  shiraz   [  119  ] ; however, 
being regulated by proteasomal degradation through iron and heme binding  [  120  ] , it has increased 
activity in a low-heme environment. A patient carrying a homozygous mutation in  GRLX5  has been 
described. This mutation alters the correct splicing of  GRLX5,  severely limiting its synthesis. The 
patient showed iron overload and a low number of ringed sideroblasts, mimicking the observations 
in zebrafi sh  [  121  ] . Moreover, the anemia was worsened by blood transfusions but partially reversed 
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by iron chelation. It was suggested that IRP2, less degraded by low heme, further contributed to 
repressed synthesis of ferritin and ALAS2 in erythroblasts, thereby increasing mitochondrial iron. 
Iron chelation probably reduced the IRP2 excess, leading to improved heme synthesis and decreased 
anemia. 

 In SA patients, the rate of cell destruction is usually normal or only moderately increased to levels 
easily compensated by bone marrow. IE has been documented in SA mainly by ferrokinetic studies. 
The half-life of intravenously injected tracer doses of radioactive iron is less than in normal individu-
als (25–40 min versus 90 min, respectively). The plasma iron turnover, however, is generally 
increased (1.5–5.9 mg/dL versus 0.30–0.70 mg/dL), and incorporation of radioactive iron into heme 
and its delivery to the blood as newly synthesized Hb are depressed (15–30% versus 70–90%). The 
RBC life span varies from 40 to 120 days. As in other kinds of anemia characterized by IE, the total 
fecal stercobilin excreted per day may be greater than can be accounted for by the catabolism of 
circulating Hb. Iron overloading regularly accompanies this disorder and may be the cause of death. 
Iron storage might be enhanced if mutations in the  Hfe  gene are co-inherited  [  122,   123  ] . If the ane-
mia is not too severe or if it can be partially corrected by the administration of pyridoxine, phlebot-
omy may be used to diminish the iron burden. However, in other cases, the use of iron chelators is 
preferred  [  55,   106  ] .  

   3.4 Hemoglobinopathies 

 Sickle cell disease (SCD) and beta-thalassemia represent the most common hemoglobinopathies 
caused, respectively, by the alteration of structural features and defi cient production of the beta chain 
of the Hb molecule. SCD and the thalassemias are quite common in Asian, African, African-
American, and Mediterranean populations  [  124  ] . It has been estimated that approximately 7% of the 
world population are carriers of such disorders, and that 300,000–400,000 children with severe 
forms of these diseases are born each year  [  125  ] . 

 A single mutation leads to SCD, causing an adenine (A) to thymidine (T) substitution in codon 6 
(GAG-GTG), which leads to insertion of valine in place of glutamic acid in the beta-globin chain. The 
resulting Hb (HbS) has the unique property of polymerizing when deoxygenated  [  124  ] . When the 
polymer becomes abundant, the red cells “sickle,” stiff rods form that stretch and distort the red cells. 
These distorted cells can obstruct blood fl ow through the small vessels, affecting many organs and tis-
sues. The restricted oxygen delivery to the tissues damages cells, injures organs, and produces pain. 

 In contrast, the thalassemias are a group of disorders due to a large number of heterogeneous muta-
tions causing abnormal globin gene expression resulting in the total absence or quantitative reduction 
of globin chain synthesis  [  124  ] . Patients affected by Cooley’s anemia require chronic blood transfu-
sions to sustain life and chelation therapy to prevent iron overload. Those affected by beta-thalassemia 
intermedia, a milder form of the disease, do not require chronic blood transfusions, but eventually 
develop elevated body iron loads as well due to increased gastrointestinal iron absorption  [  126  ] . 

 Many SCD patients require blood transfusions to prevent deleterious and painful vaso-occlusive 
crises and iron chelation to alleviate complications due to iron overload. Non-transfused patients 
also become iron overloaded and, in the absence of chelation therapy, exhibit elevated serum trans-
ferrin saturations and ferritin levels. Iron overload is responsible for the most damaging effects of 
SCD and the thalassemias, making iron chelation a major focus of the management of these dis-
eases. In conditions of increased iron absorption, iron accumulates in parenchymal tissues, where it 
can cause signifi cant toxicity as compared to that within reticuloendothelial cells  [  127  ] . As loading 
continues, the capacity of transferrin, the main transport protein of iron, to bind and detoxify this 
essential metal may be exceeded. The resulting non-transferrin-bound iron (NTBI) fraction within 
plasma may promote generation of free radicals, propagators of oxygen-related damage  [  127–  130  ] . 
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Excess iron and NTBI are deposited in liver parenchymal cells as well as other organs. The heart and 
endocrine tissues are particularly susceptible. The identity of the hepatocyte NTBI uptake molecules 
has not yet been clarifi ed. DMT1 is a potential candidate in view of the fact that NTBI uptake is 
increased in cells where DMT1 mRNA and protein expression has been upregulated  [  131,   132  ] . A 
few additional candidates have been proposed, such as  ZIP14 , originally described as a zinc trans-
porter  [  133,   134  ] , and neutrophil gelatinase–associated lipocalin ( NGAL ), which is elevated in beta-
thalassemia  [  135  ]  and has been shown to be a siderophore iron-binding protein as well as a growth 
factor  [  136,   137  ] . However, in the case of all these potential NTBI transporters, information is still 
inadequate to draw fi rm conclusions. 

 The progressive accumulation of iron may lead to dysfunction of the liver, endocrine glands, and 
heart  [  138,   139  ] . Iron-induced liver disease is a common cause of death in transfused patients  [  140  ] . 
Within 2 years transfusions, collagen formation and portal fi brosis are observed, and in the absence 
of chelation therapy, cirrhosis may develop  [  141  ] . Iron-induced liver disease may be complicated by 
transfusion-related hepatitis  [  142  ] . Chronic iron deposition also damages the thyroid, parathyroid, 
adrenal glands, and exocrine pancreas. Iron loading within the anterior pituitary may cause distur-
bances in sexual maturation. Iron-induced myocardial dysfunction may be the most important factor 
determining the survival of patients with beta-thalassemia. Extensive iron deposits in the heart are 
associated with cardiac hypertrophy and dilatation, myocardial fi ber degeneration, and, occasion-
ally, fi brosis. In unchelated patients, symptomatic cardiac disease is observed after about 10 years of 
transfusion therapy and may be aggravated by pulmonary hypertension  [  143,   144  ] . Therefore, even 
if the goal of transfusion therapy is the correction of anemia, efforts need to be undertaken in order 
to limit the damage due to iron overload  [  145  ] . 

 Defi nitive cures for thalassemia are presently available (e.g., bone marrow transplantation) or are 
in development (e.g., beta-globin gene transfer using hematopoietic stem cells)  [  93,   146  ] . Proof of 
concept that additive gene transfer could cure beta-thalassemia and other forms of hemoglobinopa-
thy was achieved with a mouse model of beta-thalassemia intermedia ( th3/ +).  Th3 /+ mice harbor a 
deletion that eliminates both the  minor  and  major  beta-globin genes in heterozygosity  [  147,   148  ] . 
The  th3 /+ mice show Hb levels in the range of 9–10 g/dL. Adult  th3/ + mice have a degree of disease 
severity (hepatosplenomegaly, anemia, aberrant erythrocyte morphology) comparable to that of 
patients affected by beta-thalassemia intermedia. Effi cient transfer of the human beta-globin gene 
together with large segments (3.2 kb) of its locus control region (LCR) into murine hematopoietic 
stem cells was achieved using recombinant lentiviruses. Transplantation of these cells into  th3 /+mice 
resulted in suffi cient levels of human beta-globin expression to markedly reduce anemia in BM chi-
meras  [  93,   149–  153  ] . Thalassemia major mice, ( th3 / th3 ) were not used in these studies because they 
do not survive fetal life since the switch from embryonic to adult Hb production in mice occurs at 
14–15 days of gestation  [  93  ] . Fetal liver cells removed from live  th3 / th3  embryos were transplanted 
into lethally irradiated animals, thus generating the fi rst adult mice affected by thalassemia major 
 [  93  ] . Transplantation of  th3 / th3  fetal liver cells transduced with a lentiviral vector carrying the 
human beta-globin gene rescued the mice from lethal anemia and reduced the severity of the spleno-
megaly, extramedullary hematopoiesis, and hepatic iron overload that characterizes this model  [  93  ] . 
Generation of  th3 /+ and  th3 / th3  was central to investigating the relation between IE and iron metab-
olism  [  56,   154  ] , as we will describe in the next section.  

   3.5 Ineffective Erythropoiesis and Iron Overload 

 In beta- and alpha-thalassemia major, as well as in Hb-H disease, IE is evidenced by ferrokinetic 
studies, as well as increased plasma levels of EPO and soluble transferrin receptor  [  59,   64,   155,   156  ] . 
Iron absorption studies in subjects affected by beta-thalassemia intermedia show that the rate of iron 
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loading from the gastrointestinal tract is approximately three to four times greater than normal  [  126, 
  139,   157–  161  ] . In non-transfused patients with severe thalassemia, abnormal dietary iron absorption 
results in an increased body iron burden between 2 and 5 g per year depending on the severity of 
erythroid expansion  [  162  ] . Regular transfusions double this rate of iron accumulation. Increased 
iron absorption also plays a role in beta-thalassemia major, where its importance is inversely related 
to Hb levels  [  61,   163  ] . Erlandson et al.  [  163  ]  documented increased iron absorption in three non-
transfused SCD patients with Hb levels of 6.5–8.7 g/dL. Increased reticulocytosis was observed 
together with anemia, which suggests that IE also occurs in such patients. In the same study, patients 
affected by beta-thalassemia major were compared before and after transfusion therapy. The results 
clearly showed that iron absorption was elevated in the absence of transfusion therapy, whereas it 
was decreased after transfusion. Moreover, in the presence of transfusions, endogenous erythropoi-
esis was suppressed  [  163  ] . Thus, it is likely that increased iron absorption is a feature of all hemo-
globinopathies associated with IE. This study and previous investigations led to the conclusion that 
iron absorption in humans is regulated by the combined infl uences of hypoxia, the body’s iron stores 
 [  164–  166  ] , and the erythropoietic demand for iron  [  154,   167  ] . 

 The mechanisms that control iron homeostasis predict signaling through iron-absorbing duodenal 
cells, iron-storing hepatocytes, and iron-recycling macrophages by regulators, historically defi ned as 
the “store” and “erythroid” regulators  [  168  ] . To date, the only candidate for the storage regulator is 
hepcidin, a circulating peptide hormone  [  165,   169  ]  (Fig.  16.1a ) (see also Chap.   9    ). Fluctuating levels 
of hepcidin affect iron absorption as well as the concentration of iron in macrophages  [  170–  172  ] . 
Circulating iron is derived mainly from recovery of iron from senescent erythrocytes, through phago-
cytosis by tissue macrophages, particularly in the spleen. The Hb is catabolized in the macrophages, 
the iron being liberated from heme by heme oxygenase. Ferroportin is critical for export of the iron. 
Therefore, fl uctuating hepcidin levels can change the ratio between stored and released iron. In the 
presence of IE, iron absorption and the amount of iron released from macrophages are expected to 
increase. In a study by Kattamis, liver hepcidin mRNA levels correlated with Hb concentrations and 
inversely related to with serum transferrin receptor, EPO, and NTBI levels  [  173  ] . In beta-thalassemic 
patients, urinary hepcidin levels were suppressed in relation to the iron burden, whereas transfusion 
led to its increase. In other studies, the hepcidin to ferritin ratio was used to correlate hepcidin 
expression with the degree of iron burden. In SCD patients, urinary hepcidin was suppressed and 
inversely associated with erythropoietic drive  [  174–  176  ] .  

 The function of the putative erythroid regulator is to maintain the production of erythrocytes 
irrespective of the body’s iron balance. While increased amounts of the erythroid regulator are 
extremely helpful in resolving transient blood loss, in hemoglobinopathies, its continued overex-
pression will result in iron overload due to the inadequacy of IE in addressing anemia. After phle-
botomy, hemolysis, or EPO administration, hepcidin production is decreased  [  167,   177,   178  ] , 
indicating that the erythroid regulator exerts its activity, at least in part, by suppressing production of 
this peptide. Two major lines of thought identify the erythroid regulator as either a diffusible factor 
or an intrinsic cellular process, both of which repress hepcidin expression. Increased erythropoiesis, 
through secretion of soluble mediators, could directly infl uence hepcidin production. Erythropoiesis 
also causes a decrease in tissue and serum iron levels, which could downregulate hepcidin. 
Alternatively, anemia could cause hypoxia, triggering EPO expression or activation of transcription 
factors that repress hepcidin synthesis. 

 Pak et al.  [  179  ]  administered inhibitors of erythropoiesis after phlebotomy to disassociate the 
effects of anemia, hypoxia, and Epo from those of increased erythropoiesis and iron use. 
Phlebotomized mice developed anemia, tissue hypoxia, increased Epo levels, increased erythropoi-
esis, and decreased serum iron and hepatic hepcidin mRNA levels. When erythropoietic inhibitors 
were administered, serum and tissue iron together with hepcidin mRNA rose dramatically, even 
though the mice were anemic. These results suggest that the dominant regulators of hepcidin during 
increased erythropoiesis include a signal arising from erythropoietic activity (also in the spleen) or 



33116 Iron Loading Anemias 

the effects of increased iron use on plasma or tissue iron. The existence of an erythroid factor is also 
supported by studies in which the sera of patients affected by beta-thalassemia or hereditary hemo-
chromatosis associated with mutations in the  Hfe  gene were compared in terms of their ability to 
induce the expression of hepcidin and other factors related to iron metabolism. Sera from beta-
thalassemia major and intermedia patients downregulated hepcidin expression in the HepG2 cell 
line. In contrast, the majority of sera from hereditary hemochromatosis patients induced an increase 
in hepcidin expression, which correlated with transferrin saturation  [  180  ] . A candidate for the eryth-
roid regulator has been proposed called  GDF15  (Fig.  16.1a ). Compared to controls, GDF15 is ele-
vated in the serum of beta-thalassemic patients and suppresses hepcidin expression in vitro  [  181  ] . 
 GDF15  is a member of the TGF-beta superfamily of proteins, which are known to control cell pro-
liferation, differentiation, and apoptosis in numerous cell types. Interestingly,  GDF15 , also called 
 MIC-1 , can be modulated by p53. Conditioned medium from cells expressing this protein can sup-
press the growth of certain tumor cells provided they express  TGF-beta  receptors and  SMAD4   [  182–
  184  ] . However, the mechanism of action and effi cacy of  GDF15  in repressing hepcidin expression 
still needs to be elucidated. 

 Alternatively, studies by Yoon et al. and Peyssonnaux et al.  [  185,   186  ]  emphasize the role of the 
hypoxia factor Hif1alpha (and potentially Hif2alpha) in controlling iron absorption and erythropoiesis 
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  Fig. 16.1    Putative proteins involved in increased iron absorption under conditions of ineffective erythropoiesis. The 
main factors and pathways regulating hepcidin in the liver ( a ) and ferroportin in the duodenum ( b ) are described in the 
text. The question marks indicate that the pathway and potential protein partners have not yet been characterized       
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(Fig.  16.1a ). Using several conditional transgenic lines to modify expression of the hypoxic response, 
they demonstrated that the hypoxia-inducible transcription factor Hif1alpha binds the hepcidin pro-
moter, downregulating its expression under hypoxic conditions. Their studies also suggest a more 
general role for the hypoxia pathway in coordinating iron metabolism and oxygen transport by the 
simultaneous coordinated expression of hepcidin, ferroportin, and  EPO . 

 These studies might also indicate that several factors act synergistically leading to hepcidin 
downregulation when both increased erythropoiesis and hypoxia exist. This model recognizes the 
individual role of soluble erythroid factors, hypoxia, and iron levels, although their separate effect 
on hepcidin synthesis would be of a lower magnitude. This was illustrated by using several mouse 
models of beta-thalassemia. However, these mouse models need to be carefully compared to beta-
thalassemia patients before any conclusion can be extended to humans  [  187  ] . For instance, thalas-
semia intermedia mice exhibit approximately 9–10 g/dL of Hb. With these Hb levels, IE may be less 
severe than in patients affected by thalassemia intermedia whose Hb levels can be signifi cantly lower 
than 9 g/dL  [  176  ] . Small differences in Hb levels likely affect hypoxia, hepcidin synthesis, and iron 
distribution to a larger extent. In contrast, mice affected by thalassemia major are not transfused. 
Therefore, IE is more severe, and synthesis of hepcidin lower than that is found in thalassemia major 
patients who are chronically transfused  [  174,   176  ] . 

 Keeping these differences in mind, much important information can be obtained by studying 
thalassemic mice. These studies were the fi rst to indicate that mice affected by beta-thalassemia 
major ( th3 / th3 ) and intermedia ( th3 /+ and  th1 / th1 ) had low or relatively low hepcidin expression 
compared to that seen in iron overload  [  188–  191  ] . Further, gene expression analysis indicated that 
the mRNA levels of  Hfe  and  Cebp α   were reduced in the liver of thalassemic animals that expressed 
low hepcidin  [  154  ] . Since  Cebp α  -KO and  Hfe -KO mice showed low hepcidin expression  [  192  ] , 
these factors might be involved in the low hepcidin expression observed in thalassemia. In particular, 
 Cebp α   decreased in  th3 / th3  mice that showed the lowest level of hepcidin expression. Therefore, 
 Hfe  could play a direct role in hepcidin regulation in beta-thalassemia, while low  Cebp α   levels might 
further decrease hepcidin expression in conditions of extreme IE. In contrast, in transfused mice, 
hepcidin,  Hfe , and  Cebp α   expressions are probably augmented due to the combined effects of 
reduced anemia, increased iron content, and suppression of erythropoiesis  [  154  ] . In particular, a 
potential link between  Cebp α   and hepcidin was suggested by a recent study in which it was shown 
that Epo, through EpoR signaling, inversely mediates hepcidin expression in a dose-related fashion 
in freshly isolated mouse hepatocytes and in HepG2 cells  [  184  ]  (Fig.  16.1a ). Interestingly, chroma-
tin immunoprecipitation experiments showed a signifi cant decrease of  Cebp α   binding to the hepci-
din promoter after Epo supplementation, suggesting the involvement of this transcription factor in 
the response of hepcidin to Epo  [  193  ]  .  

 It is also possible that genes which do not control hepcidin synthesis might be infl uenced by 
the erythroid demand, further increasing the rate of iron absorption. Quite interestingly, analysis 
of 1-year-old  th3 /+ mice indicated that hepcidin expression was similar to or greater than that of 
control mice, and that it was upregulation of ferroportin in the duodenum rather than hepcidin 
that caused iron overload  [  154  ] . As previously noted  [  185,   186  ] , increasing levels of hypoxia can 
trigger upregulation of ferroportin in the duodenum (Fig.  16.1b ), although the same has not been 
observed in  th3 / th3  mice. It has been shown that  th3 / th3  erythroid cells differentiate less and 
contain less alpha-globin mRNA than  th3 /+ cells  [  56  ] . This supports the notion that the severity 
of the thalassemic mutation is proportional to IE and the amount of iron absorbed, but inversely 
proportional to the level of Hb synthesized. In contrast,  th3 /+ mice, that produce defi nitive eryth-
roid cells, could increase free Hb and reduce haptoglobin serum levels over time. This may cause 
an increase of ferroportin in the duodenum based on the observation that  haptoglobin -KO mice 
transport signifi cantly more iron from the duodenal mucosa to the plasma than to control mice 
 [  194  ] . In the same study, it was also suggested that increased free Hb levels might activate fer-
roportin expression. 
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 IE seems to be one of the primary mechanisms leading to iron overload; however, the relationship 
between IE, iron absorption, and iron deposition needs further explanation in light of some previous 
as well as more recent observations. Past observations indicate that iron defi ciency is very common 
among non-transfused patients with sickle cell anemia  [  195,   196  ] , while more recent observations 
challenge the notion of IE in SCA  [  56  ] . Although premature destruction or elimination of abnormal 
non-nucleated erythroid cells (e.g., hemolytic anemia and phagocytosis)  [  197  ]  and death of eryth-
roid precursors by apoptosis have normally been considered almost exclusively the causes that lead 
to IE, new studies indicate that limited erythroid cell differentiation may also contribute  [  56  ] . 

 Ferrokinetic studies led to the introduction of the concept of IE. According to this model of IE, 
iron is rapidly absorbed by the bone marrow in patients affected by the disease, but is then slowly 
released into the circulation due to death of the erythroid cells in this organ. In beta-thalassemia 
patients, measurements predict that 80% of the erythroid precursors would die in the bone marrow 
 [  65  ] . However, subsequent studies have indicated that the percentage of apoptotic cells is much 
lower than the value predicted, although apoptosis is increased compared to normal individuals 
 [  198  ] . Mice affected by beta-thalassemia also exhibit a relatively small increase in apoptosis of their 
erythroid cells compared to normal mice. This was attributed to a greater than normal percentage of 
erythroid cells in S-phase, exhibiting an erythroblast-like morphology. Thalassemic cells were asso-
ciated with the expression of cell cycle–promoting genes such as EpoR, Jak2, Cyclin-A, Cdk2, 
Ki-67, and the anti-apoptotic protein Bcl-X 

L
 . They also differentiated less than normal cells in vitro. 

Jak2 was partially responsible for limited cell differentiation, since administration of a Jak2 inhibitor 
to thalassemic mice decreased spleen size with limited effect on anemia. While these data do not 
exclude a role for apoptosis in IE, it has been proposed that expansion of the erythroid pool followed 
by limited cell differentiation exacerbates IE in thalassemia (Fig.  16.2 ). Apart from the message that 
Jak2 inhibitors have the potential to limit splenomegaly and hence the necessity for splenectomy in 
this disorder, this study indicates that the percentage of expected cell death in bone marrow may be 
less than anticipated.  

 If this scenario is correct, depending on the level of IE, a certain proportion of the absorbed iron 
in thalassemia would not be utilized for erythropoiesis, but rather diverted directly toward storage in 
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  Fig. 16.2    Potential 
correlation between Jak2, 
ineffective erythropoiesis, 
and iron absorption. During 
the early stage of beta-
thalassemia, genetic defect 
and cell death lead to, anemia 
( a ), triggering Epo synthesis 
( b ). Increased Epo production 
prompts proliferation of more 
erythroid progenitor cells 
through Jak2 signaling ( c ). 
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the liver  [  154  ] . In particular,  th3 / th3  mice exhibited extremely high levels of transferrin saturation 
(>95%), total serum iron, and non-transferrin bound iron (5 and 6 times higher than control ani-
mals). They also have more iron in the parenchymal cells of their livers and much less in Kupffer 
cells and their spleens compared to animals with lower levels of anemia. Low levels of iron were 
observed in the BM of both  th3 /+ and  th3 / th3  mice. These observations suggest that the iron absorbed 
in response to IE might exceed the amount required for erythropoiesis and be transported directly 
into the liver for storage. Therefore, an alternative explanation for the original ferrokinetic studies 
could be that a portion of the iron administered to patients affected by IE would be taken up by liver 
parenchymal cells rather than be utilized by erythroid cells. As a consequence, in the ferrokinetic 
studies, the iron “missing” from the circulation would not necessarily translate into apoptosis of the 
red cells. This scenario does not negate the role of apoptosis in IE, but rather introduces the notion 
that reduced erythroid differentiation also limits the production of mature red cells in beta-
thalassemia. 

 Another consequence of this scenario is that while the iron levels observed in  th3 / th3  mice would 
trigger an elevated production of hepcidin under normal conditions (Fig.  16.3b ), the extreme level of 
IE in these animals prevents hepcidin from sensing the iron burden and keeps its expression very 
low. In  th3 /+ mice, which have a lower erythropoietic drive than  th3 / th3  mice, hepcidin expression 
is likely to be determined by the relative ratio between anemia and iron overload, which varies with 
age and the relative synthesis of ferroportin in the duodenum (Fig.  16.3c ).    
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  Fig. 16.3    Schematic 
representation of iron 
absorption in beta-
thalassemia intermedia and 
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conditions, hepcidin controls 
the amount of ferroportin in 
the duodenum so as to 
maintain iron balance ( a ). In 
mice affected by thalassemia, 
iron homeostasis is mediated 
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are extremely low ( b ). In 
beta-thalassemia intermedia 
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similar to that observed in 
normal mice. However, the 
amount of ferroportin is 
increased in the duodenum 
( c ). The dotted line indicates 
that no correlation has been 
investigated between the 
levels of hepcidin mRNA in 
the liver and the protein 
secreted into the bloodstream, 
which may be reduced in 
conditions of IE       
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   4 Summary 

 Future studies should address whether abnormal iron absorption could be prevented by administration 
of hepcidin. Mouse models of beta-thalassemia and SCD could be utilized as a fi rst step. In addition, 
the use of Jak2 inhibitors may be of value in limiting IE and, consequently, abnormal iron absorption. 
Anemia and iron metabolism will need to be carefully monitored. However, the decreased levels of 
hepcidin observed in the urine of thalassemic patients  [  175  ]  and the lack of alternatives to splenectomy 
indicate that such therapeutic approaches are worth investigating for their potential to reduce iron 
overload and IE in thalassemia and other hemoglobinopathies.      
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   1 Introduction 

 Since the discovery of the  HFE  gene in 1996  [  1  ] , tremendous advances have been made both in our 
understanding of normal and abnormal iron metabolism and in the noninvasive assessment of iron 
overload. Currently, hepatic iron excess can be reliably diagnosed using MRI and most genetic iron 
overload syndromes can be identifi ed by laboratory tests  [  2  ] . This has resulted in restricting the place 
of liver pathology in the management of iron-overloaded patients to the assessment of associated 
lesions, especially fi brosis, and to the diagnosis of iron overload that remains unclassifi ed by genetic 
molecular markers.  

   2 A Semiological Approach to Hepatic Iron Overload 

 The pathologist identifi es iron overload, describes its cellular and lobular distribution, assesses its 
amount semiquantitatively, and reports associated lesions, especially fi brosis. In doing so, he/she 
participates in the assessment of prognosis and may usefully direct clinical investigation toward a 
specifi c cause. 

   2.1 Identifi cation of Iron Overload 

 Iron deposits are diffi cult to identify with the usual stains unless they are abundant. Therefore, routine 
histochemical stains must include an iron stain, together with hematoxylin and eosin (H&E), and a 
connective tissue stain  [  3  ] . Perls’ stain is the most widely used  [  4  ] . It allows for the identifi cation of 
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membrane-bound lysosomal hemosiderin that consists of Fe 2+ . The combined assessment of both 
Fe 2+  and Fe 3+  requires the use of the related Prussian blue stain (also known as Perls’ Prussian blue). 
Within the normal range of hepatic iron concentration, iron is usually undetectable even when using 
specifi c stains  [  5,   6  ] .  

   2.2 Characterization of Iron Overload 

 Parenchymal cells (hepatocytes and bile duct cells) as well as mesenchymal cells (endothelial cells 
from the portal circulation, central veins, and sinusoids, macrophages within portal tracts and fi brous 
septa, and Kupffer and fat-storing cells from sinusoids) may be affected by iron deposition. The 
abundance and cellular distribution of iron deposits often differ from one acinar zone to another and 
from one lobule to another. Therefore, the pathologist’s report must include a descriptive and semi-
quantitative assessment of iron excess according to its cellular, lobular, and organ distribution. 

   2.2.1 Distribution 

 Assessing the cellular and lobular distribution of iron deposits allows three types of hepatic iron 
overload to be distinguished (a)  Parenchymal iron overload  is characterized by iron deposition 
within hepatocytes. Iron usually accumulates as fi ne granules predominating at the biliary pole of 
cells. It is distributed throughout the lobule according to a decreasing gradient, from periportal to 
centrilobular areas. Mesenchymal iron deposits may be found, but at a later stage when hepatocytic 
iron is high enough to induce cell necrosis. (b)  Mesenchymal iron overload  corresponds to iron 
deposition within sinusoidal cells – chiefl y Kupffer cells – and/or portal macrophages. Iron-loaded 
cells are either isolated or grouped together with no lobular systematization. When associated, hepa-
tocytic iron deposits are rough, sparse, and usually located close to iron-loaded macrophages. (c) 
 Mixed iron overload  presents with the histological characteristics of the previous two types and cor-
responds usually to complex conditions or to massive iron loading. Assessing the homogeneous or 
heterogeneous pattern of iron distribution from one lobule (nodule) to another is also necessary, 
especially with respect to etiology and in the case of a cirrhotic patient.  

   2.2.2 Quantitation 

   Semiquantitative Grading by Light Microscopy 

 The semiquantitative grading of hepatic iron by light microscopy is a reliable option for quantifying 
hepatic iron excess. Scheuer et al.  [  7  ]  introduced the concept of “grading” iron deposition in liver biop-
sies. Since then, numerous grading methods have been proposed  [  3  ] . Both the original and modifi ed 
Scheuer’s scoring systems are based on the percentage of iron-overloaded hepatocytes. Although they 
were not satisfactorily validated, they remain widely used in routine practice because of their simplic-
ity. The system proposed by the authors (Table  17.1 ) has been well validated in both hemochromatotic 
 [  9,   10  ]  and nonhemochromatotic  [  11  ]  iron overload disorders, but, as it is a form of computerized 
morphometric semiquantitation  [  12,   13  ] , it remains mainly used for research purposes.   

   Hepatic Iron Concentration (HIC) 

 The biochemical determination of HIC on a liver sample is considered as the “iron” standard  [  5  ] , 
whatever the method used (colorimetry or atomic absorption spectrometry). In normal subjects, HIC 
ranges from 10 to 35  μ mol/g of dry weight  [  5  ] . Iron excess is considered as mild up to 150  μ mol/g, 
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moderate between 150 and 300  μ mol/g, and important above 300  μ mol/g. Cases with HIC greater 
than 1000  μ mol/g are exceptional. Results obtained from fresh tissue and from deparaffi nized blocks 
are equivalent  [  14  ] . The determination of HIC on deparaffi nized tissue must be advocated because it 
allows for histological control, which is especially relevant when iron distribution is heterogeneous 
as in the cirrhotic liver  [  15–  17  ] . The paramagnetic properties of iron have been exploited to detect 
and quantify iron by MRI. When using a well-calibrated 1.5 T device, there exists an excellent 
inverse correlation between biochemical HIC and the MRI signal, allowing for an accurate detection 
of hepatic iron excess within the range 50–350  μ mol/g  [  18  ] . In addition, MRI may help to identify 
the heterogeneous distribution of iron within the liver and, by studying other organs, to differentiate 
parenchymal (normal splenic signal and low hepatic, pancreatic, and cardiac signals) from mesen-
chymal (decreased splenic signal) iron overload  [  19  ] . For these reasons and because it is a noninva-
sive procedure, MRI tends to replace liver biopsy and biochemistry for the identifi cation of iron 
overload and for the determination of HIC.    

   2.3 Associated Lesions 

 One of the most important goals of the pathologist is to make an inventory of associated lesions in 
order to assess the prognosis (especially with respect to fi brosis) and, when necessary, to guide 
toward the right etiology of iron excess.   

   3 Diagnosis of Hepatic Iron Overload According to Its Cause 

 The types of iron overload and the spectrum of associated lesions vary between different types of 
disease. 

   3.1 Genetic Iron Overload 

   3.1.1 Genetic Hemochromatosis 

 Genetic hemochromatosis or, merely, hemochromatosis, refers to four main autosomal recessive 
disorders, two of late onset (adult type: HFE hemochromatosis and iron overload related to mutation 
on the transferrin receptor 2 gene) and two of early onset (juvenile type: related to mutations in the 
 hemojuvelin  or  HAMP  (hepcidin) genes). These disorders share a common pathophysiology consist-
ing in an impairment of hepcidin production or activity. Therefore, they exhibit similar histological 
features. By far, the most common is HFE hemochromatosis. 

   Table 17.1    Histological grading of iron storage. From Deugnier and Turlin  [  8  ] 8   

 Hepatocytic iron  0, 3, 6, 9, or 12  HIS 
 According to granule size in each Rappaport area  0–36 

 Sinusoidal iron  0, 1, 2, 3, or 4  SIS 
 According to granule size in each Rappaport area  0–12 

 Portal iron  0, 1, 2, 3, or 4  PIS 
 According to % of iron-overloaded macrophages, biliary cells, and vascular walls  0–12 

 Total iron score  0–60 

   HIS  hepatocytic iron score,  SIS  sinusoidal iron score,  PIS  portal iron score  
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   HFE Hemochromatosis 

 In early HFE hemochromatosis, iron remains located at the biliary pole of hepatocytes. It is distributed 
according to a decreasing gradient from periportal to centrilobular areas. This results in a typical 
parenchymal iron overload pattern. However, as emphasized by Brunt et al.  [  20,   21  ] , while predomi-
nantly Kupffer cell iron staining may serve as a strong negative predictor of HFE hemochromatosis, 
the reverse (with predominantly parenchymal cell loading) is not necessarily true. As cellular iron 
load increases, sideronecrosis occurs. This is a key event corresponding to acidophilic or lytic necro-
sis of hepatocytes due to iron excess. It leads to the redistribution of iron toward nonparenchymal 
cells and then to heavily iron-laden Kupffer cell aggregates close to necrotic hepatocytes. Mild 
chronic infl ammation is commonly found  [  9  ] . Necroinfl ammatory changes precede the development 
of portal and periportal fi brosis, portal–portal bridging fi brosis, and then cirrhosis  [  9  ] . Cirrhosis 
related to HFE hemochromatosis resembles biliary cirrhosis. It consists of large fi brous septa, but 
the vascular architecture of the liver is retained for a long time as disease progresses. This likely 
explains why portal hypertension and hepatic failure are rare features in HFE hemochromatosis  [  22  ] . 
According to one study, 25–50% of hemochromatosis patients are still diagnosed at the cirrhotic 
stage. In the absence of other causes of chronic liver disease, cirrhosis develops when the hepatic 
iron concentration exceeds 300  μ mol/g. Whether fi brosis was able to regress or not following vene-
section therapy was addressed by Falize et al.  [  23  ]  in 36 C282Y homozygotes presenting with severe 
fi brosis on their initial liver biopsy. These authors demonstrated that fi brosis regressed in 69% of 
patients with initial bridging fi brosis and in 35% of patients with initial cirrhosis. In addition, they 
proposed a predictive index for fi brosis regression based upon gamma globulins, platelet count, and 
prothrombin activity. 

 It is mandatory to assess whether, at the time of diagnosis, the patient’s liver is cirrhotic or not in 
order to defi ne follow-up policy, especially regarding cancer screening. Liver biopsy is no longer 
necessary for diagnosing C282Y homozygosity, but it remains the reference means for assessing 
fi brosis. Guyader et al.  [  24  ]  demonstrated that when the liver was not clinically enlarged and serum 
ferritin level was lower than 1000 ng/ml and serum AST level was normal, there was never a signifi -
cant liver fi brosis (i.e., grade 3 or 4 fi brosis according to the METAVIR scoring system). On the 
contrary, when one, two, or all these conditions were not met, there was a signifi cant risk of fi brosis, 
calculated as 1/(1 + exp[−(−6.7620 + 3.2934 AST (iu/l) + 0.0013 ferritin (ng/ml) + 2.5317 hepato-
megaly (0:1))]). Other equations    of prediction of (non)fi brosis have been proposed based upon age 
and serum ferritin levels, or serum ferritin levels, serum AST levels, and platelet count, but either 
they are not extensively validated or they were not as simple for clinical use as Guyader’s algorithm 
 [  25,   26  ] . Currently, there is a global consensus to perform liver biopsy for fi brosis evaluation in 
C282Y homozygotes with either increased liver size, serum ferritin levels higher than 1000 ng/ml, 
or abnormal serum AST levels, except when the diagnosis of cirrhosis is clinically obvious or when 
the predictive equation gives a risk close to 100%. It is likely that when noninvasive measurement of 
hepatic fi brosis by biochemical tests and/or elastometry is validated in hemochromatosis, the indica-
tion for liver biopsy will become exceptional in C282Y homozygotes. It is important to stress that 
Guyader’s algorithm does not apply to HFE genotypes other than C282Y homozygosity and to non-
HFE causes of iron overload. 

 Primary liver cancer (PLC) accounts for 27.5–45% of deaths in hemochromatosis patients  [  27  ] . 
The relative risk for a patient with hemochromatosis to develop PLC has been calculated as greater 
than 200  [  28–  30  ] . The main risk factors are male sex, age over 50 years, cirrhosis, and associated 
(co)carcinogenic factors such as chronic alcoholism, tobacco smoking, and HBV and HCV infec-
tions  [  28–  31  ] . Most cases correspond to classic hepatocellular carcinoma (HCC) which has devel-
oped in a cirrhotic liver  [  31,   32  ] . However, attention has to be paid to some specifi c features. First, 
PLC may develop whether the patient has been treated or not. Second, about 20% of PLC are 
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diagnosed in the absence of cirrhosis  [  31,   32  ] . Third, as demonstrated by Morcos et al.  [  32  ] , 
cholangiocarcinoma or HCC with biliary differentiation may account for one third of PLC cases in 
C282Y homozygotes. Fourth, two types of preneoplastic lesions – iron-free foci (IFF)  [  9,   33  ]  and 
Von Meyenburg complexes  [  33  ]  – have been reported. Iron-free foci consist of sublobular nodular 
clusters of hepatocytes devoid of iron or with low iron content within an otherwise iron-overloaded 
liver  [  9  ] . Most often, they exhibit a proliferative pattern, with either large or small cell dysplasia in 
50% of cases. More than half of the patients with IFF on their initial liver biopsy have been reported 
to further develop PLC compared to less than 10% with no IFF at initial biopsy  [  33  ] . Von Meyenburg 
complexes have also been reported as abnormally numerous in the surrounding liver of patients with 
hemochromatosis complicated with either HCC or cholangiocarcinoma  [  32,   34  ] .  

   Non-HFE Hemochromatosis 

 The histological presentation of iron overload related to non-HFE hemochromatosis  [  35  ]  is identical 
to that of HFE hemochromatosis. TfR2 hemochromatosis is responsible for mild to moderate paren-
chymal iron excess that leads rarely to cirrhosis in the absence of comorbid factors such as chronic 
excessive alcohol consumption. Juvenile hemochromatosis is responsible for marked iron overload 
of mixed pattern with parenchymal predominance. Cirrhosis is the rule at diagnosis.   

   3.1.2 Other Genetic Iron Overload Syndromes 

   Ferroportin Disease 

 Ferroportin disease  [  35  ]  is a dominant hereditary iron overload disorder characterized by pheno-
typic variability. In the majority of cases, it results in Kupffer cell iron loading, predominantly in 
acinar zone 1 (mesenchymal type), with no signifi cant fi brosis even when HIC exceeds 
300  μ mol/g. This corresponds to the classic asymptomatic form with elevated hyperferritinemia 
contrasting with normal or mildly increased transferrin saturation (type A). However, one case of 
ferroportin A disease complicated with HCC in the absence of signifi cant fi brosis has been 
reported  [  36  ] , which suggests that this type of iron overload may also be deleterious on the long 
term. Rarely, iron is predominantly located within parenchymal cells and the histological picture 
is similar to that of HFE hemochromatosis with, in some cases, either severe fi brosis or cirrhosis 
(type B). Then, transferrin saturation is usually markedly elevated. Autosomal dominant paren-
chymal iron overload reported in families from the Solomon Islands is likely to be related to 
ferroportin disease  [  37  ] .  

   Other Hereditary Iron Overload Syndromes 

 Such syndromes are exceptional. In hereditary aceruloplasminemia  [  38  ]  or hypoceruloplas-
minemia  [  39  ] , a disease transmitted as a recessive trait, iron is found predominantly in paren-
chymal cells. No case of liver cirrhosis has been described even in the most heavily iron-loaded 
cases. In autosomal recessive genetic atransferrinemia  [  40  ] , iron overload is related to both 
increased duodenal absorption and transfusions. It is characterized by a mixed pattern associat-
ing parenchymal and mesenchymal iron deposition. Finally, African iron overload  [  41  ] , origi-
nally termed “Bantu siderosis,” is also characterized by a mixed pattern and complicated with 
cirrhosis in up to 90% of cases  [  42  ] . It is related to excessive iron intake and likely furthered by 
non-HFE genetic factors.    
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   3.2 Nongenetic Iron Overload 

   3.2.1 Excessive Iron Supply 

 When administered parenterally (i.e., through multiple transfusions), iron is initially localized within 
Kupffer cells and portal macrophages. With time, it is redistributed toward surrounding parenchymal 
cells, which results in a mixed and heterogeneous pattern. In cases of excessive chronic iron intake, 
parenchymal or mixed hepatic iron overload may develop, as reported in elite road cyclists  [  43  ] .  

   3.2.2 Infl ammatory Syndromes 

 Infl ammatory conditions are a frequent cause of mesenchymal hepatic siderosis related to a defect 
of iron release from Kupffer cells due to increased production of hepcidin. Iron deposits are usually 
sparse and distributed throughout the lobule.  

   3.2.3 Chronic Liver Diseases 

   Noncirrhotic Chronic Liver Disease 

 Granular iron deposition in hepatocytes and/or mesenchymal cells may be found in every type of 
chronic noncirrhotic liver disease regardless of its cause. Iron excess is commonly slight or mild 
(HIC <100  μ mol/g dry weight) and distributed heterogeneously with a trend for parenchymal iron to 
predominate in acinar zone 1 and for mesenchymal iron to be panacinar. The cause(s) of such 
“siderosis” remain(s) unknown. It is likely that various nonspecifi c factors (infl ammation, cell necro-
sis, etc.) are involved, together with polymorphisms in iron-related genes and specifi c interactions 
between iron metabolism and the etiological agent of liver disease. Whether this type of iron excess 
is clinically relevant with respect to fi brosis and cancer risk is still debated  [  2  ] .  

   Alcoholic Liver Disease 

 Mesenchymal or mixed mild hepatic siderosis is found in up to 57% of chronic alcoholics  [  44  ] , even 
in the absence of cirrhosis. A direct effect of alcohol on hepcidin production could be involved  [  45  ] . 
It was for the distinction between alcoholic siderosis and genetic hemochromatosis that Bassett et al. 
 [  46  ]  proposed the hepatic iron index consisting of the ratio of HIC (as  μ mol/g dry weight) to age. 
A threshold of 1.9–2 was found to distinguish the two conditions accurately.  

   Nonalcoholic Fatty Liver Disease (NAFLD) and Dysmetabolic Iron Overload Syndrome (DIOS) 

 Early descriptions of nonalcoholic steatohepatitis in Australian and American patients reported iron 
deposition in 10–95% of cases  [  47  ] . This wide range was likely due to differences in the methods 
used for iron assessment and to the high variability in case defi nition, since some series consisted of 
overweight patients while others consisted of morbidly obese individuals. At the same time, our 
group reported that most cases of unexplained hepatic iron excess were associated with metabolic 
abnormalities, especially increased body mass index, and were characterized by high serum ferritin 
levels with normal or subnormal transferrin saturation  [  48,   49  ] . We therefore proposed the concept 
of DIOS, also known as “insulin resistance–associated hepatic iron overload”  [  48  ] . The histological 
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pattern of DIOS is typically mixed  [  50  ] . HIC reaches a ceiling of 100  μ mol/g dry weight, but in 30% 
of cases, the hepatic iron index exceeds 2. Either steatosis or steatohepatitis is present in 50% of cases 
 [  50  ] . Bridging fi brosis or cirrhosis is found in 12% of cases  [  50  ] . The concept of DIOS encompasses 
siderosis associated with NAFLD and extends to unexplained hepatic iron overload with normal his-
tology in subjects with metabolic abnormalities. Whether iron may be involved in the development of 
fi brosis in DIOS patients and whether its removal may be benefi cial remains debated.  

   Viral Hepatitis 

 In acute viral hepatitis, iron is often found as punctate inclusions in endothelial cells and, in the 
resolving phase, in PAS-diastase-resistant granules within Kupffer cells and portal tract macrophages. 
In chronic hepatitis, hepatic iron deposition is found in 35–56% of cases  [  51  ] . This was especially 
demonstrated in patients with chronic hepatitis related to the hepatitis C virus (HCV). The histologi-
cal pattern is usually mesenchymal, with frequent iron deposits in endothelial cells. An “endothelial 
pattern” of iron deposition was even reported as associated with fi brosis progression and lack of 
response to interferon  [  52  ] . Iron excess has been shown to correlate with necroinfl ammatory changes 
and to decrease after interferon therapy  [  53  ] . Moreover, iron removal before or at the time of inter-
feron therapy could result in histological improvement, even in nonresponders  [  54  ] . Recently, a 
negative effect of HCV infection on hepatic hepcidin production was shown, which may explain, at 
least partly, abnormalities of iron metabolism found in patients with chronic hepatitis C  [  55  ] .  

   Wilson Disease 

 Mixed iron overload is frequently found in the liver of patients with Wilson disease  [  56  ] . Its mecha-
nism is likely multifactorial and involves low serum ceruloplasmin levels, hemolysis, necroinfl am-
matory changes, and cirrhosis.  

   Porphyria Cutanea Tarda (PCT) 

 Both moderate to marked hepatocellular and mesenchymal iron accumulation are often found in the 
liver of patients with PCT regardless of the presence of HFE mutations  [  57  ] . Careful examination 
may allow for a correct diagnosis when identifying porphyrin crystals in tissue sections.  

   Cirrhosis 

 Regardless of the cause of cirrhosis, signifi cant liver siderosis is found in 35–78% of patients with 
end-stage liver disease  [  16–  18,   58  ] . Iron deposition presents with a parenchymal pattern and pre-
dominates in the remaining periportal areas. It has a heterogeneous distribution from one nodule to 
another, and the absence of iron within fi brous septa, biliary cells, and vascular walls allows for the 
correct diagnosis of “iron overload secondary to cirrhosis” instead of that of hemochromatosis  [  16  ] . 
Thus, in case of cirrhosis, HIC should be interpreted according to histological fi ndings. It is likely 
that non-transferrin-bound iron (NTBI) plays a key role in the development of this type of iron over-
load. Indeed, in severe cirrhosis, serum transferrin levels are low due to hepatic failure, which results 
in increased saturation of transferrin and, then, in the appearance of NTBI, a special form of iron that 
is avidly taken up by hepatocytes  [  59  ] . In addition, decreased hepcidin production has been reported 
in patients with cirrhosis  [  60  ] , which may result in increased intestinal iron absorption and iron 
release from macrophages.   
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   3.2.4 Hepatocellular Carcinoma (HCC) 

 HCC tissue is commonly iron poor, and the expression of hepcidin mRNA is markedly suppressed 
in cancerous, but not in noncancerous, human HCC tissues, irrespective of ferroportin or transferrin 
receptor 2 expression  [  61  ] . This possibly refl ects an increased demand for bioavailable iron and a 
high iron turnover in neoplastic cells. Conversely, parenchymal or mixed iron overload has been 
reported in the nontumorous part of the liver in more than 80% of patients with HCC, which has 
developed on a noncirrhotic liver  [  62,   63  ] . Nahon et al.  [  64  ]  showed that liver iron overload was 
associated, independently from the carriage of the C282Y mutation, with a higher risk of HCC in 
patients with alcoholic but not HCV-related cirrhosis. These data support the idea that iron may be 
both a negative marker of neoplastic transformation and a (co)carcinogenic factor  [  8  ] .  

   3.2.5 Blood Disorders 

 In well-compensated anemias with ineffective erythropoiesis (thalassemias, multifactorial sidero-
blastic anemias, congenital dyserythropoietic syndromes, etc.), intestinal iron absorption is increased 
secondary to the impairment of iron incorporation into red cell precursors. With time, severe hepatic 
iron overload resembling hemochromatosis may develop, even in the absence of blood transfusions. 
Once transfusions are required, iron accumulates in both parenchymal and mesenchymal cells  [  65  ] . 

 In hemolytic anemias with normal erythropoiesis, iron deposition predominates in macrophages 
as punctuate granules in the early stages. Large Kupffer cell aggregates (siderotic nodules) develop 
in more advanced disease, requiring regular blood transfusions. When macrophage iron storage 
capacity is exceeded, iron is secondarily redistributed toward hepatocytes. In the absence of iron 
removal, portal fi brosis may occur  [  65  ] .    

   4 Liver Histology in the Management of Iron Overload Syndromes 

 Liver biopsy is no longer necessary to ascertain iron overload, and MRI, together with the level of 
transferrin saturation, may identify the correct etiology, especially with respect to the choice of geno-
typing tests. Assessment of associated lesions, especially fi brosis, will remain the major goal of liver 
biopsy until noninvasive tests for fi brosis are validated in patients with iron overload syndromes. 

 In the presence of a hemochromatosis phenotype (i.e., increased transferrin saturation with paren-
chymal iron deposition), performing liver biopsy depends on HFE genotyping. In C282Y homozy-
gotes, Guyader’s algorithm can be used to decide whether to perform liver biopsy or not. For 
C282Y-H63D compound heterozygotes, the situation is more complex. In a subject presenting with 
mild increases in transferrin saturation (usually between 45% and 60%) and serum ferritin (usually 
<500 ng/ml) and with no biochemical abnormalities or clinical liver symptoms, it can be reasonably 
assumed that the HFE genotype is responsible for the abnormalities in iron metabolism and that the 
patient is free of risk of fi brosis. In such cases, liver biopsy is not necessary. However, when faced 
with more pronounced abnormalities of iron metabolism and/or abnormal liver tests, a codamaging 
factor is suggested  [  66  ] . Other HFE genotypes do not result in clinically relevant abnormalities of 
iron metabolism. 

 Liver biopsy remains suitable to diagnose any additional cause of either iron overload or chronic 
liver disease. In these cases, the most frequent fi nding is heterogeneous parenchymal iron overload 
complicating alcoholic or viral liver disease. Much more rarely, liver biopsy discovers marked iron 
overload, suggesting an associated mutation on another gene involved in iron metabolism. Then, the 
precise description of iron deposition and associated lesions may help in identifying the cause of 
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the disease: mesenchymal or mixed iron deposition with no signifi cant fi brosis is suggestive of fer-
roportin disease (which sometimes presents with TS >60%), while parenchymal iron overload sug-
gests a diagnosis of juvenile hemochromatosis (mutations in  hemojuvelin  or  HAMP ) in a young 
adult with severe fi brosis, or transferrin receptor 2–related hemochromatosis in an adult with or 
without fi brosis. 

 In the absence of hemochromatosis phenotype (i.e., low, normal, or slightly elevated transferrin 
saturation), the question is whether increased serum ferritin levels are related to iron overload or not. 
MRI can replace liver biopsy to answer this question, and histological examination of the liver can 
be limited to patients with signifi cant iron deposition at MRI (i.e., hepatic iron concentration 
>100  μ mol/g dry weight) and/or elevated serum transaminase levels and/or abnormal noninvasive 
predictive tests of fi brosis. The most frequent fi nding is of mild and mixed iron overload with either 
metabolic or alcoholic steatohepatitis, chronic hepatitis C, or porphyria cutanea tarda. Rarely, histo-
logical examination reveals marked iron overload with no signifi cant fi brosis corresponding to either 
ferroportin disease (mesenchymal type – normal or slightly increased transferrin saturation) or to 
hereditary aceruloplasminemia (parenchymal type – low transferrin saturation). 

 Finally, in routine practice, hepatic iron is frequently found in liver biopsies performed in the 
absence of clinical suspicion of iron excess. This always should be indicated in the pathologist’s 
report since iron excess, even when mild, is suspected to be involved as a codamaging factor in vari-
ous conditions including insulin-resistance syndrome and diabetes, cardiovascular complications, 
and cancer.      
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   1 Iron and Oxidative Stress 

   1.1 Introduction 

 Iron is an essential nutrient and plays an important role as a cofactor in a number of physiologically 
crucial processes. Intestinal absorption is tightly regulated as the human body has no dedicated iron 
excretory pathway. In excess, iron is toxic to the cell thanks to its catalytic properties, which leads 
to the generation of reactive and damaging oxygen radicals. This chapter will outline the mecha-
nisms by which iron in excess leads to cellular damage and the relationship of iron to the initiation 
of hepatic fi brosis, the development of cirrhosis and hepatocellular carcinoma (HCC) and its role in 
ischemic heart disease and diabetes linked to iron overload.  

   1.2 Iron-Mediated Generation of Reactive Oxygen Species 

 Iron has an intrinsic ability to catalyze reactions that lead to the generation of the labile hydroxyl 
radical (OH ⋅ ), and it is thought to be through this mechanism that iron negatively impacts cellular 
function and viability. The hydroxyl radical is generated through the Fenton and Haber–Weiss reac-
tions where iron is reduced by the superoxide radical (O  

2
  ⋅−  ) to ferrous iron, which reacts with hydro-

gen peroxide (H 
2
 O 

2
 ) to produce OH ⋅ . This reaction can occur anywhere iron is present and is normally 

under tight cellular regulation due to the potential damage OH ⋅  can infl ict on the cell. The reactive 
oxygen species (ROS) O  

2
  ⋅−   and H 

2
 O 

2
  are the by-products of aerobic respiration reactions by cyto-

chrome P450 (CYP) 2E1 and are also produced by the membrane-bound NADPH oxidase complex 
 [  1  ]  (see Fig.  18.1 ). Iron is also able to catalyse the production of NO  

2
  +   from peroxynitrite (ONOO − ). 
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  Fig. 18.1    Iron-mediated generation of reactive oxygen species. Acting as a catalyst in the Fenton reaction, iron pro-
motes the generation of the hydroxyl ( OH  ⋅ ) radical from the superoxide radical O  

2
  ⋅−   and hydrogen peroxide ( H  

 
2

 
  O  

 
2

 
 ). 

Iron is also able to catalyse the formation of the nitronium anion NO  
2
  +   from the peroxynitrite radical ONOO − . Both 

processes require the presence of the superoxide radical O  
2
  ⋅−  , which is itself generated as a by-product of aerobic 

respiration. Both OH ⋅  and ONOO −  are then able to take part in lipid peroxidation of polyunsaturated fatty acids, yield-
ing conjugated dienes which can then further react leading to the eventual production of 4-hydroxynonenal ( 4-HNE ) 
and malondialdehyde ( MDA ). Lipid peroxidation leads to organelle dysfunction and eventually damage to DNA and 
cellular proteins (adapted from Philippe et al.  [  44  ] )       
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Peroxynitrite is formed during times of elevated O  
2
  ⋅−   and also requires the presence of the radical 

NO ⋅  produced by nitric oxide synthase. Peroxynitrite also reacts with iron to produce the reactive 
NO  

2
  +   species (Fig.  18.1 )  [  2,   3  ] .  

 Both OH ⋅  and NO  
2
  +   are highly reactive and are central to the development of lipid peroxidation 

and damage to both proteins and DNA. Microsomal membranes and organelles such as peroxi-
somes and mitochondria usually produce high levels of ROS under normal physiological condi-
tions. In order to keep this potential source of damaging reactive species in check, enzymes such as 
catalase, superoxide dismutase and glutathione peroxidase catalyse the breakdown of reactive oxy-
gen species to non-toxic by-products  [  4  ] . In addition, antioxidants provide a more passive form of 
protection against ROS-induced damage. For example, glutathione (GSH) can neutralise free radi-
cals and ROS directly via a chemical reaction or in combination with enzymatic reactions involving 
glutathione reductase or glutathione peroxidase  [  5  ] . Antioxidant agents such as vitamin A, C and E 
also limit ROS damage by breaking the chain reaction that leads to lipid peroxidation. Other anti-
oxidants, such as diallylsulfi de, can act as inhibitors of CYP2E1 thereby reducing the availability 
of superoxide radical (O  

2
  ⋅−  ) that is transformed to OH ⋅  by iron  [  3  ] . During times of iron overload 

(e.g. in hemochromatosis), the burden of cellular iron can overwhelm these antioxidant mecha-
nisms and ROS reacts with polyunsaturated phospholipids within organelles and other cell mem-
branes. In this setting, oxidation of amino acids leads to the formation of protein adducts, DNA 
strand breaks and protein fragmentation, with clear consequences for altered cellular integrity and 
metabolic function  [  6  ] .  

   1.3 Lipid Peroxidation 

 The OH ⋅  formed by iron-catalysed reactions is second only to elemental fl uorine in terms of its 
reactivity. OH ⋅  is able to catalyse the transfer of electrons from lipids of the cell membrane back to 
the free radical resulting in lipid peroxidation. This process affects polyunsaturated fatty acids as 
they contain multiple double bonds between which lie methylene (CH 

2
 ) groups that are especially 

susceptible to peroxidation. Intramolecular rearrangement of double bonds within these radicals 
yields conjugated dienes, and in the presence of oxygen, lipid radicals form lipid peroxyl radicals 
 [  7  ] . These lipid peroxyl radicals can self-perpetuate by reacting with more fatty acids and also form 
lipid hydroperoxide, which is susceptible to cleavage by ferrous and ferric iron chelates with decom-
position to alkoxyl and peroxyl free radicals, respectively. Lipid hydroperoxides undergo intramo-
lecular cyclization and decomposition to generate thiobarbituric acid (TBA)-reactants and the 
breakdown by-products malondialdehyde (MDA), 4-hydroxynonenal (4-HNE), ketones, alcohol, 
ethane and pentane  [  7,   8  ] . In turn, MDA and 4-HNE are frequently used as markers of oxidative 
stress as they are readily localized using specifi c antibodies. Lipid peroxidation of membranes 
throughout the cell results in membrane fragility and can lead to dysfunction of a number of different 
organelles which compromises cell function (Fig.  18.1 )  [  9  ] . These organelles include lysosomes, 
which store excess iron, mitochondria and endoplasmic reticulum, leading to problems with energy 
and protein production  [  9  ] .  

   1.4 Iron-Mediated Intracellular Damage 

   1.4.1 Lysosomal Fragility 

 Iron accumulation within lysosomes is frequently observed in patients with iron overload  [  10  ] . 
Intracellular iron requirements are typically met by turnover and recycling of iron already present in 
the cell. In dividing cells, access to iron is gained through the internalisation of transferrin-bound 
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iron with subsequent iron liberation achieved in late endosomes. During iron overload, autophago-
cytosis of macromolecules such as ferritin and hemosiderin containing substantial amounts of iron 
is thought to result in lysosomes becoming iron loaded  [  11  ] . Labile iron can readily generate ROS 
as outlined in the previous sections (Fig.  18.1 ), and sequestration in the lysosome is believed to 
represent one of many protective mechanisms that exist within the cell. Excessive lysosomal iron is 
thought to lead to lysosomal fragility and dysfunction through lipid peroxidation  [  12  ] . The loss of 
lysosomal integrity has important ramifi cations when one considers that the iron is then released 
into the cytoplasm along with a number of hydrolytic enzymes  [  7,   13  ] . Evidence of lysosomal fragil-
ity is seen in patients with hemochromatosis where elevated levels of the lysosomal enzymes 
N-acetyl- β  glucosaminidase and acid phosphatase are seen in liver tissue  [  13,   14  ] . Lysosomal 
enzyme levels returned to near normal after repeated phlebotomy  [  14  ] . Animal models of iron over-
load have also demonstrated the presence of lysosomal fragility as evidenced by elevated lysosomal 
enzyme activity  [  15,   16  ] .  

   1.4.2 Mitochondrial Abnormalities 

 As mentioned previously, mitochondrial dysfunction is also a consequence of iron overload. In 
a rat model of iron overload and in isolated normal rat mitochondria, iron has been found to be 
deleterious to the mitochondrial electron transport chain  [  17,   18  ] . While this is principally due 
to an iron-induced decrease in cytochrome C oxidase activity, it is unclear if iron mediates 
changes in the enzyme or in functionally dependent phospholipids. Lysosomal enzymes have 
also been shown to induce cytochrome C release and oxidant production  [  19  ] . Although this 
study did not look specifi cally at the role of iron, it does suggest that lysosomal fragility may be 
implicated in disrupted mitochondrial function. The hydroxyl radical is also known to be formed 
by the iron-dependent Fenton reaction in the mitochondria during times of oxidant stress  [  20  ] . 
Given the propensity for lipid peroxidation by OH ⋅ , this may represent an important source of 
ROS during iron overload. Acute iron overload in the rat has been shown to lead to iron loading 
of the mitochondria with an accompanying rise in lipid peroxidation and glutathione oxidation. 
Mitochondrial uncoupling was also observed, but this did not alter phosphorylation effi ciency 
or the cellular adenosine triphosphate (ATP) levels. These data suggest that mitochondrial 
uncoupling may represent a protective mechanism limiting the damage caused by acute iron 
overload  [  21  ] . 

 Opening of the mitochondrial permeability transition pore (MPTP) is another important 
mechanism by which mitochondrial stress can lead to apoptosis. Induction of the MPTP results 
in rapid mitochondrial depolarization, uncoupling of oxidative phosphorylation and osmotic 
swelling of the inner membrane-matrix compartment. The subsequent release of cytochrome c is 
known to activate various caspase enzymes, resulting ultimately in apoptosis  [  22  ] . Studies using 
isolated rat hepatocytes have shown that free chelatable iron is able to open the MPTP leading to 
mitochondrial DNA release and hepatocyte apoptosis  [  23  ] . Mitochondrial dysfunction in hepatic 
iron overload is also caused by decreased Ca 2+  sequestration  [  24  ] , increased Ca 2+  release  [  25  ]  and 
mitochondrial DNA damage and release  [  26,   27  ] . The release of Ca 2+  from mitochondria sug-
gests a permeability problem in iron overload, which may explain the decreased sequestration. 

 Interestingly, a recent study examined the role of glucosylxanthone derived from  Mangifera 
indica  in the prevention of iron-mediated mitochondrial damage  [  28  ] . This study suggested 
that the antioxidant activity of mangiferin is due its iron-chelating properties, suggesting that 
it could be a potential candidate for chelation therapy in diseases related to abnormal iron 
overload  [  28  ] .  
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   1.4.3 Protein and DNA Damage 

 Another consequence of lipid peroxidation is the damage to DNA and proteins, as lipid peroxidation 
products such as 4-HNE and MDA can react with DNA bases  [  29  ]  and the  ε -NH 

2
  group of lysine 

and histidine residues  [  30  ] . Acetaldehyde, derived from ethanol oxidation, is also known to bind 
MDA in a synergistic manner, generating new hybrid adducts called MDA-acetaldehyde adducts 
 [  31  ] . These adducts may play a role in disease development. For example, MDA-acetaldehyde 
adducts have been shown to play a role in progression of liver fi brosis as they have been linked to 
the secretion of several cytokines and chemokines by liver endothelial cells and hepatic stellate 
cells  [  32–  34  ] . 

 A considerable volume of evidence indicates that excess iron can induce DNA damage in both 
animal models of iron overload and in vitro in hepatocyte culture  [  7  ] . DNA damage is of particular 
signifi cance in patients with hemochromatosis, a disease which shows a high incidence of HCC 
linked to DNA mutation/damage. Several studies show increased levels of etheno-DNA adducts 
derived from lipid peroxidation of DNA in hemochromatosis liver  [  35  ] . Etheno-DNA adducts are 
generated by 4-HNE when it contacts DNA  [  35  ] . Mutation of the p53 tumor suppressor gene, which 
regulates cell cycle progression and DNA repair, is a common fi nding in patients with hemochroma-
tosis-linked HCC  [  36  ] . Iron is also known to directly associate with DNA in a manner that is not 
entirely random  [  37  ] . For example, iron-mediated Fenton oxidants of DNA occur preferentially at 
the following sites – R T GT TA T TY CT T R  NGG G – leading to cleavage at the site of the bold, 
underlined nucleotides  [  37  ] .   

   1.5 Summary 

 The toxicity associated with excessive iron in the main can be attributed to its catalytic role in the 
generation of various ROS including OH ⋅ . The ROS then partake in a number of self-perpetuation 
reactions that lead to lipid peroxidation, protein adduct formation and DNA mutation. At physiologi-
cal concentrations of iron, cells and organs are well equipped to deal with these unwanted effects of 
iron. However at pathological concentrations, protective mechanisms can be overwhelmed, leading 
to cell apoptosis and necrosis, ultimately leading to organ failure. The following sections will high-
light the pathological role of iron in liver disease, ischemic heart disease and the diabetic pancreas.   

   2 Genesis of Hepatic Fibrosis and Development of Cirrhosis 

   2.1 Introduction 

 Injury to any organ will result in a wound healing response  [  38  ] . If the injury is severe enough and 
or sustained, scar tissue will form at the site of injury. Chronic injury of the liver is no exception and 
gives rise to a wound healing response typically associated with fi brosis, and if the injury is pro-
longed, cirrhosis  [  39–  41  ] . Cirrhosis is characterized by widespread fi brosis in addition to the appear-
ance of nodules of regenerating hepatocytes. The nodules of hepatocytes are circular areas surrounded 
by scar tissue. The size and architecture of the nodes of hepatocytes, in turn, defi nes the type of cir-
rhosis which can be termed either macronodular or micronodular. Those nodes centered on a hepatic 
vein are termed macronodular, whereas nodes that lack lobular organisation are micronodular. 
Cirrhosis of the liver is normally accompanied by a number of life-threatening sequelae including 
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portal hypertension caused by hepatic vein compression, leading to ascites and esophageal varices, 
jaundice, hepatocellular carcinoma and hepatic encephalopathy. In the normal liver the extracellular 
matrix (ECM) forms the framework of the liver and a fi ne balance is struck between deposition and 
degradation. During chronic liver injury the balance between deposition and degradation of compo-
nents of the ECM becomes perturbed. This is accomplished by the transition of the hepatic stellate 
cell from a fat-storing phenotype to that typically associated with a myofi broblast. The myofi bro-
blastic or activated hepatic stellate cell expresses a variety of scar tissue ECM components, namely 
fi brillary collagens type I and III in addition to collagen type IV, fi bronectin, elastin and laminin 
 [  42  ] . In addition, activated hepatic stellate cells also express various tissue inhibitors of metallopro-
teinases (TIMPs) that prevent the breakdown of the scar ECM, thereby ensuring the perpetuation of 
the fi brotic tissue  [  42  ] . At present the only way to successfully resolve liver fi brosis is to treat the 
underlying cause of the liver injury. In patients suffering from hemochromatosis, this is typically 
achieved by phlebotomy  [  43  ] . Cirrhosis is known to be more resistant to resolution and can persist 
long after the injurious agent has been removed. The following sections will discuss in detail the 
iron-mediated processes that permit the development of fi brosis and cirrhosis.  

   2.2 Initiation of Fibrosis 

 The normal liver exhibits a tremendous capacity to tolerate injury and regenerate, even in the con-
tinued presence of an injurious stimulus. This can be demonstrated by the fact that clinical liver 
disease caused by excessive alcohol intake, hemochromatosis and viral hepatitis can often take many 
years to present  [  42  ] . Iron has been implicated as either the main cause or as an aggravating factor 
in a number of different types of liver disease that lead to cirrhosis  [  44  ] . Under normal physiological 
conditions, intestinal iron absorption is tightly regulated by the peptide hepcidin  [  45  ] . In the human 
body there is no dedicated iron excretion process and dysregulation of the iron uptake process leads 
to iron overload. Under normal physiological conditions, most uptake of iron by hepatocytes occurs 
via the internalisation of transferrin-bound iron  [  46  ] . Indeed internalisation of iron by hepatocytes 
also represents one of the few iron excretory pathways where it is excreted via the biliary system 
 [  16  ] . 

 During times of iron overload, i.e. hemochromatosis, iron loading occurs in hepatocytes proximal 
to the portal tract (acinar zone 1)  [  43  ] . It also appears that there is a hepatic iron threshold of 
60  μ mol/g over which early evidence of hepatic fi brogenesis, in the form of hepatic stellate cell 
activation, is seen  [  43  ] . When the hepatic iron concentration reaches levels between 250 and 
400  μ mol/g, liver cirrhosis is often present  [  47–  49  ] . Kupffer cells are the resident macrophage of the 
liver and normally reside in the hepatic sinusoid. They are also known to play an important part in 
iron metabolism and, in the latter stages of hemochromatosis, can store considerable amounts of iron 
 [  50  ] . It is excessive iron loading of hepatocytes and eventually Kupffer cells in hemochromatosis 
that is believed to be an initiating event that causes the transition of the liver from healthy to fi brotic. 
The role of iron in cirrhosis is somewhat clouded by the fact that another source of injury seems to 
be required for clinically relevant liver disease to become apparent  [  51  ] . The prevalence of cirrhosis 
in male C282Y homozygous patients is approximately 4–6%  [  51  ] . These results are at odds with the 
fi ndings that as many as 100% of male C282Y homozygous subjects display biochemical evidence 
of iron loading  [  51  ] . Taken together, these fi ndings clearly suggest that other factors are important in 
determining if an iron-loaded patient goes on to develop cirrhosis. It has been proposed that a second 
injurious insult is required for homozygous C282Y patients to develop clinically relevant liver dis-
ease, and to date, excessive alcohol consumption, viral hepatitis and obesity are the most frequently 
encountered cofactors  [  44  ] . The following sections will cover the role iron plays in initiating the 
cellular changes that lead ultimately to cirrhosis. 
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   2.2.1 The Role of the Hepatocyte 

 Injury to the parenchymal cells of the liver is generally required for cirrhosis to develop. Hepatocytes 
perform numerous critical roles including iron storage, bile secretion and detoxifi cation. In the 
course of performing these roles, hepatocytes are frequently exposed to numerous injurious stimuli. 
As the hepatic parenchyma is one of the principal sites of iron storage, this renders the hepatocyte 
susceptible to the oxidant stress generated by iron. Numerous pathways and mechanisms exist that 
protect cells from oxidant stress, but iron in excess can overrun these mechanisms resulting in cell 
injury and/or cell death. 

 Iron has been shown to initiate both apoptosis  [  52  ]  and necrosis  [  53  ]  of hepatocytes. In both cases 
hepatocyte death is thought to be due to oxidant stress with the degree of hepatocyte apoptosis being 
directly proportional to the hepatic iron concentration  [  52  ] . Hepatocyte apoptosis is mainly observed 
in the pericentral regions or acinar zone 3 which, interestingly, is also the area associated with the 
activated hepatic stellate cell phenotype yet distal to the site of early iron loading  [  43  ] . Key indica-
tors of oxidant stress in hepatocytes are the presence of the aldehydes MDA and 4-HNE  [  54  ] . These 
aldehydes are known to form protein adducts which can interfere with cell function causing apopto-
sis/necrosis  [  44  ] . Both can exert their effects away from their source of origin, and this may repre-
sent a mechanism by which hepatocyte apoptosis occurs distal to the regions of iron loading  [  43  ] . 
Transforming growth factor- β  (TGF- β ) is known to be synthesised by hepatocytes in the livers of 
patients with iron overload due to the C282Y mutation in HFE  [  55  ] . Many studies have demon-
strated the importance of TGF- β  as a profi brogenic cytokine  [  42  ] , although it should be noted that 
TGF- β  expression is not exclusive to hepatocytes in livers with excess iron  [  56  ] . Experimental iron 
loading of isolated hepatocytes has also been shown to induce the expression of interleukin (IL)-6 
through the transcription factor activator protein 1 (AP-1)  [  57  ] . In addition, iron also renders cul-
tured hepatocytes insensitive to the protection from oxidant stress elicited by tumor necrosis factor-
 α  (TNF α )  [  58  ] . As the ECM around the hepatocytes changes to that associated with fi brosis, 
hepatocytes become more susceptible to oxidant stress making them more likely to undergo apoptosis 
or necrosis  [  59  ] . Iron has also been shown to facilitate CYP2E1-induced hepatocyte damage by 
enhancing oxidant stress within the cell  [  60  ] . This fi nding is of particular relevance to alcoholic liver 
disease or in patients with hemochromatosis who consume excess alcohol, where the combination 
of iron and alcohol results in increased oxidative stress within hepatocytes.  

   2.2.2 The Role of the Kupffer Cell 

 Along with the hepatocyte, the Kupffer cell (resident hepatic macrophage) plays a major role in iron 
metabolism. As part of the reticuloendothelial system, these cells are responsible (in part) for the 
phagocytosis of senescent red blood cells and recycling heme-bound iron back to the plasma  [  46  ] ; 
Kupffer cells have also been shown to phagocytose sideronecrotic hepatocytes  [  50  ] . During times of 
iron overload, Kupffer cells, especially late in the disease, can contain relatively high concentrations 
of iron  [  50  ]  and this is particularly apparent in hemochromatosis associated with mutations in fer-
roportin  [  61  ] . Expression of ferroportin at the cell surface is under the regulation of hepcidin, and 
mutations in ferroportin are thought to prevent release of iron from the Kupffer cell  [  61  ] . 

 Ferrous iron has been shown to directly regulate the activity of the transcription factor nuclear 
factor  κ B (NF κ B) in cultured rat Kupffer cells, enhancing the expression of TNF α   [  62,   63  ] . It is also 
apparent that iron may be a cofactor, enhancing the expression of NF κ B-dependent genes (TNF α  
and IL-6) in a rat model of cholestasis  [  64  ]  and alcoholic liver disease  [  63  ] . It has been postulated 
that oxidant stress within the Kupffer cell, leading to the release of IL-6 and TNF α , is a key mecha-
nism that leads to activation of the hepatic stellate cell leading to its transformation to a profi bro-
genic myofi broblast  [  65  ] . IL-6 and TNF α  are known in other forms of liver disease to be key 



364 R.G. Ruddell and G.A. Ramm

regulators of the events leading to liver fi brosis and cirrhosis  [  42  ] . Interestingly IL-6 has also been 
shown to enhance hepatic iron uptake through transferrin, and it also upregulates the expression of 
serum ferritin  [  66  ]  possibly worsening the oxidant stress already present within the liver. In hemo-
chromatosis, iron loading of Kupffer cells has also been shown to induce the expression of intracel-
lular adhesion molecule-1 (ICAM-1) by adjacent hepatocytes  [  50  ] . The exact mechanism by which 
this occurs is unresolved, but ICAM-1 expression in the liver is sensitive to the presence TNF α   [  67  ] . 
ICAM-1 is known to mediate the binding and adhesion of leukocytes to cells and has been shown to 
be a crucial component in liver regeneration following injury  [  68  ] . 

 Kupffer cells are known to phagocytose iron-loaded hepatocytes that are undergoing apoptosis  [  52  ] . 
Previous studies have shown that phagocytosis of apoptotic hepatocytes by Kupffer cells leads to their 
activation, enhancing their pro-infl ammatory and profi brogenic role  [  69  ] . Activated Kupffer cells and 
activated hepatic stellate cells are also often found in close proximity in hereditary hemochromatosis; 
thus Kupffer cell activation has been suggested as an important event leading to fi brosis and cirrhosis 
 [  50  ] . Evidence also suggests that iron in combination with other factors such as alcohol leads to the 
activation of Kupffer cells in other liver diseases not related to iron overload  [  65,   70,   71  ] .  

   2.2.3 The Role of Other Cell Types 

   The Hepatic Sinusoidal Endothelial Cell 

 Hepatic sinusoidal endothelial cells separate hepatocytes and hepatic stellate cells from the blood 
and form the lining of the hepatic sinusoid. They play an important role in regulating hepatic micro-
circulation, and together with Kupffer cells, they play a role in the reticuloendothelial system, rep-
resenting the most powerful scavenger pathway in the body. In the cirrhotic liver, sinusoidal 
endothelial cells lose their fenestrations and become pseudo-capillarized, thus greatly affecting the 
fl ow of nutrient and oxygen across the space of Dissé to the hepatic stellate cell and hepatocyte. The 
role that sinusoidal endothelial cells play in iron metabolism is relatively unexplored, and subse-
quently their role in the development of cirrhosis linked to iron is even less well known. It is known 
that endothelial cells express mRNAs for a number of proteins involved in iron homeostasis (i.e. 
transferrin receptors 1 and 2, divalent metal transporter-1, ferroportin and hephaestin), but currently 
their role in iron metabolism remains to be clarifi ed  [  72  ] . Feeding a carbonyl iron diet to rats has 
been shown to induce acinar zone 1 loading of endothelial cells, as well as hepatocytes and Kupffer 
cells. This leads to the co-localization of hepatic iron with collagen  α 1(I) transcripts, MDA protein 
adducts and TGF- β 1 expression in hepatocytes and hepatic stellate cells, accompanied by minor 
necrosis and infl ammation  [  73  ] . In addition, colloidal iron is known to induce rapid defenestration 
and thickening of endothelial cells, but it is not known if the observed changes are due to the direct 
toxic effects of iron or due to the subsequent increases in oxidative stress. Experimentally induced 
hemolytic anemia leading to iron overload of the spleen, kidney and liver does not alter the iron 
content of the resident endothelial cells  [  74  ] . It therefore seems likely that iron during periods of 
overload may affect endothelial cell function and induce defenestration. The consequences of this, 
i.e. decreased sinusoidal blood fl ow and portal hypertension, are clearly important pathological fac-
tors associated with cirrhosis.  

   Cells of the Immune System 

 Unlike liver diseases such as viral hepatitis, alcoholic liver disease and non-alcoholic steatohepatitis, 
fi brosis and cirrhosis linked to hemochromatosis develops with very little evidence of infl ammation 
 [  9  ] . Mild infl ammation  [  75  ]  and necrosis (sideronecrosis)  [  76  ]  have been observed in periportal 
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areas of the liver associated with extreme iron loading. Infi ltration of the liver by CD3-positive T 
lymphocytes has been observed and correlated with hepatic iron concentration  [  75  ] ; however, the 
consequences of these observations remain unknown. A clear decrease in cytotoxic CD8-positive T 
lymphocytes has been well characterized in patients with hemochromatosis and is particularly appar-
ent in patients with cirrhosis  [  77,   78  ] . Cytotoxic T cells play an important role in the removal of 
infected cells, tumor cells and damaged or dysfunctional cells. The exact role that CD8-positive T 
lymphocytes play in iron-induced cirrhosis remains somewhat of an enigma.  

   Liver Progenitor Cells 

 Liver progenitor cells are responsible for liver regeneration during times of liver injury when hepa-
tocyte division is inhibited. Progenitor cell proliferation has been shown to occur in conditions such 
as alcoholic liver disease, viral hepatitis, non-alcoholic fatty liver disease and hereditary hemochro-
matosis  [  79,   80  ] . Experimental iron loading of rat livers using carbonyl iron leads to the appearance 
of liver progenitor cells in the periportal region and, with continued iron loading, also in the pericen-
tral region of the acinus. These cells were found to be free of iron and also negative for transferrin, 
indicating that progenitor cell expansion was a consequence of iron overload and is not directly 
causative  [  80  ] . It has recently been shown that progenitor cells acting through lymphotoxin- β  are 
able to induce signaling events in hepatic stellate cells that are thought to contribute to the regenera-
tive and fi brogenic response of the liver to injury  [  79  ] . Therefore, while iron does not appear to 
directly contribute to liver progenitor cell-mediated fi brogenic processes, progenitor cell expansion 
is implicated as mediating the response of the hepatic stellate cell to injury.    

   2.3 Iron and the Hepatic Stellate Cell 

 The hepatic stellate cell is primarily responsible for the qualitative and quantitative ECM changes 
associated with liver fi brosis and cirrhosis. In the normal healthy liver, hepatic stellate cells exist in 
the space of Dissé in close proximity to the sinusoidal endothelial cells and Kupffer cells on one side 
and the hepatocytes on the other. This close proximity makes them a key mediator in the transport of 
soluble factors from the circulation to the hepatic parenchyma. They also store considerable amounts 
of vitamin A in intracellular vesicles, with the amount dependent on their location within the liver 
 [  81  ] . Typically hepatic stellate cells located in areas near the portal tract (periportal) have been 
shown to contain signifi cantly more vitamin A than those near the central vein of the hepatic lobule 
(pericentral)  [  82  ] . The hepatic stellate cell is highly sensitive to various stimuli that trigger transdif-
ferentiation of the cell to a myofi broblast associated with proliferation, chemotaxis, fi brogenesis, 
contractility and leukocyte chemoattraction  [  83  ] . The number of receptors expressed by the hepatic 
stellate cell is considerable, and they are known to respond to chemokines (chemokine C-C ligands 
(CCL) 2 and 5), cytokines (interleukins 1 β , 6, 8, 10, interferon γ  and TNF α ), growth factors (platelet-
derived growth factor-BB, insulin-like growth factor-1, TGF β  and epidermal growth factor) and 
neuroendocrine agents (serotonin  [  84  ] , angiotensin and endothelin)  [  42  ] . When in their quiescent 
stage, hepatic stellate cells also express the mRNAs for a number of genes known to be important in 
iron homeostasis (e.g. hepcidin, ferroportin 1, ceruloplasmin and transferrin receptors 1 and 2)  [  72  ] . 
In addition, the hepatic stellate cell is the only resident liver cell known to express bone morphoge-
netic protein 6  [  85  ] , which has recently been shown to be a key regulator of hepcidin expression  [  86, 
  87  ] . These fi ndings alone suggest that hepatic stellate cells may be important in iron sensing or, 
alternatively, iron may facilitate hepatic stellate cell activation. The dazzling array of events that lead 
to the activation of the hepatic stellate cell is complex and still being deciphered. What is clear is that 
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the myofi broblastic hepatic stellate cell is directly responsible for the scar matrix seen in the fi brotic 
liver which is the main event in the development of liver cirrhosis. Scar tissue of the cirrhotic liver 
is readily identifi ed in histochemical sections using the collagen stain Sirius red, and similarly, myo-
fi broblastic hepatic stellate cells can be identifi ed using antibodies to  α -smooth muscle actin ( α SMA) 
 [  88  ]  The following sections will outline those events mediated directly by iron, by oxidant stress as 
a result of iron and iron-associated/binding proteins that result in hepatic stellate cell activation. 

   2.3.1  Patterns of Hepatic Stellate Cell Activation and Matrix Remodeling 
as a Result of Iron Overload 

 In the early stages of iron overload when hepatic iron concentrations are around 60  μ mol/g dry 
weight,  α SMA-positive or activated hepatic stellate cells are located in regions close to the central 
vein  [  43  ] . This is distal to the site of iron loading which usually occurs in regions close to the portal 
tract. As iron loading progresses, activated hepatic stellate cells appear in areas close to and eventu-
ally in areas near to the portal tract  [  43  ] . While this would appear to be counterintuitive, as in heredi-
tary hemochromatosis injury occurring initially in periportal areas, it has also been observed in 
another liver disease state (hepatitis C) where activated hepatic stellate cells appear in apparently 
healthy liver tissue  [  89  ] . The reason for this observation is unclear, but it would seem that soluble 
factors are able to infl uence hepatic stellate cells distal to their source. A number of animal models 
have also been used to model iron overload, but contrary to results seen in human hereditary hemo-
chromatosis, activated hepatic stellate cells were found close to siderotic hepatocytes. Feeding the 
carbonyl iron diet to rats has been shown to induce acinar zone 1 loading of hepatocytes, Kupffer 
cells and sinusoidal endothelial cells. This led to the co-localization of hepatic iron with collagen 
 α 1(I) transcripts, MDA protein adducts and TGF β 1 expression in hepatocytes and hepatic stellate 
cells  [  73  ] . Similar results were observed in male gerbils subcutaneously dosed with iron dextran 
 [  56  ] . Iron loading of the liver induced the expression of collagen by hepatic stellate cells around the 
iron foci (periportal areas) with animals going on to develop micronodular cirrhosis after 4 months 
of iron dextran injections. Marked proliferation of hepatic stellate cells around the regions of regen-
erating hepatocyte nodules was also observed  [  56  ] . 

 Matrix remodeling, regulated by TIMPs and matrix metalloproteinases (MMPs), is also known to 
occur in patients with iron overload, and this is thought to contribute directly to the progression of 
hepatic fi brosis  [  90  ] . TIMP1 is known to be elevated during times of cirrhosis, is expressed by acti-
vated hepatic stellate cells and plays a key role in preventing scar tissue breakdown  [  91  ] . In addition 
to the upregulated expression of TIMP1 by hepatic stellate cells, the other arm of matrix remodeling, 
namely MMP expression, remains relatively unchanged in hemochromatosis patients  [  90  ] . This 
study did not, however, go on to describe the distribution of TIMP1 and MMPs in the cirrhotic 
liver.  

   2.3.2 Direct Effects of Iron on Hepatic Stellate Cell Activation 

 During iron overload, the hepatic stellate cell is not the principal site of iron storage. However, 
hepatic stellate cells undoubtedly have the ability to sequester iron  [  92,   93  ] , thus presenting a pos-
sible mechanism by which iron and iron-related oxidant stress may infl uence hepatic stellate cell 
biology. Both iron ascorbate and ferric nitrilotriacetate have been shown to directly enhance the 
exchange of Na + /H +  leading to accelerated hepatic stellate cell proliferation and collagen type 1 
expression in vitro  [  94  ] . Gardi et al. were also able to show that ferric iron was able to modestly 
enhance collagen synthesis and, at higher doses, induce the proliferation of hepatic stellate cells and 
the activity of MMP-2  [  95  ] . In culture, iron aldehydes and other pro-oxidants were found to induce 
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heme oxygenase expression within activated hepatic stellate cells but were not able to induce the 
expression of collagen mRNA. Heme oxygenase is known to have an important role in protecting 
cells from oxidant stress  [  96  ] . In addition, other fi broblastic cell types have been shown to respond 
to iron overload in a fi brogenic manner, with enhanced expression of TGF β 1 and collagen type 1 
being observed after iron loading in vitro  [  97  ] . 

   Role of Iron-Binding Proteins in Hepatic Stellate Cell Activation 

 A number of proteins that interact with iron have been shown to be important in hepatic stellate cell 
activation, including the iron-storage protein ferritin. Normally ferritin acts to store iron within the 
cell in an inert but biologically available form. During times of iron overload and infl ammation, 
serum ferritin becomes markedly elevated. The precise reasons why serum ferritin is elevated are 
unknown, but it has been postulated that ferritin may have additional roles other than simply iron 
storage. In iron overload conditions, ferritin released from damaged hepatocytes and/or Kupffer 
cells may contribute signifi cantly to the local hepatic ferritin concentration. A number of studies 
have identifi ed specifi c receptors for both H- and L-ferritin subunits which appear to be involved in 
ferritin endocytosis  [  93,   98–  100  ] . T-cell immunoglobulin and mucin domain-2 (Tim-2) and transfer-
rin receptor 1 have been identifi ed as H-ferritin endocytic receptors  [  98,   100,   101  ]  whereas Scara5 
internalises L-ferritin  [  99  ] . The physiological relevance of these fi ndings is unknown as much of this 
work was conducted in cell lines. Hepatic stellate cells express Tim-2  [  102  ] , although it is unclear 
whether this is the receptor responsible for ferritin endocytosis in these cells  [  93  ] . Ferritin has been 
shown to act as a pro-infl ammatory cytokine in hepatic stellate cell biology, by inducing a protein 
kinase C- ζ  (PKC- ζ )-dependent signaling event, elicited via an as yet unknown receptor, which 
results in the upregulation of NF κ B-regulated infl ammatory genes (IL-1 β , inducible nitric oxide 
synthase, ICAM-1, CCL5) associated with the profi brogenic phenotype of hepatic stellate cells 
 [  102  ] . Of interest, these signaling pathways appear to be entirely independent of iron, as iron-free 
apoferritin and recombinant H- and L-ferritins all had similar effects on gene expression  [  102  ] . 
Activated hepatic stellate cells also express both transferrin receptors, which mediates the enhanced 
expression of  α SMA and collagen  α  

1
 (I)  [  92  ] . These two proteins may represent important profi bro-

genic factors associated with iron overload and hemochromatosis. 
 Cytoglobin is an iron-binding protein that has been shown to protect the hepatic stellate cell 

against oxidative stress and has been investigated as a potential suppressor of hepatic stellate cell 
activation. Cytoglobin was fi rst identifi ed in activated hepatic stellate cells  [  103  ]  and has now been 
described in many splanchnic fi broblast cells. It is a new member of the hexacoordinate globin 
superfamily  [  104  ] . The precise role of cytoglobin is unclear, but it has been shown to scavenge toxic 
radicals such as nitric oxide, peroxynitrite and hydrogen peroxide, thereby protecting cells from 
oxidant stress  [  105  ] .   

   2.3.3 Role of Iron-Mediated Oxidant Stress in Hepatic Stellate Cell Activation 

 The general consensus is that hepatic stellate cells in vivo are not directly subject to iron-induced 
oxidant stress due to iron uptake. Rather, hepatic stellate cell activation during iron overload is a 
result of the release of ROS, protein adducts and various cytokines and chemokines from hepato-
cytes and Kupffer cells. Early studies performed by Parola et al. showed lipid peroxidation (induced 
by iron and ascorbic acid) and 4-HNE can directly infl uence procollagen gene expression and syn-
thesis in hepatic stellate cells  [  106  ] . Using the iron-dextran model of iron overload in the gerbil, 
Montosi and colleagues  [  96  ]  were unable to fi nd evidence of ferritin accumulation (suggesting no 
iron uptake), or the presence of MDA-protein adducts in activated hepatic stellate cells surrounding 
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iron-laden hepatocytes. In culture, however, iron, aldehydes and other pro-oxidants were able to 
induce the expression of heme oxygenase but not collagen mRNA  [  96  ] . This is work was further 
supported by in vitro studies using hepatocyte-conditioned medium from cells treated with ferric 
nitrilotriacetate to induce hepatocyte oxidant stress. The conditioned medium was able to stimulate 
enhanced hepatic stellate cell proliferation and also the activity of Na + /H +  exchanger, a protein 
known to regulate cell proliferation  [  107  ] . MDA and 4-HNE have also been shown by others to 
induce procollagen expression in hepatic stellate cells and fi broblast cells  [  108  ] . ROS derived from 
hepatocytes expressing CYP2E1 was observed to increase the rate of hepatic stellate cell prolifera-
tion and the levels of  α SMA and collagen expression in culture, effects enhanced by the presence of 
ferric nitrilotriacetate  [  109  ] . Conversely, other in vitro studies using conditioned medium from iron-
loaded hepatocytes have shown the opposite effects, where proliferation of activated hepatic stellate 
cells was inhibited through a TGF β 1-dependent mechanism  [  110  ] . Other studies were also unable to 
show any effects of 4-HNE and MDA on the activation of hepatic stellate cells as assessed by the 
expression of  α SMA protein  [  111  ] . Thus the role of these lipid peroxidation by-products on hepatic 
stellate cell activation remains controversial.   

   2.4 Fibrosis/Cirrhosis Therapies 

 Phlebotomy is frequently used to treat patients with hereditary hemochromatosis presenting with 
iron overload, and in general this is a highly effective therapy at reducing both iron levels and fi bro-
sis  [  43,   49  ] . As iron is also implicated in a number of other diseases that lead to cirrhosis, including 
viral hepatitis  [  112  ] , alcoholic liver disease  [  113  ]  and non-alcoholic fatty liver disease  [  114  ] , phle-
botomy has been trialed as a therapy for these diseases with varying degrees of success. Antioxidants 
have also been investigated as potential therapeutics in iron-associated liver fi brosis. Vitamin E 
( α -tocopherol) has been shown to completely inhibit iron overload-induced fi brosis in the gerbil 
 [  56  ] , with others showing this possibly occurs through the inhibition of the formation of aldehyde 
adducts  [  115  ] . However, no thorough studies have been performed using vitamin E as a therapy for 
iron-induced fi brosis in human subjects due to the effi cacy of phlebotomy therapy.  

   2.5 Summary 

 In summary, hepatic cirrhosis is a life-threatening consequence of iron overload. Cirrhosis is the 
abnormal deposition of scar tissue within the liver and is usually the result of prolonged iron over-
load within the liver. Iron loading occurs primarily in the hepatocytes in the periportal regions of the 
liver, gradually extending to regions closer to the central vein with time. As iron loading reaches 
extreme levels, Kupffer cells also exhibit signifi cant levels of iron. It is the iron loading of these cells 
and the concomitant oxidative stress that lead to cellular necrosis and apoptosis. As hepatocytes and 
Kupffer cells undergo necrosis and apoptosis, they release a number of different mediators that con-
tribute to the activation of the hepatic stellate cell. The activated hepatic stellate cell then begins the 
process of scar matrix deposition associated with fi brosis. As the injury due to iron continues, the 
activated hepatic stellate cell will continue to deposit scar tissue until the liver becomes cirrhotic. 
The cellular interactions and major cytokines and growth factors that are believed to play a role in 
the genesis of hepatic cirrhosis are summarised in Fig.  18.2 . The damage caused to hepatocytes and 
Kupffer cells by excess iron deposition, combined with the abnormal liver architecture due to scar 
tissue deposition, leads to the morbidity and mortality associated with hepatic iron overload. If diag-
nosed early, phlebotomy is highly effective at reducing iron burden and simultaneously the liver can 
return to a normal architecture.    
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   3 Iron and the Pancreas 

 The pancreas is an organ that exhibits both endocrine and exocrine functions. During pathological 
iron overload, areas of the pancreas including  β -cells and acini  [  116  ]  show evidence of iron loading 
and this phenomenon is thought to be responsible for the diabetes observed in patients suffering 
from extreme iron overload. The exocrine function of the pancreas also appears to be affected in 
patients with iron overload as a consequence of frequent chronic blood transfusion  [  117  ] . Studies 
performed using rats indicate that  β -cells express higher levels of transferrin receptor than  α -cells, 
and that with progressive iron loading,  β -cells demonstrate elevated intracellular ferritin levels and 
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  Fig. 18.2    Cellular interactions and mechanisms leading to wound healing in hepatic iron overload. Iron deposition in 
hepatocytes ( H ) and Kupffer cells ( KC ) subsequent to increased intestinal iron absorption leads to lipid peroxidation, 
cellular damage and eventually apoptosis and necrosis. Lipid peroxidation by-products 4-hydroxynonenal ( 4-HNE ) 
and malondialdehyde ( MDA ), as well as transforming growth factor- β  ( TGF- β  ) and interleukin 6 ( IL-6 ) and the iron-
storage protein ferritin released by dying cells, are then postulated to play a role in the phenotypic transformation of 
the hepatic stellate cell ( HSC ) to a myofi broblast. The transformed HSC is then primarily responsible for matrix 
remodeling and scar tissue deposition in the livers of hemochromatotic patients. The role that lymphocytes ( L ), plate-
lets ( P ) and the immune system in general play in the development of fi brosis/cirrhosis is not fully understood. An 
array of other factors known to play a role in the development of cirrhosis associated with other types of liver injury 
have also been postulated to infl uence cirrhosis linked to hemochromatosis. Dashed arrows represent potential path-
ways requiring further investigation. CCL-5, chemokine ( C-C motif ) ligand-5; CCL-2, chemokine ( C-C motif ) 
ligand-2; IGF-1, insulin-like growth factor-1; IL-1 β , interleukin 1 β ; PDGF-BB, platelet-derived growth factor-BB; 
TNF α , tumor necrosis factor- α  (adapted from Ramm and Ruddell  [  9  ] )       
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eventually stainable iron  [  118  ] . Studies on the mammalian pancreas have shown that  β -cells also 
express a number of proteins involved in iron homeostasis, and these include hepcidin, ferroportin 
and DMT-1  [  119  ] . Restriction of iron in the Otsuka Long-Evans Tokushima fatty rat model of type 
2 diabetes resulted in decreased oxidative stress in the pancreas as indicated by markers of lipid 
peroxidation; furthermore, peroxisome proliferator-activated receptor- δ  (PPAR δ ) and insulin expres-
sion were found to increase  [  120  ] . PPAR δ  is known to play a role lipid accumulation, and the PPAR δ  
agonist GW-501516 has been used experimentally to treat pathologies associated with the metabolic 
syndrome in obese men  [  121  ] . Iron chelation or phlebotomy may represent mechanisms to treat the 
pathologies associated with type 2 diabetes. It is apparent that the  β -cell is particularly ill-equipped 
to deal with oxidant stress due to low expression levels of superoxide dismutase and glutathione 
peroxidase  [  122  ] . Given that  β -cell iron loading is seen in patients with  β -thalassemia and hemo-
chromatosis and the ability of iron to catalyse the formation of ROS, it is not unreasonable to hypoth-
esise that the observed diabetes maybe due to the presence of iron in the  β -cell. A separate study 
found that while mutations in  HFE  are linked to diabetes mellitus, they were not linked with pan-
creatitis and pancreatic adenocarcinoma  [  123  ] . This would suggest that damage sustained by the 
iron-loaded pancreas is not widespread and may be limited to  β -cells. Damage to  β -cells can also be 
mediated by cytokines such as TNF α  and IL-1 β , resulting in decreased insulin production  [  124  ] . In 
patients with  β -thalassemia that received frequent blood transfusion, this was found not to be the 
case as levels of these cytokines were not elevated  [  125  ] . It has also been suggested that diabetes 
associated with iron overload may be more the result of hepatic insulin resistance leading to diabetes 
rather than a lack of insulin production  [  126,   127  ] . In addition, Suvarna and colleagues found in 
chronically transfused  β -thalassemia patients a correlation between hyper-insulinemia and indica-
tors of iron overload before the onset of frank diabetes mellitus  [  126  ] . 

 In summary, iron accumulation occurs within the parenchyma of the pancreas in diseases such as 
hemochromatosis and in chronically transfused  β -thalassemia patients. Iron is associated with 
decreased insulin signaling; whether this is due to decreased insulin production by  β -cells or is due 
to decreased hepatic insulin sensitivity remains to be defi nitively proven.  

   4 Hepatocellular Carcinoma 

   4.1 Introduction 

 HCC is a common primary malignancy of the liver  [  128  ]  that usually occurs secondary to liver dis-
eases with diverse etiologies. Affl ictions of the liver that cause cirrhosis are generally a prerequisite 
for the development of HCC, and in patients with compensated cirrhosis, HCC is the number one 
cause of mortality  [  129  ] . One such disease is hereditary hemochromatosis. Patients suffering with 
hemochromatosis have an estimated overall rate of HCC of approximately 6–10%  [  130,   131  ] . This 
translates to an approximate 20–200-fold increased risk of developing HCC  [  132  ] , leading to 
25–45% of all premature deaths associated with hemochromatosis  [  133–  135  ] . Other risk factors that 
are also known to increase the chances of a patient with hemochromatosis developing HCC include 
viral infection (hepatitis B and C), male gender, excessive alcohol consumption and non-alcoholic 
fatty liver disease  [  136  ] . The exact role of the various cells and processes thought to be involved are 
still being dissected. However, chronic liver injury typically results in the impaired function and 
proliferation of hepatocytes, invoking a coordinated mobilisation of the liver progenitor cell com-
partment. Liver progenitor cells are readily transformed in vivo and have high rates of proliferation 
 [  137  ] . A number of studies have now implicated liver progenitor cells in the progression of HCC 
 [  138,   139  ] .  
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   4.2 Mechanism of Iron-Induced Hepatocellular Carcinoma 

 Iron loading of the liver, whether it is due to hemochromatosis, high dietary intake or  β -thalassemia, 
has been linked directly to the increased risk of developing HCC  [  130,   140,   141  ] . Iron loading of the 
liver also occurs in other forms of chronic liver disease  [  44  ] , and the role that this iron plays in the 
progression from cirrhosis to HCC remains unclear. Iron is an essential nutrient known to be crucial 
in normal cell function; however, in excess, iron and the resultant oxidant stress induced by iron have 
a demonstrated capacity to induce carcinogenic changes  [  36  ] . Iron has also been shown to stimulate 
the proliferation of both normal hepatocytes and hepatoma cell lines  [  142–  144  ] . The early stages of 
HCC are characterized by iron-free foci within the livers of patients with hemochromatosis which 
are thought to be areas of rapidly dividing hepatocytes or stem cells  [  136  ] . As the tumor increases in 
size, angiogenesis and tumor encapsulation become important factors regulating tumor size and 
spread. The following sections will discuss the role iron plays in the development HCC in the con-
text of iron overload. 

   4.2.1 Iron and DNA Damage 

 The transcription factor p53 regulates the progression of the cell cycle and is intimately linked to the 
suppression of tumor growth. It is activated by a number of different stress factors, including DNA 
damage, reactive oxygen species and osmotic shock. The resulting cellular effects of p53 activation 
include the activation of DNA repair genes, arrest of the cell cycle at the G 

1
 /S checkpoint and the 

initiation of apoptosis. Mutations that alter or inhibit the functionality of p53 have been linked 
directly to carcinogenesis. The oxidative stress associated with iron loading in the livers of patients 
with hemochromatosis has been shown to cause mutations in the p53 gene predisposing them to 
HCC. Three studies have identifi ed a number of mutations within the p53 gene  [  36,   145,   146  ] . Each 
of these studies identifi ed different hotspots within the gene, for example, codon 220  [  146  ] , codons 
249 and 250  [  36  ]  and codons 273 and 298  [  145  ] . The difference in the mutational hotspots identifi ed 
by these studies were attributed to possible differences in the prevalence of other contributing factors 
such as viral hepatitis and alcoholic liver disease  [  145  ] . Iron-mediated ROS generation via the 
Fenton reaction is thought to lead to point mutations in DNA. Iron is known to directly associate 
with DNA, and it is thought that the location of this iron binding may determine the substrate and 
nature of the damage  [  37  ] . For example, iron-mediated oxidative damage to DNA occurs preferen-
tially at the following sites – R T GT, TA T TY, CT T R and  NGG G – leading to cleavage at the site of 
the bold underlined nucleotide  [  37  ] . Extensive mechanisms exist to ‘repair’ damaged DNA; how-
ever, these mechanisms may be overwhelmed during times of iron loading, resulting in base-pair 
transversion  [  37  ] . At present the presence of other mutations associated with HCC is relatively 
underreported.  

   4.2.2 Iron and Proliferation 

 Given that iron is an essential component of many cellular functions, it is logical that its availability 
would be an important factor in regulating cell proliferation. Iron has been shown to promote the 
proliferation of a number of cells of hepatocyte lineage in vitro  [  143,   144  ] , and it has also been 
shown to stimulate hepatocyte growth and hepatomegaly in a rodent model of iron overload  [  142  ] . 
Several studies have shown that iron-chelating agents are able to inhibit hepatocyte growth, suggest-
ing that they have a potential role as anti-tumor agents  [  144,   147  ] . The exact mechanism that under-
lies the increased rate of hepatocyte proliferation in response to iron remains largely unexplored; 
however, some evidence indicates a direct effect of iron on cyclin D1 expression  [  142  ] . Cyclin D1 is 
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known to regulate cell cycle progression. Iron overload in rat liver has been shown to signifi cantly 
increase cyclin D1 expression in the hepatocyte, resulting in elevated rates of hepatocyte prolifera-
tion  [  142  ] . Chronic iron overload in rats has also been shown to induce the proliferation of the liver 
stem cell compartment  [  80  ] . Similarities between the choline-defi cient, ethionine-supplemented diet 
(also carcinogenic) and the carbonyl-iron-supplemented diet were observed, except that stem cells 
induced by carbonyl iron were negative for transferrin  [  80  ] .  

   4.2.3 Iron and Non-parenchymal Cells 

 As mentioned previously, HCC is generally preceded by cirrhosis  [  131,   136  ] , and the one cell type 
known to be primarily responsible for scar matrix deposition in the cirrhotic liver is the hepatic stel-
late cell  [  9  ] . A growing body of evidence suggests that the hepatic stellate cell is an important media-
tor in the processes that are involved in the development of HCC  [  148–  150  ] . While hepatic stellate 
cells are not a major site of iron storage, they are recognised as a potential mediator of the effects of 
iron in fi brosis and they are activated in response to hepatic iron loading  [  43,   92,   93,   102,   151  ] . The 
iron-binding protein transferrin and the iron-storage protein ferritin have both been shown to elicit 
profi brogenic changes in hepatic stellate cells  [  92,   102  ] . Hepatic stellate cells may also play a role 
in mediating angiogenesis of the solid tumor being able to promote endothelial proliferation in 
response to soluble factors released by a hepatoma cell line  [  149  ] . Hepatic stellate cells, or more 
specifi cally activated myofi broblasts, also play a role in host defense, encapsulating the tumor and 
infl uencing local hepatic invasion  [  152,   153  ] .  

   4.2.4 Iron and the Immune System 

 The immune system plays an important role in regulating the growth of tumors in a number of 
organs and HCC is no exception  [  154  ] . Iron is also a recognised mediator of immune function and 
vice versa  [  155  ] , and during times of iron overload, it is plausible that altered immune function due 
to iron may alter the progression of HCC. While the interactions between iron and immunity and the 
immune response to HCC have been extensively investigated, the impact of iron overload on the 
immune response to HCC remains somewhat of an enigma. The local HCC tumor microenvironment 
is known to be immunosuppressive  [  156  ] , and immune cells from patients with HCC exhibit a sig-
nifi cant decrease in the numbers of CD16+ NK cells  [  157  ] . The mechanisms behind this decreased 
NK activity in patients with HCC are unknown; however, low counts of NK cells are seen in patients 
with hemochromatosis, and thus the two may be related  [  158  ] . Non-transferrin-bound iron is known 
to inhibit CD4+ T-lymphocyte proliferation  [  159  ] , and this may in part be responsible for the reduced 
CD4+ cells seen in patients with  β -thalassemia and hemochromatosis  [  136  ] . Iron-laden ferritin is 
also known to regulate T-lymphocyte proliferation and function  [  160  ]  possibly through a newly 
described H-ferritin receptor  [  98  ] . Iron is also known to inhibit the tumoricidal activity of peritoneal 
macrophages  [  161  ] .   

   4.3 HCC Therapies 

 The prognosis for a patient suffering with HCC is poor often because of the advanced stages of the 
cancer at the time of diagnosis, preventing liver transplantation  [  132  ] . When diagnosed early, treat-
ment modalities include resection, transplantation and percutaneous ablation. The most widely used 
percutaneous ablation methods include ethanol injection and radiofrequency ablation. Other methods 
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also trialed include acetic acid injection, boiling saline injection and cryotherapy to name but a few 
 [  162  ] . Success of these methods is dependent upon tumor size with smaller tumors (less than 2 cm) 
being treated with almost 100% success rates  [  162  ] . Phlebotomy is frequently used to treat patients 
with hemochromatosis and is very effective at lowering iron levels and preventing transition to cir-
rhosis which is frequently accompanied by HCC  [  132  ] . Once cirrhosis (whatever the cause) has 
developed, patients are still at an elevated risk of developing HCC; however, improved management 
of the tumor and complications of cirrhosis have signifi cantly prolonged the life expectancy of 
patients  [  129  ] . Investigations into the therapeutic value of iron chelation have shown the ability of 
agents such as deferoxamine and ICL670 to inhibit the growth of hepatoma cell lines  [  144,   147  ] , but 
the effects of these agents in vivo remain unproven.  

   4.4 Summary 

 HCC is a very common primary malignancy of the liver. It occurs in cirrhotic patients, and for those 
suffering with hemochromatosis, it is the number one cause of premature death. Iron is known to 
play a key role in the transition of the healthy liver to cirrhosis. It can also mutate DNA leading to 
dysregulation of the tumor suppressor gene p53. Iron is a vital component of many cellular reac-
tions, and chelation of iron has been shown to signifi cantly decrease the proliferation of cells derived 
from HCC. Iron also induces the proliferation of the stem cell compartment which has been shown 
to be an important step in the progression to HCC. Relatively little is known about the effects of high 
iron levels on the immune system and how this impacts the progression of HCC. It is known that 
high iron levels negatively impact upon CD4+ T-cell numbers, macrophage function and NK cell 
counts. Treatment for HCC can be effective if the disease is diagnosed in its early stages, and this 
can be achieved by regular monitoring of those patients with chronic liver disease. Advances in the 
detection methods used to determine the transition from cirrhosis to HCC currently represent the 
best way to minimise the impact of HCC on patient health.   

   5 Iron and Ischemic Heart Disease 

   5.1 Introduction 

 Ischemic heart disease (IHD) can be defi ned as the acute or chronic loss of oxygenated blood supply 
to the heart muscle leading to reduced heart function. IHD can be a stable condition (angina) appar-
ent during times of mild to moderate physical exertion, or it can be unstable, deteriorating with time 
resulting in myocardial infarction and death. The cause of the decrease in cardiac blood fl ow is often 
associated with smoking, hypertension, a diet high in saturated fats and cholesterol, and type 2 dia-
betes mellitus. The net effect of these factors is the partial occlusion and decreased elasticity of the 
coronary artery leading to reduced cardiac muscle blood supply. The commonest cause of coronary 
artery occlusion is atherosclerosis, a process whereby fatty acids, cholesterol, calcium, fi brous tissue 
and macrophages are deposited to form an atheroma on the lumen of the artery wall. With time, the 
atheroma will usually get bigger and can result in the total blockade of the coronary artery leading 
to death. Reduced oxygenated blood fl ow to the cardiac muscle leads to hypoxia and the rapid devel-
opment of necrosis in those tissues affected. 

 Recent scientifi c advances suggest that hypoxia-linked necrosis in the heart is a coordinated event 
involving a number of signaling pathways. ATP depletion is an initiating factor in ischemia-induced 
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necrotic cell death with calcium and ROS also playing a role. During necrosis, elevated cytosolic 
calcium levels and ROS lead to mitochondrial dysfunction, loss of ATP production and activation of 
proteases and phospholipases. The necrosing cell also releases immunomodulatory factors that 
mediate infl ammation and engulfment by phagocytes.  

   5.2 Identifi cation of Iron as a Potential Mediator of Ischemic Heart Disease 

 The role of iron in ischemic heart disease is controversial and has been the source of much debate, 
with some studies indicating a correlation  [  163,   164  ]  and others no correlation  [  165,   166  ] . The 
contentious hypothesis is that sustained or mild iron defi ciency is protective against ischemic heart 
disease. How, why and if iron depletion is protective against IHD will be covered in the following 
section. A possible link between iron and IHD was fi rst identifi ed in 1981  [  163  ]  when it was 
observed that premenopausal women exhibit rates of heart disease lower than three in 1,000 per 
year. One factor common to almost all premenopausal women under the age of 45 is the low levels 
of stored iron and median serum ferritin levels of 25 ng/ml  [  163  ] . The levels of serum ferritin (an 
indicator of body iron stores) in women correlate with the incidence of IHD, and in older women 
with higher levels of serum ferritin, there is an observed increase in death due to IHD  [  167  ] . In this 
study the observed correlation did not specify how or why iron status may affect the prevalence or 
severity of IHD. 

 Although the work of Sullivan proposed a role for iron in IHD, several other studies have failed 
to demonstrate such a link  [  166,   168,   169  ] . Most recently, a prospective study of a healthy popula-
tion in France found no major role for iron status in the development of IHD  [  165  ] . Interestingly, the 
correlation between iron and IHD prevalence is also dependent upon ethnicity  [  170  ] . Black South 
African men have far lower rates of IHD and, due to the practice of preparing food in iron cooking 
vessels, can have levels of hepatic iron approaching 2% dry weight  [  171  ] . Conversely men and 
women of Indian origin with low iron stores have a far higher rate of IHD, comparable or greater 
than the local white population  [  172  ] . While the iron status of a person may or may not correlate 
with likelihood of developing IHD or its severity, a role for iron in the pathologies associated with 
IHD has been widely reported.  

   5.3 Mechanisms of Iron-Induced Injury in the Ischemic Heart 

 Given the well-described catalytic role of iron in the generation of ROS, perhaps the most plausible 
explanation for the negative role of iron in IHD can be linked to this function. Indeed, data do exist 
demonstrating a role for iron in catalysing the formation of the hydroxyl radical in the aging rat 
heart following ischemia and reperfusion  [  173  ] . These effects were not observed in younger rat 
hearts and may represent a mechanism contributing to the increased sensitivity of the myocardium 
to hydrogen peroxide  [  173  ] . Iron has also been shown to mediate changes in myocardial membrane 
turnover and integrity, with the iron-chelating agent deferoxamine reducing lactate dehydrogenase 
release, MDA formation and improving myocardial contractility following ischemic injury and rep-
erfusion  [  174  ] . In addition, ischemia also reduces cardiac mitochondrial function as represented by 
a decrease in oxidative phosphorylation in the rat heart, and this is further exacerbated following 
reperfusion of the ischemic heart  [  175  ] . Interestingly, iron is not the only metal implicated in post-
ischemic injury. Data also suggest that copper is mobilised and plays an important role in the genera-
tion of ROS following ischemia  [  176  ] . 
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 Iron also appears to play a role in the progression and stability of the atherosclerotic plaque that 
contributes directly to IHD. Iron was fi rst localized to the atherosclerotic plaque in patients suffering 
with IHD  [  177  ]  and in rabbits fed a diet high in cholesterol  [  178  ] . In addition, a number of other lines 
of enquiry have provided further evidence for the presence of iron and iron-storage proteins associ-
ated with macrophages and foam cells in the atherosclerotic plaque  [  179  ] . Macrophages are known 
to be a site of iron turnover and readily take up lipids and cholesterol from the blood. It has been 
proposed that high iron and lipid content are toxic to the macrophage and surrounding cells, thereby 
expanding the atherosclerotic lesion  [  179  ] . The enhanced size and instability of the lesion contribute 
directly to the severity of IHD. 

 Iron may also have a protective role in the progression of IHD. Iron has been implicated in 
experimental ischemic preconditioning in the isolated rat heart in a process whereby brief 
(<5 min) ischemia protects the heart from a more prolonged period of ischemia  [  180  ] . Iron has 
been shown to induce the expression L-chain ferritin which in turn acts as a sink for reactive iron 
preventing iron-mediated oxidant damage  [  180  ] . The levels of myocardial ferritin immediately 
following ischemia in a dog experimental model were observed to be related to the degree of 
ischemia  [  181  ] . These fi ndings suggest that at the cellular level, regulation of iron availability is 
important in the response to cardiac ischemia. Elevated serum ferritin was also observed 24 h 
after severe experimental brain ischemia in rats  [  182  ] . This suggests that ferritin may play a 
general protective role in ischemic injury by storing excess iron and reducing subsequent splanch-
nic oxidant stress. Patients suffering with IHD and who also exhibited a low serum iron concen-
tration were found to be in a pro-infl ammatory state. Factors such as TNF α  and IL-6 were 
upregulated, and cardiac protective factors such as IGF-1 were downregulated when compared to 
IHD patients with normal serum iron  [  183  ] . These fi ndings suggest a completely opposite role 
for iron to what one might expect, indicating that iron may play a cardiac protective role in 
patients with IHD.  

   5.4  Removal of Iron as a Potential Preventative Measure 
or Therapy for Ischemic Heart Disease 

 Chelation of iron using deferoxamine and dexrazoxane has been shown to improve cardiac function 
and energy metabolism post ischemia in rabbit and rat models of ischemia reperfusion cardiac 
injury  [  184,   185  ] . These data suggest that iron plays a role in the pathology of reperfusion injury, 
possibly by limiting the generation of oxygen free radicals  [  185  ] . The iron-chelating agent defer-
oxamine has also been shown to be benefi cial in the recovery of sheep skeletal muscle following 
ischemic injury, suggesting a detrimental role of iron in the recovery process  [  186  ] . Preventing the 
iron from getting into the heart muscle also represents another possible therapy for ischemic heart 
disease and for cardiomyopathies associated with hemochromatosis. Recent studies have shown 
that uptake of iron by the heart muscle in patients with hemochromatosis is dependent upon L-type 
calcium channels  [  187  ] . L-type calcium channel blockers such as amlodipine and verapamil have 
been used experimentally to reduce cardiac iron overload in mice, suggesting that these agents may 
also be of benefi t to patients with hemochromatosis  [  188  ] , although whether this approach will 
benefi t patients with IHD remains to be seen. Restricted dietary iron intake  [  189  ]  and chelation of 
iron with deferoxamine  [  190  ]  in mice and rabbits with experimentally induced atherosclerotic 
lesions have been shown to increase plaque stability  [  189  ]  and reduce lesion size  [  190  ] . Whether 
iron depletion is also benefi cial to atherosclerotic plaque size and stability in humans suffering with 
IHD remains to be determined.  



376 R.G. Ruddell and G.A. Ramm

   5.5 Ischemic Heart Disease and Hereditary Hemochromatosis 

 Mutations in the  HFE  gene that lead to iron loading of the liver are also known to result in the 
deposition of excessive iron within the heart. Given that iron status may correlate with the preva-
lence and severity of IHD, it is not unreasonable to propose that the incidence and severity of IHD 
would be far greater in patients with hemochromatosis. Several studies have indicated that the two 
most common  HFE  mutations (C282Y and H63D) are not linked with IHD  [  191–  193  ] . Experimentally, 
mice lacking the  Hfe  gene show increased cardiac iron loading and evidence of increased ROS gen-
eration following ischemia and reperfusion injury when compared to wild-type mice  [  194  ] . This has 
yet to be investigated in human studies.  

   5.6 Summary 

 The role of iron in IHD remains controversial. Experimental evidence in animal models of IHD and 
atherosclerosis would suggest that iron does have a negative impact on the progression of IHD. 
However, the role of iron in patients suffering with IHD remains somewhat of a mystery with more 
information required before a more fi rm conclusion is reached.   

   6 Concluding Remarks 

 While iron is an essential element required for normal cellular function, in excess it is toxic to the cell. 
This chapter has discussed our current knowledge of the mechanisms by which excess iron causes cel-
lular damage leading to tissue injury and organ failure and the processes involved including hepatic 
fi brogenesis, the development of cirrhosis, the generation of HCC, as well as the role played by iron in 
IHD. There have been signifi cant advances in our understanding of the mechanisms associated with 
these disease processes in hemochromatosis; however, there still remain considerable gaps in our 
knowledge. Some of the more vexing questions that remain include: What role does infl ammation play 
in this non-infl ammatory condition? With ferritin now appearing to play a role in infl ammation associ-
ated with hepatic fi brosis, what is the source of serum ferritin and what function does it serve? What is 
the physiological and pathological role of the newly described ferritin receptors? In this enigmatic 
disease there is still much to learn about the complex interaction between resident and non-resident 
hepatic cells, the role of iron in tumor formation and extrahepatic disease complications and how iron 
infl uences the normal wound healing response of the liver. The precise role that iron plays in IHD is 
debatable and will remain so until the publication of more defi nitive studies. As with all pathologies 
described in this chapter, the role of iron remains unclear and at times controversial, with many other 
factors infl uencing the disease progression of each individual. A considerable amount of future study 
is still required to fully elucidate the mechanisms involved in iron-induced chronic disease.      
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   1 Introduction and Historical Perspective 

 The clinical phenotype of hemochromatosis – cirrhosis, diabetes, and pigmentation of the skin – has 
been recognized since the late nineteenth century  [  1  ] . Over the next 100 years, the molecular basis 
of inappropriate uptake and deposition of excessive quantities of iron in tissues became clearer. This 
began with the recognition of an autosomal recessive disorder linked to the short arm of chromo-
some 6  [  2–  4  ] . In 1996, discovery of a point mutation of the  HFE  gene  [  5  ]  became an important 
portal to a better understanding of the genetic basis and expression of hereditary hemochromatosis. 

 It is now known that the C282Y mutation in HFE, in which a single base change sees tyrosine 
substituted for cysteine at position 282, accounts for up to 90% of cases of hemochromatosis (“classic 
hemochromatosis”) in populations of northern European origin  [  6  ] . A second mutation, leading to 
the H63D substitution in the HFE protein, is quite common in a number of populations, but is usually 
not associated with iron loading, nor is a third, but much rarer, mutation, S65C  [  7  ] . The genes 
affected in a range of other genetically linked disorders (most notably juvenile hemochromatosis, 
TFR2-related hemochromatosis, and ferroportin-related iron overload) that behave variably like 
classic hereditary hemochromatosis have also been identifi ed  [  8–  12  ]  and are considered in detail in 
Chap.   20    . 

 HFE-related hereditary hemochromatosis is characterized by inappropriately high iron absorp-
tion and progressive body iron overload. Clinical manifestations are linked to the deposition of this 
iron in tissues. While the liver is most commonly affected  [  13  ] , other effects include cardiac disease, 
diabetes mellitus, hypogonadism, arthropathy, and skin pigmentation  [  14–  16  ] . Typically, a long 
asymptomatic phase precedes onset of symptoms in midlife related to end-organ dysfunction. 

    Chapter 19   
 HFE-Associated Hereditary Hemochromatosis       

         Richard   Skoien         and    Lawrie   W.   Powell           
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Since the discovery of specifi c genetic mutations and the understanding of modes of inheritance, 
there has been signifi cant interest in the role of screening and early identifi cation of at-risk individuals. 

 There is good evidence that early identifi cation and effective therapy, through regular venesec-
tion, can prevent disease  [  17,   18  ] . Untreated iron overload related to hemochromatosis is associated 
with an increased risk of hepatocellular carcinoma  [  19  ]  which is mostly, but not always, related to 
hepatic cirrhosis  [  20  ] . Recently, there has also been interest in the presence of  HFE  gene mutations 
in association with other conditions  [  21,   22  ] . Hereditary or primary hemochromatosis should be 
distinguished from diseases which lead to a secondary iron overload state (e.g., thalassemia major, 
hemolytic or sideroblastic anemia, dietary or parenteral iron overload) which may also respond to 
iron-reduction therapy.  

   2 Mutation Analysis and Prevalence 

 The most common form of hereditary hemochromatosis is associated with mutation of the  HFE  gene 
located on chromosome 6. Two mutations of this gene that contribute to iron overload – C282Y and 
H63D – have been described. 

 The prevalence of the C282Y allele among Caucasian populations is 2–5%  [  23  ] . The genetic 
mutation probably originated more than 2,000 years ago  [  24  ]  and spread through north-western 
Europe via Celtic or Viking migration  [  25–  28  ] . This extraordinary prevalence means homozygosity 
for the C282Y mutation appears in 1 in 200 of those of northern European descent  [  27  ] . 

 Inheritance of HFE-related hemochromatosis is autosomal recessive, but penetrance is variable 
 [  29  ] . On cross-sectional studies, normal ferritin levels have been reported in 20% of men and 40% 
of women homozygous for the C282Y mutation  [  30–  33  ] . In a large Australian longitudinal study 
over 12 years of people with northern European ancestry, the proportion of male C282Y homozy-
gotes with documented iron-overload-related disease was only 28.4%  [  34  ] . The proportion of female 
homozygotes with disease was only 1.2%, although 30% of all homozygotes in that study had previ-
ously undergone phlebotomy. 

 A second  HFE  gene mutation sees a substitution of aspartic acid for histidine at position 63 
(H63D). It is more common than the C282Y mutation (15–20% allele frequency in the general popu-
lation  [  35,   36  ] ), and its contribution to iron overload is controversial. H63D homozygosity is rare 
among patients with hemochromatosis, suggesting that the mutation is not pathological. Supporting 
this argument is evidence that frequency of the mutation among controls and patients is similar  [  37  ] . 
The literature suggests that the H63D mutation has only a mild effect on iron homeostasis  [  38–  40  ]  
and probably is a disease-related mutation with low clinical penetrance  [  41  ] . The specifi c contribu-
tion of the H63D mutation to iron overload without other risk factors is diffi cult to assess from 
human population studies  [  23  ] . 

 A third mutation, S65C, has also been isolated, but there is no convincing evidence that it is 
linked with hereditary hemochromatosis  [  42  ] . It has been reported to interfere with H63D mutation 
analysis because of its close proximity, giving a false H63D homozygous result in a S65C/H63D 
compound heterozygote  [  43  ] .  

   3 Symptoms and Presentation 

 Symptoms of classic hereditary hemochromatosis usually begin with the onset of nonspecifi c com-
plaints (e.g., fatigue, joint pain). The progression from these symptoms to those related to end-organ 
dysfunction is inconsistent. Variable presentation in subjects with the same genotype is evidenced by 
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the fact that in 25–30% of C282Y homozygotes, the disease never progresses beyond the biochemical 
phase of elevated transferrin saturation  [  2,   32  ] . A rising serum ferritin is indicative of progressive accu-
mulation of iron in parenchymal tissues. Generally, in affected individuals, there is a gradual, stepwise 
trend towards organ damage which follows the relentless uptake and deposition of iron into tissues. 

 All patients who are homozygous for C282Y are genetically predisposed to this chain of events, 
but the process is infl uenced by many factors, and currently, it is impossible to predict phenotypic 
expression or its severity  [  34  ] . Examining data from a large longitudinal Australian population study 
 [  44  ] , Allen et al. found that for C282Y homozygotes of northern European extraction, only 21 of 74 
men (28.4%) and 1 of 84 women (1.2%) satisfi ed criteria for documented iron overload-related dis-
ease  [  34  ] . Recent studies have estimated that disease develops in 25–60% of C282Y homozygotes 
 [  45,   46  ] . 

 Other studies have also described very low phenotypic penetrance of the C282Y mutation. Less 
than 1% of affected individuals suffered disease attributable to hereditary hemochromatosis in a 
cross-sectional US population study of subjects aged 20–80 years  [  32  ] . Exclusion of one quarter of 
homozygotes previously diagnosed with hereditary hemochromatosis may account for this fi nding. 
A Scandinavian study found no evidence of liver disease associated with hereditary hemochromato-
sis  [  47  ] , although these results were potentially infl uenced by selective mortality bias. Best estimates 
are that a signifi cant proportion of C282Y homozygotes will develop iron overload-related disease, 
although the true penetrance is lower than previously believed. 

 Of those who develop end-organ damage, liver involvement is common to both adult-onset ( HFE-  
and  TFR2 -related disease) and juvenile hemochromatosis  [  2  ] . Cardiomyopathy and heart failure, 
arrhythmias, diabetes, and hypogonadotrophic hypogonadism are more prevalent in adult forms of 
the disease  [  48,   49  ]  but may be seen also in juvenile forms where endocrine or cardiac manifesta-
tions may be the presenting complaint. Skin and joint involvement are also common in adults. This 
notwithstanding, early detection of abnormally high ferritin and transferrin saturation levels means 
that some patients are completely asymptomatic at diagnosis. In fact, the classic triad of bronzed 
skin, cirrhosis, and diabetes described over 100 years ago is now rare in adults diagnosed with 
hereditary hemochromatosis. Fatigue, malaise, and arthralgias are now the most common symptoms 
at presentation and are often associated with hepatomegaly and abnormal aminotransferase levels 
 [  2  ] . Fatigue is present in up to 60% of subjects with hemochromatosis  [  50  ]  and is more common in 
C282Y homozygotes than controls  [  51  ] , although it is nonspecifi c and its utility in the diagnosis of 
hemochromatosis has been questioned  [  32  ] . 

 Liver fi brosis and cirrhosis due to iron overload are a signifi cant cause of morbidity and mortality. 
The prevalence of cirrhosis has been reported in studies of C282Y homozygotes identifi ed by popu-
lation screening  [  52  ] , health assessments  [  18  ] , and family studies  [  53  ] . In these respective studies, 
the prevalence of cirrhosis was variable (18%, 4.2%, and 5.6% in men and 5%, 0.3%, and 1.9% in 
women, respectively) perhaps owing to population variation. In a population of C282Y homozy-
gotes of northern European descent, Allen et al. reported the prevalence of fi brosis to be 13.5% and 
cirrhosis to be 2.7%  [  34  ] . Clinical examination reveals hepatomegaly in the vast majority (95%) of 
symptomatic patients  [  13  ] . 

 Hepatocellular carcinoma (HCC) develops predominantly in male cirrhotic patients and increases 
in incidence with age  [  13,   14,   54,   55  ] . Different populations also seem to experience different degrees 
of HCC penetrance, suggesting ethnic or environmental factors also play a role  [  56  ] .  HFE  mutations 
do not appear to impart an increased risk of development of other malignancies  [  57  ] . 

 Cardiac manifestations are only seen in 3–10% of symptomatic patients  [  14  ] , although sequelae 
of iron deposition in the myocardium and conducting bundles can develop rapidly and become fatal. 
Of patients with overt symptoms, 35% have electrocardiographic (ECG) abnormalities, 15–30% 
develop congestive cardiac failure, and 20–30% suffer dysrhythmias  [  13  ] . 

 Diabetes is an important endocrine complication of hereditary hemochromatosis. It is seen in 
65% of symptomatic homozygotes  [  58  ] , although the incidence of diabetes in asymptomatic patients 



388 R. Skoien and L.W. Powell

is similar to that of controls  [  33,   34  ] . Other endocrine consequences include disruption of the 
hypothalamic–pituitary axis. Serum levels of testosterone are generally lower in symptomatic males, 
and 35–40% suffer from impotence  [  14,   59  ] . Women also exhibit lower levels of circulating luteiniz-
ing hormone and follicle-stimulating hormone, and amenorrhea affects 15%  [  6  ] . Hypothyroidism 
has also been described but is not as common  [  59  ] . 

 Arthropathy is common, affecting 20–70% of symptomatic patients  [  14,   32,   34  ] . Typically, the 
metacarpophalangeal joints of the hands are affected. Radiological imaging shows the characteristic 
hook osteophytes and changes seen in pseudogout. Hips and knees are also affected and, to a lesser 
degree, shoulders and ankles.  

   4 Pathophysiology 

 The exact role of HFE in iron metabolism is unknown. Studies have demonstrated an association 
between HFE and the transferrin receptor, an interaction lost when HFE is mutated, suggesting that 
HFE may play a role in regulating iron entry into cells  [  61,   62  ] . However, it is its role as regulator of 
hepcidin that is best understood (see Chap.   9    ). Variable penetrance of  HFE  gene mutations has ham-
pered the investigation of factors that modify phenotypic expression. Animal studies suggest that the 
C282Y mutation alone does not completely disrupt HFE function, suggesting the importance of 
interactions with other proteins and additional insults in the phenotypic expression of HFE muta-
tions  [  63  ] . 

 In the last decade, elucidation of the role of hepcidin in iron metabolism has led to a better under-
standing of  HFE  gene expression. As an important regulator of iron metabolism, hepcidin acts to 
reduce the intestinal absorption of iron and inhibits the release of iron from reticuloendothelial cells 
 [  64–  66  ] . It has been demonstrated that C282Y homozygotes with rare hepcidin ( HAMP ) mutations 
are overrepresented in patients with severely elevated iron stores  [  67  ] . Heterozygous mutation of 
hemojuvelin ( HJV ) is also associated with more severe iron indices compared with sex- and age-
matched C282Y homozygous controls. 

 For patients who are heterozygous for C282Y, the  HAMP  mutation appears to confer a more 
aggressive phenotype  [  67  ] . Indeed, the severity of iron overload may relate to the severity of the 
 HAMP  mutation itself and represent a “second hit” in subjects with existing C282Y homozygosity 
 [  22  ] . Similarly, high indices of iron status are also seen for compound heterozygotes (C282Y/H63D) 
with mutations of either hepcidin or hemojuvelin  [  68  ] . It is likely more genes which affect the HFE 
phenotype are yet to be found. 

 In hemochromatosis, it is believed that liver parenchymal injury results from oxidative stress 
resulting from iron overload and the toxic effects of redox-active iron  [  2  ] . Iron is a key molecule in 
the activation of hepatic stellate cells and extracellular matrix gene expression  [  69  ]  leading to fi brosis. 
Degradation of the extracellular matrix by metalloproteinases also seems to be inhibited in hemo-
chromatosis  [  70  ] . This topic is considered in detail in Chap.   18    . There is interest, therefore, in anti-
oxidant enzymes (e.g., GSTP1) which protect the cell from reactive oxygen species produced in 
response to iron overload  [  71,   72  ] . It is believed that many genetic polymorphisms for these enzymes 
probably exist to explain different phenotypic expression of HFE mutations. Further studies into the 
interaction and expression of antioxidant enzymes in iron overload are continuing. 

 Alcohol excess increases iron accumulation in hepatocytes and Kupffer cells  [  73  ] . This occurs 
via a number of mechanisms, and it seems likely, although unproven, that alcohol excess increases 
the penetrance of the C282Y genotype  [  50,   73  ] . Clinically, alcohol abuse certainly increases the risk 
of cirrhosis in C282Y homozygotes, but the molecular basis for this remains unknown. The combi-
nation of hereditary hemochromatosis and heavy alcohol use increases the risk of cirrhosis, up to 
tenfold, at lower total body iron levels  [  74–  76  ] . There is emerging evidence that  HFE  heterozygosity 



38919 HFE-Associated Hemochromatosis 

itself aggravates hepatic iron loading in other diseases, such as alcoholic liver disease  [  77–  79  ]  and 
Hepatitis C  [  80,   81  ] . 

 The pathophysiology of hemochromatosis-related diabetes mellitus is more complex than simple 
iron deposition causing direct damage to pancreatic islet cells. A predisposition to diabetes appears to 
be important as it is more likely to develop in patients with a positive family history and rarely 
resolves with treatment for hemochromatosis  [  15  ] . It is characterized by insulin resistance, evidenced 
by high circulating insulin levels, and is diagnosed in up to 65% of symptomatic patients  [  58  ] .  

   5 Laboratory Testing and Diagnosis 

 The presence of symptoms and signs of iron overload should trigger an appropriate work-up for pos-
sible hereditary hemochromatosis. Unfortunately, in outside specialist centers, there is often a poor 
understanding of the issues surrounding diagnosis and management of hemochromatosis. In a large-
scale survey of American physicians, it was discovered that a signifi cant proportion of physicians were 
unaware of the population at risk for developing hemochromatosis, the pathogenesis of iron overload-
associated complications, and the potential benefi ts of screening appropriate populations  [  82  ] . 

 Before the discovery of the  HFE  gene mutation, hereditary hemochromatosis was diagnosed 
primarily by liver biopsy. Since 1996, diagnosis is based upon consistent clinical symptoms and/or 
signs attributable to iron overload, accompanied by a high transferrin saturation and serum ferritin 
level, in subjects found to be homozygous for the C282Y mutation after gene testing. Biopsy is now 
reserved for gaining prognostic information about the extent of liver injury, particularly the presence 
or absence of cirrhosis. 

 In cases of established hemochromatosis, an appropriate diagnostic work-up should be pursued 
to evaluate the degree of iron overload and the extent of other visceral and metabolic consequences 
of the disease  [  83  ] . Although the liver is most commonly implicated in the expression of hemochro-
matosis, there is considerable variation in liver enzyme abnormalities. Quantifying parenchymal 
iron can either be done via biopsy or other noninvasive imaging techniques. 

 Transferrin saturation is the best initial screening test as saturation in excess of 45% detects virtu-
ally all affected C282Y homozygotes  [  84  ] . While there is some debate surrounding the appropriate 
cutoff, anywhere between 45% and 70% in the literature  [  85  ] , it is clear that a borderline test requires 
further investigation. It is acknowledged that although transferrin saturation and genotype are cor-
related, this association may vary by age, sex, and ethnic group  [  39  ] . 

 Ferritin is a very sensitive test for iron overload but is nonspecifi c. As an acute phase reactant, 
levels are raised in a range of infl ammatory illnesses and are also often abnormal in chronic liver 
disease of varying etiologies. Where possible, the ferritin level should be rechecked after the infl am-
matory condition has subsided or acute hepatocellular damage (e.g., alcoholic liver disease) has 
resolved. The serum ferritin level has, however, become an important predictor of the presence of 
disease related to hereditary hemochromatosis. C282Y homozygotes with a serum ferritin in excess 
of 1,000  μ g/L are at greater risk of symptoms and disease than subjects with a lower ferritin level 
 [  34,   86  ] . Those with levels below this, and patients under the age of 35 years, are very unlikely to 
have cirrhosis  [  83,   87  ] . Arthropathy has been previously shown not to be associated with ferritin 
levels  [  53  ] . 

 Measurement of these biochemical levels is generally simple and inexpensive, making them ideal 
screening tests, and primary carers are encouraged to maintain a high index of suspicion for hemo-
chromatosis  [  88  ] . This is especially the case where patients have otherwise unexplained conditions 
or symptoms that are attributable to iron overload. Generally, it is reasonable to test for  HFE  gene 
status if either the transferrin saturation or serum ferritin level is high. Further diagnostic and prog-
nostic tests should be initiated if hemochromatosis is confi rmed. 
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 For homozygous patients with a normal ferritin level and no evidence of liver disease, biochemical 
surveillance is appropriate with annual serum ferritin and transferrin measurements. The same sur-
veillance principle applies for compound heterozygotes, who are at much lower risk of iron overload 
 [  89  ] , albeit less frequently (e.g., every 3 years). About a quarter of C282Y heterozygotes will have 
abnormal transferrin and/or ferritin concentrations, although the latter is often due to chronic or infl am-
matory disease. Clinically signifi cant iron accumulation is rare in C282Y simple heterozygosity  [  21  ] . 

 H63D homozygosity also carries a rare risk of iron overload, and such patients should be treated 
like C282Y heterozygotes. Compound heterozygotes (i.e., C282Y/H63D genotype) are at higher 
risk of iron overload and behave phenotypically like C282Y homozygotes with considerably 
increased serum transferrin saturation and ferritin levels  [  90  ] . However signifi cant iron overload is 
uncommon in such subjects. Obviously, H63D homozygosity and C282Y heterozygosity have 
implications for offspring who may be at risk of hemochromatosis depending upon their other 
inherited genotypes. 

 First-degree relatives of affected individuals should be tested for hereditary hemochromatosis 
 [  85,   91  ] . Symptoms, apart from lethargy, are generally far less prevalent in relatives compared to 
probands. Nevertheless, identifi cation of at-risk relatives has implications for surveillance and treat-
ment, particularly when one considers the proportion of asymptomatic patients with signifi cant 
end-organ damage. There is a reasonable argument for genetic testing of the spouse of a C282Y 
homozygote rather than all offspring  [  43  ] . This approach could reduce the burden on genetic labora-
tory resources and allow offspring to be followed with less expensive biochemical surveillance.  

   6 Role of Liver Biopsy and Measurement of Hepatic Iron 

 Prior to the discovery of  HFE  gene mutations and the development of reliable genetic testing, liver 
biopsy played a major role in the diagnosis of hemochromatosis. Special iron stains, such as the 
Perls’ Prussian blue test, were employed to confi rm the diagnosis. Quantitative assessment of hepatic 
iron content (HIC; in  μ mol/g of liver, dry weight) is possible using biochemical testing of biopsy 
specimens. The calculation of the hepatic iron index (HIC divided by age) gives an objective mea-
sure with an index above 1.9 and typical iron deposition on histology being strongly suggestive of 
hereditary hemochromatosis, although this cutoff is not absolute  [  83,   92  ] . In cases    of secondary iron 
overload, iron is preferentially taken up by Kupffer cells, whereas in hereditary hemochromatosis, 
there is virtually no iron seen in Kupffer cells and a predominantly periportal distribution of iron is 
typically seen. 

 Due to the development of other methods of estimating iron loading, biopsy has now become 
primarily a test of prognostic value and assessment of the severity of fi brosis is a major indication 
for biopsy. However, studies have identifi ed patient and biochemical parameters that have a strong 
negative predictive value for fi brosis, thereby obviating the need for an invasive procedure that car-
ries risks of sampling error  [  93  ]  and a complication rate of approximately 0.5% in some series  [  94, 
  95  ] . Fibrosis is very uncommon where the serum ferritin is <1,000  μ g/L, seen in only 1–3% of such 
patients  [  86  ] . 

 In studies of patients homozygous for the C282Y mutation, no increase in hepatic fi brosis was 
seen in patients under 40 years of age, without hepatomegaly or abnormal liver enzymes and serum 
ferritin levels <1,000  μ g/L  [  59,   87,   96  ] . Accordingly, it has been generally accepted that liver biopsy 
is only indicated in patients over 40 years, with hepatomegaly and abnormal liver enzymes, or serum 
ferritin levels in excess of 1,000  μ g/L, or a combination of these factors  [  86  ] . Liver biopsy also 
serves to investigate other causes of liver disease where the diagnosis is equivocal. 

 Hepatic iron content can be noninvasively assessed using imaging modalities such as MRI. Using 
a highly T2-weighted protocol, MRI demonstrates a strong inverse relationship between T2 and iron 
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content. In a study of over 100 patients, a strong correlation (0.98) has been shown between MRI-based 
and biopsy estimates of liver iron, with a prediction error comparable to the intrinsic variability of 
liver biopsy  [  97  ] . In another series of 112 patients, positive and negative predictive values of 100% 
for hemochromatosis were established for estimated hepatic iron concentrations of greater than 
85  μ mol/g and less than 40  μ mol/g, respectively  [  98  ] . A number of studies have validated the tech-
nology  [  99  ] , but the development of a quantifi cation algorithm is complex, meaning that MRI is not 
universally available for this purpose  [  100  ] . MRI also appears to be sensitive and accurate in detect-
ing cardiac iron deposition  [  61,   101  ] .  

   7 Natural History and Disease Progression 

 Untreated classic hemochromatosis generally results in gradual accumulation of body iron, as evi-
denced by a progressive rise in serum transferrin and ferritin levels. Using data collected from sur-
veys and standardized clinical evaluations over a 17-year period, Australian investigators found that 
the median transferrin saturation rose from 42% to 76% in a Caucasian cohort later found to be 
homozygous for C282Y  [  46  ] . Clinical features were present in only 50% of the group at diagnosis, 
but these symptoms and signs were not specifi c for hemochromatosis. Serum ferritin levels either 
increased or remained relatively stable in eight of ten homozygotes, but a persistent level in excess 
of 500  μ g/L was associated with advanced fi brosis or cirrhosis. The authors concluded, therefore, 
that a single transferrin saturation level in patients under the age of 40 years may not adequately 
predict a benign course. 

 Parenchymal iron storage usually must exceed 10 g before organ damage ensues due to hemo-
chromatosis. This process of insidious accumulation means that the disease does not usually become 
clinically apparent until middle age. In fact, it is unusual to see severe liver disease under the age of 
35 years  [  83  ] . 

 Using data from a large longitudinal study of an Australian population over 12 years, Allen et al. 
found that the rate of death from any cause was not increased in C282Y homozygotes compared with 
wild-type controls  [  34  ] . This fi nding is consistent with some previous reports but inconsistent with 
earlier work showing an increased risk of death compared to the normal population  [  13  ] , although 
cirrhosis was probably overrepresented in that cohort. Hepatocellular carcinoma (HCC) accounts for 
about 30% of all deaths in hereditary hemochromatosis, and other complications of cirrhosis account 
for an additional 20%  [  13,   14  ] .  

   8 Treatment 

   8.1 Venesection 

 Early work established a survival benefi t for patients with hemochromatosis who undergo phlebot-
omy  [  13,   102  ] , and venesection has now become the standard treatment  [  103  ] . Instituted before the 
onset of end-organ damage, phlebotomy can avoid all known complications of hemochromatosis 
 [  104  ] . Hepatocellular carcinoma remains a rare complication in noncirrhotic patients  [  20,   55  ] . 

 Although venesection is effective, the effects on symptoms and signs of disease are variable  [  83  ] . 
Typically, skin pigmentation, abnormal serum transaminase levels, and abdominal pain are respon-
sive to treatment with approximately 70% of patients showing improvement. Fatigue abates in 55% 
of patients, and 30–40% can expect some improvement in noncirrhotic fi brosis, arthralgia, impaired 
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glucose tolerance, and cardiac manifestations. The effect of treatment on impotence is poor, with 
only a small proportion of patients (19%) experiencing improvement in symptoms  [  83  ] . 

 Unfortunately, some symptoms may worsen during phlebotomy. Arthralgias worsen in 20% of 
patients undergoing therapy, and some patients acquire arthralgias, fatigue, or impotence (14% for 
each) during treatment  [  83  ] . 

 Hepatic fi brosis can be reversed with phlebotomy  [  13,   105  ] , with a recent study documenting a 
reduction of at least 2 METAVIR units in 47% of treated patients  [  17  ] . Cirrhosis is irreversible 
despite venesection, as are symptoms related to established arthritis. Once diabetes mellitus has 
become insulin-dependent, it is not amenable to therapy for iron overload  [  83  ] . Interestingly, the 
severity of portal hypertension in cirrhosis is affected by the removal of iron  [  106  ] , with a reduction 
in variceal grade and bleeding risk. 

 The objective of “induction” venesection is to deplete the body of excess iron, and a regime of 
regular phlebotomy can be designed based upon calculations of total body iron. Each 500 mL of 
whole blood removed contains approximately 250 mg of iron. Patient progress can be followed 
using serum parameters of ferritin and MCV  [  103,   107  ] , with the target being a serum ferritin level 
of less than 50  μ g/L. Iron defi ciency is indicated by a serum ferritin <25  μ g/L and mandates suspen-
sion of phlebotomy. Iron-defi ciency anemia should be avoided. Serum transferrin saturation levels 
usually remain elevated until iron stores are depleted. 

 Maintenance phlebotomy is performed, usually every 3 months, to keep pace with reacquisition 
of iron through normal dietary intake. Although animal models have shown that an iron-defi cient 
diet reduces acute liver cell injury and attenuates chronic fi brosis  [  69  ] , strict dietary iron restriction 
is unnecessary. Iron-rich foods, such as red meat and liver, should be avoided or signifi cantly cur-
tailed, however, as should iron supplements and vitamin C  [  83  ] . A small study has suggested that 
low-dose proton pump inhibitor therapy inhibits dietary iron absorption and may be a useful adjunc-
tive therapy  [  108  ] . Young women, who are menstruating regularly, may not require venesection or 
may require less aggressive therapy. Blood from hereditary hemochromatosis patients appears to be 
safe for blood banks to use  [  109,   110  ] , although few have allowed patients as donors to date.  

   8.2 Iron Chelation 

 Iron chelation by parenteral deferoxamine therapy has no advantages over phlebotomy, but it is indi-
cated in certain circumstances. Patients with early-age onset of hemochromatosis may rapidly develop 
cardiac complications, particularly cardiomyopathy and arrhythmias. These conditions, often asso-
ciated with  FPN1 ,  TFR2 ,  HJV , or  HAMP  mutations, may require a combination of aggressive phle-
botomy and iron chelation therapy. Erythrocytapheresis    has been shown, in small case series, to 
reduce iron measures in patients with severe hemochromatosis, intolerance of phlebotomy, or coin-
heritance of  β -thalassemia  [  111,   112  ] . Erythropoietin may augment these benefi ts  [  113,   114  ] . 

 From experience in treatment for hemoglobinopathies and myelodysplastic syndromes, patients 
usually report lower quality of life measures with iron chelation therapy  [  115  ] . Therefore, simple, 
effective, nontoxic oral iron-reducing therapy has been a goal for many years. After much develop-
ment and clinical trials, deferiprone (Ferriprox; LI) was licensed in Europe and elsewhere in 1999 
for the treatment of secondary iron overload  [  116  ] . Side effects, however, have precluded its wide-
spread acceptance. 

 More recently, the approval of deferasirox (Exjade ® , ICL670) in the USA, Europe, and many 
other countries for the treatment of secondary iron overload, particularly due to thalassemia and 
sickle cell anemia, has marked a signifi cant advance in the treatment of such disorders  [  117  ] . 
Deferasirox has shown good effi cacy and safety in iron-overloaded subjects with a long half-life of 
8–16 hours providing sustained 24-h chelation coverage  [  118  ] . However, its role in the treatment of 
primary iron overload and, in particular, HFE-associated hemochromatosis has not yet been established, 
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and clinical trials are continuing. If these prove effective, it could provide a safe, effective, and con-
venient alternative to venesection therapy.  

   8.3 Liver Transplantation 

 Studies have shown that liver transplantation for hemochromatosis is associated with poorer survival 
than for other causes of end-stage disease  [  119,   120  ] . Late diagnosis, often at the time of transplanta-
tion, and the concurrence of hepatocellular carcinoma have been implicated as possible explana-
tions. It has also been suggested that gross hepatic iron deposition is associated with high infection 
rates after transplantation. For these reasons, hemochromatosis patients should undergo intensive 
de-ironing by phlebotomy and possible desferrioxamine, if possible, before transplantation. 

 It has been speculated that differences in survival may be due to unknown functions of the  HFE  
gene  [  121  ]  and hepcidin  [  122  ]  in the context of infection and immunological response. A multi-
center US study of 260 patients with end-stage liver disease and iron overload found signifi cantly 
lower 1- and 5-year survival rates (64% and 34%, respectively) for patients with hereditary hemo-
chromatosis compared with unaffected patients  [  121  ] . A retrospective study of 153 consecutive 
transplant patients found a strong association between stainable iron in the explanted liver and fun-
gal infection on multivariate analysis  [  123  ] . Although human data are scarce, it has been postulated 
that iron could play an important role in inhibiting phagocyte and T and B cell function. 

 Iron overload itself is associated with a higher risk of early mortality compared with the overall 
population undergoing liver transplantation. It has, however, been suggested that iron overload is 
associated with poorer outcome as it is a surrogate marker for advanced disease of any etiology 
 [  124  ] . 

 The metabolic abnormality of hemochromatosis may be successfully reversed with liver trans-
plantation  [  125–  127  ] . Transplant patients who receive livers from donors with a normal HFE geno-
type do not reaccumulate iron. Normal biochemical markers post transplant also suggest that the 
liver itself is responsible for the basic defect in HFE-related hemochromatosis. Transplantation 
offers a unique model for the study of HFE expression and the pathophysiology of hemochromato-
sis, and further studies are awaited.   

   9 Early Identifi cation and Population Screening 

 There has been considerable interest in markers of early, often asymptomatic, disease and the iden-
tifi cation and treatment of potentially at-risk individuals. Diagnosis of hemochromatosis before the 
onset of symptoms occurs in up to 30% of patients  [  14  ] , and advanced cirrhosis is detected in 
approximately 5% of asymptomatic sufferers  [  13,   128,   129  ] . Venesection has been shown to reverse 
hepatic fi brosis  [  18  ] , and this underlines the importance of identifying asymptomatic homozygotes 
with advanced disease. 

 A consensus on population genetic screening has not yet been established  [  18,   83,   130  ] . 
Hemochromatosis, with its typically long asymptomatic phase and the capacity for serious morbid-
ity and mortality, meets most WHO criteria for population-based screening  [  92  ] . As treatment is 
simple, cheap, and effective, the fi nancial benefi ts of screening are obvious, although it has been 
suggested that any large-scale screening must be accompanied by an appropriate investigation of 
possible underlying liver disease  [  131  ] . Advances in the laboratory have improved throughput and 
turnaround times for genetic testing, making large volume screening technically feasible  [  42  ] . 
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 Due to the prevalence of  HFE  gene mutations in the general population, the clinical and public 
health implications of early detection strategies based upon genotype are substantial. The prevalence 
of HFE mutations, and C282Y in particular, is different among populations of different ethnicities 
 [  27  ] . Genetic screening has been variable in its utility and cost-effectiveness due to these differences 
 [  132  ] . Although the prevalence of the H63D mutation is higher, this mutation alone does not estab-
lish a diagnosis of hemochromatosis, and therefore, phenotypic screening has gained more support. 

 Early identifi cation of asymptomatic homozygotes must be balanced against those individuals, 
especially heterozygotes, who may not develop disease related to iron overload. Signifi cant anxiety 
related to genetic screening is variably reported in the literature  [  133,   134  ] . The recently completed 
Hemochromatosis and Iron Overload Screening (HEIRS) study found that genotype and phenotype 
were strong predictors of adverse effects on psychological well-being and health. Ethnicity and lan-
guage also had an impact upon participants’ responses  [  135  ] . An approach which takes these wider 
issues of genetic testing  [  136  ] , including employment and insurance discrimination, into account is 
obviously necessary if population screening for HFE-related hemochromatosis is to become 
accepted. 

 Some authors have shown population phenotype screening, using transferrin saturation and fer-
ritin levels, to be as or more cost-effective than already accepted screening strategies (e.g., for col-
orectal or breast cancer)  [  137  ] . The fact that intermediate biochemical levels carry uncertain 
signifi cance has contributed to the controversy of population screening. The timing of screening is 
also problematic  [  60  ]  with studies revealing that a single normal transferrin saturation at a median 
age of 31 years misses 60% of untreated hereditary hemochromatosis subjects  [  46  ] , all of whom 
subsequently developed iron overload. Currently, there is no evidence that widespread population 
screening is appropriate  [  83,   138  ] .      
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   1 Non-HFE Hemochromatosis 

 With the identifi cation of the  HFE  gene in 1996, the majority of cases of hereditary hemochromatosis 
(HH) or type 1 HH were found to be associated with homozygosity for a mutation leading to a 
cysteine to tyrosine substitution (C282Y) in the HFE protein  [  1  ] . Hemochromatosis due to mutations 
in the  HFE  gene is the subject of Chap.   19     and is discussed in more detail there. Hemochromatosis 
that is not associated with mutations in HFE is termed non-HFE hemochromatosis. This is a collective 
term used to describe a number of other iron overload syndromes that are caused by mutations in 
different genes involved in regulating iron homeostasis. These iron overload syndromes vary in their 
phenotypic features, age of onset, and mode of inheritance. The features of each type and the role of 
the affected genes and proteins in iron metabolism are the subjects of this chapter and are summarized 
in Table  20.1 .   

   2 Recessively Inherited Hemochromatosis 

 There are three other known forms of recessively inherited hemochromatosis in addition to HFE-
associated hemochromatosis. Two of these have an early onset and are referred to as juvenile hemo-
chromatosis (JH). The third is caused by mutations in the gene encoding transferrin receptor 2 
(TFR2). Together with HFE, all the affected genes are involved in the regulation of the iron-regulatory 
hormone hepcidin. All have similar patterns of iron loading, albeit with differing severities and age 
at onset. 

    Chapter 20   
 Non-HFE Hemochromatosis       

         Daniel   F.   Wallace      and    V.   Nathan   Subramaniam          
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   2.1 Juvenile Hemochromatosis (Type 2 HH) 

 Hemochromatosis in young people has been recognized as a distinct disorder from the adult form 
since before the  HFE  gene was identifi ed  [  2  ] . Unlike the adult form or type 1 HH, JH affects both 
sexes equally and usually presents before the age of 30 years. The pattern of iron loading in the liver 
is similar to the adult form, with iron accumulation preferentially in parenchymal cells. The serum 
iron parameters, transferrin saturation, and serum ferritin are raised, with similar values to the adult 
form, but at a younger age  [  3  ] . The most prominent clinical fi ndings in JH patients are hypogonado-
tropic hypogonadism and cardiomyopathy; both of these are signifi cantly more frequent in JH than 
in adult-onset forms of the disease  [  4  ] . Liver involvement, including cirrhosis, is often present but is 
clinically less signifi cant  [  3  ] . Other clinical features of JH are similar to HFE-HH and can include 
fatigue, lethargy, diabetes mellitus, skin pigmentation, and arthropathy  [  3,   4  ] . Unless early treatment 
to reduce iron stores is commenced, the condition can often be fatal – death normally resulting from 
heart failure  [  3  ] . Venesection is usually the safest and most effective treatment to reduce iron stores 
in hemochromatosis; however, in the face of congestive heart failure, this therapy is not recom-
mended and iron chelators are often used. Cardiac transplantation has been used successfully in 
patients with end-stage iron overload – related cardiomyopathy, with combined liver transplantation 
in a few cases  [  5  ] . In recent years, the molecular basis of juvenile or type 2 hemochromatosis has 
been determined. JH can be classifi ed into two subtypes. Type 2A is caused by mutations in  hemo-
juvelin  ( HJV ), also known as  HFE2  or  RGMc , whereas type 2B is caused by mutations in the liver-
expressed antimicrobial and iron-regulatory peptide  hepcidin  ( HAMP ), also known as  LEAP-1 . 

   2.1.1 Hemojuvelin-Associated Hemochromatosis (Type 2A HH) 

 After the identifi cation of  HFE , it was soon confi rmed that JH was a distinct genetic disorder and 
unrelated to the adult  HFE -related form of the disease  [  6  ] . This study utilized microsatellite markers 
on chromosome 6 in fi ve Italian JH families and did not detect any linkage between these markers 
and the disease. Subsequently, the gene was mapped using a genome-wide linkage study in nine JH 
families, mostly of Italian origin, to a region on the long arm of chromosome 1  [  7  ] . Papanikolaou et 
al. performed fi ne-mapping of the 1q21 region in 12 unrelated JH families (ten from Greece, the 
remaining two from France and Canada) and narrowed down the linkage interval to ~1.7 Mb. This 
region contained 21 annotated genes; however, no obvious candidates were apparent. Sequencing of 
the positional candidate genes resulted in the identifi cation of mutations in a novel gene, termed 
 hemojuvelin  or  HFE2   [  8  ] . Homozygosity or compound heterozygosity for  HJV  mutations were 
identifi ed in all affected members of the 12 families studied. Six mutations were identifi ed, with one, 
G320V, being present in nine of the 12 families. Lanzara et al. studied a large series of 34 patients 
from 29 families and identifi ed 17 mutations. Over 40 HJV mutations have been reported to date and 
are illustrated in Fig.  20.1   [  8–  22  ] . The mutations are distributed throughout the length of the HJV 
protein. A large number of these result in frameshifts or premature termination codons and are likely 
to have profound effects on the structure and function of the HJV protein. The G320V mutation is 
signifi cantly more prevalent and has been reported in many populations worldwide  [  23  ] .  

 Hemojuvelin (HJV) has homology to the repulsive guidance molecule (RGM) family of proteins. 
Two members of this family, RGMa and RGMb (DRAGON), are expressed in the central nervous 
system and play important roles in neural development  [  24,   25  ] . HJV (sometimes called RGMc) is 
expressed predominantly in skeletal muscle, heart, and liver  [  8  ] . In keeping with other RGMs, HJV 
contains a carboxy-terminal glycophosphatidylinositol (GPI) anchor and can be present in a cell-
associated or soluble form  [  26  ] . Urinary hepcidin levels in patients with HJV-associated JH are low 
relative to controls, suggesting that HJV may be involved in hepcidin regulation  [  8  ] . Knockout of 
HJV in mice confi rmed its importance in maintaining iron homeostasis and in the regulation of 
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hepcidin  [  27,   28  ] . Subsequently, it has been shown that HJV is a bone morphogenetic protein (BMP) 
co-receptor that regulates hepcidin expression in the liver through a BMP-dependent signaling path-
way  [  29  ] . BMPs are part of the transforming growth factor (TGF)- β  superfamily of signaling mol-
ecules and signal to the nucleus through SMADs. Liver-specifi c disruption of the common mediator 
SMAD, Smad4, in the mouse leads to reduced hepcidin expression and iron overload  [  30  ] , empha-
sizing the importance of the HJV-BMP-SMAD pathway in iron metabolism. HJV has also been 
shown to bind to neogenin, a receptor important in many cellular signaling processes  [  31  ] . Some JH 
mutations have been shown to disrupt the binding of HJV to either neogenin or BMP-2  [  32  ] . Over 
40 mutations in HJV have been reported to date  [  8–  22  ] . How they all affect the function of HJV is 
not known; however, it is likely that they disrupt signaling pathways, resulting in the downregulation 
of hepatic hepcidin expression.  

   2.1.2 Hepcidin-Associated Hemochromatosis (Type 2B HH) 

 Although the majority of cases of JH are due to mutations in HJV, linkage to the chromosome 1q21 
region was absent in two families with the typical JH phenotype. Typing of microsatellite markers 
on chromosome 19, in one consanguineous family, revealed homozygosity for a region around the 
 hepcidin  ( HAMP ) gene  [  33  ] . Sequencing of the gene revealed a single base pair deletion (93delG), 
causing a frameshift and potentially abnormally elongated protein  [  33  ] . A nonsense mutation (R56X) 
was identifi ed in the homozygous state in the second family  [  33  ] . Mutations in hepcidin are much 
rarer than those in HJV, and to date, only nine have been reported (Fig.  20.2 )  [  21,   33–  41  ] . Two of 
these affect the conserved cysteine residues important in the disulfi de-bonded structure of mature 

  Fig. 20.1    Structure of  hemojuvelin  ( HJV ) mRNA and the encoded protein, showing positions of known mutations, 
structural domains and motifs.  SP  signal peptide,  PG  poly-glycine sequence,  RGD  RGD motif,  PP  poly-proline 
sequence,  vWF  partial von Willebrand type D domain,  GPI  glycophosphatidylinositol attachment point,  TM  trans-
membrane domain. Mutations causing juvenile hemochromatosis are depicted, including missense mutations and 
truncation or frameshift mutations (*). Mutations that have only been detected in the heterozygous state and may be 
modifi ers of the HFE-hemochromatosis phenotype are indicated (†). The relevance of the Q6H mutation in causing 
JH is unclear as it occurred on the same allele as the C321X truncation mutation (‡)  [  18  ]        
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hepcidin  [  37–  39  ] . Some of the other mutations have been detected only in the heterozygous state and 
may contribute to iron loading in individuals with  HFE  mutations  [  34,   35  ] . Two studies suggested 
that mutations in HJV may also contribute to the severity of iron loading in patients with HFE-
associated hemochromatosis  [  21,   22  ] .  

 Hepcidin was originally identifi ed as a liver-expressed antimicrobial peptide, also referred to as 
LEAP-1  [  42,   43  ] . It is encoded as an 84 amino acid prepropeptide, possessing a signal peptide, a 
pro-region, and a 25 amino acid highly disulfi de-bonded mature peptide. A link between hepcidin 
and iron metabolism was established when it was shown that iron-loaded mice had increased levels 
of hepatic hepcidin mRNA  [  44  ] . Transgenic mouse models have confi rmed the importance of hep-
cidin in maintaining body iron homeostasis  [  45–  47  ] . Hepcidin is expressed in hepatocytes in response 
to many stimuli, including iron overload and infl ammation  [  48  ] . After cleavage by the prohormone 
convertase furin, mature hepcidin is secreted into the circulation, where it has its effect as a negative 
regulator of iron release from cells. Hepcidin acts by binding to the iron exporter ferroportin on the 
surface of cells, causing its internalization and degradation, thereby reducing iron effl ux from cells 
 [  49  ] . The primary sites of hepcidin action include the macrophages, where iron is recycled from the 
breakdown of red blood cells; the duodenal mucosa, where iron is absorbed from the diet; and the 
liver, where iron is released from stores  [  50  ] .   

   2.2 TFR2-Associated Hemochromatosis (Type 3 HH) 

 TFR2-associated hemochromatosis or type 3 HH was the fi rst non-HFE form of hemochromatosis 
to be characterized at the molecular level  [  51  ] . Linkage analysis was used to map the locus in two 
Sicilian families, two members of which were originally classifi ed as having juvenile hemochroma-
tosis  [  51  ] . All affected members had homozygosity for markers in a region less than 1 cM in size on 

  Fig. 20.2    Structure of 
 hepcidin (HAMP)  mRNA and 
the encoded protein, showing 
positions of known mutations 
and domains.  SP  signal 
peptide,  P  pro-region,
 M  mature 25 amino acid 
peptide. Mutations causing 
juvenile hemochromatosis are 
depicted, including missense 
or single nucleotide 
substitution mutations and 
truncation or frameshift 
mutations (*)       
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chromosome 7. The  TFR2  gene was located in the middle of this region, and sequence analysis 
revealed homozygosity for a nonsense mutation, Y250X. Several mutations in  TFR2  have now been 
reported in patients with non-HFE hemochromatosis from around the world. They are distributed 
across the entire length of the gene and are illustrated in Fig.  20.3   [  36,   52–  66  ] . TFR2-associated 
hemochromatosis was originally described as an adult-onset form of disease, but several reports 
have described patients with earlier onset and more severe disease than HFE-HH  [  54,   55,   63,   65  ] . 
The number of reported cases of TFR2-HH is small in comparison to HFE-HH, and hence, a direct 
comparison of their phenotypes is diffi cult. A single study compared the phenotypic features of 
HFE-HH, TFR2-HH, and JH. This study showed similar phenotypic features between HFE and 
TFR2-HH, although ascertainment bias and the small number of TFR2-HH patients studied may 
have affected the analysis  [  4  ] . One study reported juvenile onset hemochromatosis in two siblings 
who had homozygosity for a Q317X mutation in TFR2 and compound heterozygosity for the HFE 
mutations C282Y and H63D. Both had hypogonadotropic hypogonadism and cardiomyopathy, fea-
tures typical of JH. This combination of mutations is very rare, but its occurrence can give us impor-
tant insights into the functional relationship between HFE and TFR2. The JH-like phenotype in 
these two siblings suggests that the combination of mutations in both HFE and TFR2 are additive 
and result in more severe disease, akin to that caused by hemojuvelin or hepcidin.  

 TFR2 was originally identifi ed as a homologue of the transferrin receptor (TFR1 or TFRC)  [  67  ] . 
TFR1 is an essential molecule required for the uptake of transferrin-bound iron into cells. TFR1 is 
ubiquitously expressed. In the erythroid bone marrow, it plays an important role in the uptake of 
transferrin-bound iron for the production of hemoglobin. The translation of TFR1 is controlled by 
cellular iron content, where the binding of iron-regulatory proteins (IRPs) to the iron-responsive 
element (IRE) stem-loops in the 3 ¢ -UTR of its mRNA regulates the stability of the transcript. TFR2 
differs from TFR1 in its expression pattern, being expressed almost exclusively in the liver  [  68  ] . 
TFR2 transcripts contain no IREs and expression is not regulated by the IRE/IRP system in the same 
way as TFR1  [  69  ] . TFR1 is important for development, and knockout of Tfr1 in mice results in 
embryonic lethality due to severe anemia. In contrast, targeted mutagenesis or knockout of Tfr2 in 
mice results in iron overload with phenotypic features similar to type 3 hemochromatosis in humans 
 [  70,   71  ] . These studies indicate that the roles of TFR1 and TFR2 in iron metabolism are quite sepa-
rate. The function of TFR2, in common with other hemochromatosis genes, is thought to be in the 

  Fig. 20.3    Structure of  transferrin receptor 2  ( TFR2 ) mRNA and the encoded protein, showing positions of known 
mutations and structural domains and motifs.  YQRV  endocytosis motif,  TM  transmembrane domain,  PA  protease- 
associated domain,  M28  M28 peptidase domain,  Dimer  dimerization domain,  RGD  RGD motif. Mutations causing 
type 3 hemochromatosis are depicted, including missense mutations and truncation or frameshift mutations (*). 
Mutations that have only been detected in the heterozygous state and may be simple polymorphisms are indicated (†)       
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regulation of hepatic hepcidin expression. Patients with type 3 hemochromatosis have low urinary 
hepcidin levels  [  72  ] , and mouse models have low hepatic hepcidin expression in relation to iron 
stores  [  71,   73–  75  ] . 

 TFR2 is expressed on the surface of hepatocytes and may act as a sensor, monitoring the amount 
of circulating diferric transferrin or the iron-saturation of circulating transferrin. Treatment of hepa-
tocyte cell lines with diferric transferrin results in stabilization of the TFR2 protein  [  76,   77  ] . 
Upregulation of Tfr2 protein has also been observed in animal models of dietary iron overload and 
HH due to knockout of Hfe  [  77  ] . Further experiments suggested that diferric transferrin increases the 
proportion of TFR2 targeted to the recycling endosomes and reduces the proportion targeted to the 
late endosomes and lysosomes for degradation  [  78  ] . A mutation, G679A, that abrogates transferrin 
binding to TFR2 prevents diferric transferrin-induced stabilization of TFR2, confi rming that binding 
of TFR2 to its ligand is important for stabilization  [  78  ] . It has also been shown that the cytoplasmic 
domain of TFR2 is necessary for stabilization to take place  [  79  ] . Some of the mutations that cause 
TFR2-HH lead to loss of cell surface expression and retention of the mutant proteins in the endoplas-
mic reticulum  [  80  ] . The loss of cell surface expression most likely renders mutant TFR2 incapable 
of functioning as a sensor of diferric transferrin and unable to initiate signaling pathways resulting 
in the induction of hepcidin transcription. 

 The signaling pathway through which TFR2 regulates hepcidin has yet to be fully determined. 
One study has suggested that TFR2 is present in caveolin-rich lipid raft microdomains in the eryth-
roleukemic cell line K562 and showed that activation of TFR2 by diferric transferrin can initiate 
signaling through p44/42-MAPK (ERK1/2) and p38-MAPK  [  81  ] . Whether these signal transduction 
pathways are responsible for the regulation of hepcidin by TFR2 in hepatocytes remains to be deter-
mined. The similar phenotypes of HFE-HH and TFR2-HH and the well-characterized interaction 
between HFE and TFR1  [  82  ]  have led to the suggestion that HFE and TFR2 may also interact in a 
signaling complex. Initial studies utilizing soluble forms of the proteins failed to detect any interac-
tion between HFE and TFR2, suggesting that HFE functions by interacting with TFR1 only  [  83  ] . 
However, a more recent study identifi ed an interaction between HFE and TFR2 in cells overexpress-
ing both proteins. Another study showed that the HFE-TFR2 and HFE-TFR1 interactions are dis-
tinct, involving different protein domains and that HFE and transferrin do not compete for binding 
sites on TFR2  [  84  ] . Further studies will be required to determine the functional relationship between 
HFE and TFR2 and the signaling pathways through which they regulate hepcidin.   

   3 Autosomal Dominant Hemochromatosis 

 There are two currently known genes involved in autosomal dominantly inherited hemochromatosis. 
These are the genes encoding the multiple transmembrane domain iron transporter ferroportin 
( SLC40A1 ) and the heavy subunit of the iron storage protein ferritin ( FTH1 ). These autosomal domi-
nant iron overload conditions differ in several aspects from the recessive forms of hemochromatosis 
that are caused primarily by defects in hepcidin itself or pathways regulating hepcidin expression. 

   3.1 Ferroportin Disease (Type 4 HH) 

 An autosomal dominant form of hemochromatosis was fi rst described in a Melanesian pedigree 
from the Solomon Islands. Of the 81 tested members of the pedigree, 31 were found to have iron 
overload  [  85  ] . The iron overload syndrome was characterized by elevated transferrin saturation and 
serum ferritin, together with iron loading of hepatocytes and Kupffer cells, and fi brosis or cirrhosis 
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present in many of those tested  [  85  ] . This study was done before the identifi cation of HFE; however, 
the iron overload syndrome was found to be unlinked to the  HFE  locus on chromosome 6 by HLA 
typing of affected and unaffected individuals. Whether this was the fi rst description of ferroportin 
disease is unclear, as testing for  ferroportin  mutations has not been done in this pedigree. Another 
large pedigree with autosomal dominant hemochromatosis was described in Italy  [  86  ] . Fifteen of 53 
members of the pedigree had raised serum iron indices and most had biopsy proven hepatic iron 
loading. The gene responsible was later found to encode the iron exporter ferroportin  [  87  ] . 

 Mutations in ferroportin as the cause of an autosomal dominant form of hemochromatosis were 
established in 2001. Two groups independently identifi ed  ferroportin  mutations in two large families 
with autosomal dominant non-HFE hemochromatosis  [  87,   88  ] . Genome-wide linkage analysis was 
performed in the two pedigrees from the Netherlands and Italy, and linkage to a region on chromo-
some 2 containing the  ferroportin  ( SLC40A1 ,  IREG-1 ,  MTP-1 ,  SLC11A3 ) gene was uncovered  [  87,   88  ] . 
Two missense mutations, A77D  [  87  ]  and N144H  [  88  ] , were reported associated with iron overload 
in the two families. To date, over 25 mutations have been reported in ferroportin (Fig.  20.4 ) in asso-
ciation with autosomal dominant iron overload  [  87–  118  ] . Most have been detected only in single 
families, but there are some that occur in several distinct populations. The most common is the 
deletion of one of three valine residues (V162del), which has been reported in ferroportin disease 
patients from Australia  [  90  ] , the UK  [  91,   116  ] , Italy  [  92  ] , Greece  [  93,   115  ] , Austria  [  95  ] , and Sri Lanka 
 [  94  ] . It is believed that this mutation may have occurred in multiple populations due to slippage 
mispairing in a repeat sequence. Another mutation that has been reported in more than one region 
is A77D, with cases being reported from Italy  [  87  ] , Australia  [  89  ] , and the UK  [  116  ] . Another 
mutation, N144T, was detected in a ferroportin disease patient from the Solomon Islands  [  96  ] . It is 
likely that this mutation may be the cause of the autosomal dominant iron overload syndrome 
described by Eason et al. in the Solomon Islands  [  85  ] ; however, no relationship between the two 
families has been established  [  96  ] .  

  Fig. 20.4    Structure of  ferroportin  ( SLC40A1 ) mRNA and the encoded protein, showing positions of known mutations 
and structural domains and motifs.  IRE  iron responsive element. Transmembrane domains are numbered and depicted 
in  blue . The transmembrane organization shown is that proposed by Liu et al. with both termini of the protein oriented 
toward the cytoplasm  [  158  ] . Mutations causing autosomal dominant iron overload are depicted. Mutations listed 
below the diagram cause the typical phenotype of predominant reticuloendothelial iron loading most likely resulting 
from loss or reduction in iron transport ability of the protein. Mutations listed above the diagram cause the atypical 
phenotype of predominant hepatocyte iron loading, most likely resulting from hepcidin insensitivity of the protein. 
The role of the Q248H (*) variant is less clear. It is most likely a polymorphism prevalent in the African and African 
American populations, but has been associated with iron overload in some studies. The G468S mutation (†) results in 
aberrant splicing, causing truncation of ferroportin after glycine 330 and the addition of 4 irrelevant amino acids 
before termination       
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 With the analysis of more and more families with ferroportin disease, it has become apparent that 
the phenotypic features of ferroportin disease can be variable. Some cases present with features typi-
cal of classical HFE hemochromatosis, whereas others have a nonclassical phenotype. The majority 
of patients present with the nonclassical phenotype which is characterized by an early rise in serum 
ferritin, with transferrin saturation being normal or even low in the early stages of disease. Iron 
accumulation early in the disease almost exclusively occurs in the reticuloendothelial (RE) system. 
As the disease progresses, iron is deposited in the hepatocytes and this is normally accompanied by 
a rise in the transferrin saturation. Anemia can often be a problem in the early stages of the disease 
when serum iron levels are low and patients may not tolerate venesection therapy. Later in the dis-
ease, when serum iron levels are higher and the hepatocytes are iron loaded, venesection therapy is 
usually tolerated well. The classical HFE-like phenotype is usually characterized by an early rise in 
serum iron and transferrin saturation and iron deposition predominantly in the hepatocytes, with RE 
involvement later in the disease. Venesection therapy in these cases is usually tolerated well, with no 
associated anemia. Clinical features of ferroportin disease that have been reported include most of 
the conditions associated with other forms of hemochromatosis such as fatigue, arthritis, diabetes 
mellitus, impotence, arrhythmia, and hepatic fi brosis  [  86,   119  ] . Only two reported cases had fully 
established cirrhosis, and both of these were associated with the hepatocyte-iron phenotype  [  100, 
  109  ] . One report detected hepatocellular carcinoma in the absence of cirrhosis in a ferroportin dis-
ease patient. This was in an individual who carried the A77D mutation, with the RE-iron phenotype, 
and who had discontinued venesection treatment. Occult HBV infection may have contributed as a 
cofactor in this case  [  120  ] . 

 It has been proposed that the nature of the mutation present may account for the variable pheno-
type. This has been backed up by cell-based studies on the functional consequences of ferroportin 
mutations. Some mutations affect the ability of ferroportin to transport iron, leading to a reduction 
in iron effl ux; these include A77D, V162del, G490D, and G323V  [  121,   122  ] . These mutations are 
associated with the nonclassical RE-iron phenotype. Other mutant proteins retain the ability to trans-
port iron; these include N144H, N144D, Y64N, and C326Y. However, further study has shown that 
these mutants are insensitive or partially insensitive to hepcidin-mediated downregulation  [  122, 
  123  ] . These mutations are associated with the hepatocyte-iron phenotype of ferroportin disease. Not 
all mutations fi t neatly into this model. The Q182H and G80S mutations are associated with the 
RE-iron phenotype  [  99,   103  ] , yet cell-based studies have shown that both mutants can effectively 
transport iron and internalize in response to hepcidin, although at a reduced rate  [  122,   124  ] . Further 
evidence for the existence of two ferroportin disease phenotypes has been supplied by MRI scanning 
of patients. Untreated patients carrying the A77D, V162del, and G80S mutations had iron accumula-
tion in the liver, spleen, and spine, whereas patients carrying the N144H mutation had iron accumu-
lation in the liver, but not in the spleen or spine  [  125  ] . This is consistent with the fi rst group of 
mutations being associated with iron retention in the macrophages of the liver, spleen, and bone mar-
row, and N144H being associated with hepatocyte iron and relative sparing of macrophages. 

 It appears that the two subtypes of ferroportin disease result from either loss of function, as with 
the RE-iron phenotype, or gain of function, as with the hepatocyte-iron phenotype. With gain of 
function mutations, the ability of hepcidin to bind to ferroportin and initiate its internalization and 
degradation is impaired. These mutations could either directly affect the binding of hepcidin to fer-
roportin, as has been demonstrated for C326Y  [  126  ] , or affect the mechanism responsible for inter-
nalization, as has been proposed for N144H and Q182H  [  127  ] . The net result would be a ferroportin 
molecule present at the cell surface and transporting iron, even in the face of iron overload and high 
levels of hepcidin, i.e., permanently switched on. This is a similar situation to the other forms of 
recessively inherited hemochromatosis that result from inappropriately low hepcidin levels and 
accounts for the similarity in phenotype. The loss of function mutations lead to a ferroportin mole-
cule with an inability to transport iron. Whether the iron loading of RE cells results from haploinsuf-
fi ciency for ferroportin or a dominant negative effect of mutant ferroportin on the wild-type protein 
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has been debated. The dominant negative model would require functional ferroportin to exist as a 
dimer or multimer. Several studies have addressed this question and come up with different conclu-
sions. Three studies have concluded that ferroportin exists as a monomer  [  128–  130  ] ; others have 
shown evidence for multimers  [  122,   131  ]  and a dominant negative effect of mutant proteins on wild-
type protein  [  132  ] . Many of the studies on the consequences on ferroportin mutations and the exis-
tence of multimers have had confl icting results. This may be due to the in vitro nature of the 
experiments, as all studies have utilized proteins overexpressed in various cell lines. Good evidence 
for the multimeric nature of ferroportin and the dominant negative effect of ferroportin mutations 
came with the characterization of a mouse model of ferroportin disease, the fl atiron ( ffe ) mouse. Mice 
heterozygous for a H32R mutation in ferroportin ( ffe /+) develop Kupffer cell iron loading, high serum 
ferritin, and low transferrin saturation, a phenotype similar to the RE-iron phenotype of ferroportin 
disease  [  133  ] . In contrast, mice that are heterozygous for a ferroportin-null allele have no iron loading 
phenotype  [  134  ] ; this argues against the haploinsuffi ciency model. Ferroportin expression in mac-
rophages isolated from  ffe /+ mice was mainly intracellular, whereas wild-type macrophages had cell 
surface expression, a situation favoring a dominant negative effect for ferroportin mutants  [  133  ] .  

   3.2 H-Ferritin-Associated Iron Overload 

 Another form of autosomal dominant iron overload is caused by a mutation in the IRE of  H-ferritin  
mRNA. To date, only one family has been described with this type of iron overload  [  135  ] . The muta-
tion, A49U, was detected in four members of a Japanese family with an autosomal dominant iron 
overload syndrome. The proband had a high serum ferritin level and mildly elevated transferrin satu-
ration. Liver biopsy showed hepatocyte and Kupffer cell iron loading, and an explanted spleen 
showed iron loading of macrophages  [  135  ] . This pattern of iron loading is similar to that seen in the 
RE-iron phenotype of ferroportin disease. Functional analysis of the mutated  H-ferritin  IRE and 
analysis of patient liver samples suggested that the A49U mutation results in enhanced binding of 
IRPs to the IRE, a resultant reduction in H-ferritin translation and a concomitant increase in L-ferritin 
levels  [  135  ] . Another study detected two mutations in the 5’UTR of H-ferritin in a series of patients 
with increased iron indices. The two mutations, C20G and G34T, were detected in two individuals 
with only mildly elevated serum ferritin. The C20G mutation is outside the IRE sequence while 
G34T is located in the stem of the IRE structure (Fig.  20.5 ). The analysis of ferritin levels in the red 

  Fig. 20.5    Structure of  ferritin heavy chain (FTH1)  mRNA and the encoded protein, showing positions of known mutations 
and structural domains and motifs.  IRE  iron responsive element. Only one mutation causing iron overload (A49U) has 
been identifi ed, affecting the function of the iron responsive element. Two mutations (*) were detected in individuals 
with mildly elevated ferritin, but their role in regulating ferritin and iron levels is unclear       
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blood cells of the individuals carrying the mutations revealed that neither mutation signifi cantly 
affected ferritin expression or the ratio of H- to L-ferritin.  

 Mutations in the regulatory sequences of  H-ferritin  remain a rare cause of iron overload. In contrast, 
many more mutations in the IRE and regulatory sequences of  L-ferritin  have been detected. These 
give rise to hereditary hyperferritinemia cataract syndrome (HHCS), a condition characterized by 
elevated serum ferritin and bilateral cataracts, but no iron overload. The phenotypic differences 
between H-ferritin-associated iron overload and HHCS highlight the different roles the two ferritin 
subunits play in iron homeostasis.   

   4 African Iron Overload 

 Iron overload in sub-Saharan Africans has been recognized for many years  [  136  ] . Between 1925 and 
1928, Strachan performed a necropsy study of 876 individuals from across southern and central 
Africa who had died in Johannesburg. In Strachan’s MD thesis entitled “Haemosiderosis and 
Haemochromatosis in South African Natives with a Comment on the Etiology of Haemochromatosis,” 
he concluded that hemochromatosis was not uncommon among native South Africans  [  137  ] . This 
iron overload syndrome has been referred to as African iron overload (AIO), Bantu siderosis, or 
dietary iron overload. The prevalence of AIO in some populations is very high and has been esti-
mated to be up to 20% in some studies  [  138  ] . In subjects with AIO, iron is deposited in hepatocytes 
and Kupffer cells in the liver, as well as the spleen. The degree of iron loading is comparable to that 
seen in HFE-HH. Clinical consequences of the excess iron can include liver fi brosis, cirrhosis, and 
diabetes mellitus. Other conditions that are thought to be associated with AIO are osteoporosis, 
ascorbic acid defi ciency (scurvy), esophageal cancer, hepatocellular carcinoma, and tuberculosis 
 [  139–  141  ] . Originally, the iron loading was attributed to a purely dietary source. The custom of 
drinking a traditional beer brewed in non-galvanized steel drums or iron pots was thought to lead to 
dietary iron excess and consequent iron loading  [  142  ] . The iron content of the traditional beer is in 
the range of 50 mg/kg iron, in comparison to commercial beer which contains only 0.2 mg/kg  [  143  ] . 
In addition, a substantial proportion of the iron present in traditional beer is in the reduced ferrous 
state, making it more bioavailable and readily absorbed from the diet  [  138  ] . However, the link 
between iron overload and beer consumption is not perfect. Some beer drinkers do not develop iron 
loading and other non-beer drinkers do. Studies in pedigrees with iron overload have suggested there 
is a genetic component to the disease and an unidentifi ed gene may confer susceptibility to iron 
loading. It was postulated that subjects homozygous for the genetic susceptibility gene could develop 
iron loading with normal iron intake, whereas heterozygotes could develop iron loading only when 
dietary iron intake was high  [  144  ] . With the availability of commercial beer, the consumption of 
traditionally brewed beer in southern Africa has declined considerably and is restricted mostly to 
rural populations. Some studies have found a higher prevalence of AIO in rural areas of southern 
Africa and a decline in incidence in urban areas, suggesting that traditional beer consumption is 
contributing to iron loading  [  145  ] . However, other studies have still found a high incidence in urban 
areas  [  146  ] . A study of tissue iron concentrations among victims of accidental or traumatic death in 
an urban hospital in Zimbabwe found high levels of iron loading, suggesting that the iron overload 
syndrome was present in a population where dietary iron intake was low, favoring the presence of a 
genetic susceptibility gene  [  146  ] . The putative African iron overload gene was shown to be unlinked 
to  HFE , the gene responsible for iron overload in the majority of Europeans  [  147  ] . 

 In the 1990s, it became apparent that iron overload could also occur in Americans of African 
descent. Two studies reported cases of primary iron overload in African Americans with phenotypic 
features similar to AIO  [  148,   149  ] . Analysis of HFE mutations in African-American hemochroma-
tosis patients indicated that the genetic basis of iron overload in these individuals was different to 
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most Caucasian cases and unrelated to the C282Y mutation  [  150  ] . Barton et al. sequenced several 
iron metabolism genes in 23 African-American patients with iron overload and concluded that iron 
overload in African Americans was not the result of mutations in a single gene  [  104  ] . 

 Similarities in phenotype between AIO and ferroportin disease, namely macrophage iron loading 
in the liver and other organs, have led to the analysis of ferroportin mutations as the cause of iron 
overload in Africans and African Americans. The Q248H ferroportin variant has a high prevalence 
among Africans and African Americans, and several studies have evaluated this variant as a cause of 
iron overload in these populations. Gordeuk et al. identifi ed Q248H in four of 19 African or African-
American iron overload patients, a similar frequency to that observed in African community controls 
 [  105  ] . Analysis of fi rst degree relatives and community controls led to the conclusion that Q248H 
may be associated with mild anemia and a tendency to iron loading. Another study looked at the 
Q248H variant in 19 families with AIO but failed to show an association with the condition  [  107  ] . 
However, this study did show an association between Q248H and an increase in serum ferritin levels 
when other factors infl uencing iron status were corrected for. They also found a strong association 
between Q248H carriers and reduced mean cell volume (MCV), suggesting that the variant may 
interfere with iron supply  [  107  ] . The role of Q248H was also assessed in African Americans enrolled 
in the Hemochromatosis and Iron Overload Screening Study (HEIRS). The variant was prevalent 
among both cases with elevated serum ferritin and controls and was associated with higher serum 
ferritin in males but not females  [  151  ] . These studies suggest that, although the Q248H variant of 
ferroportin can be associated with increased iron stores, it probably only accounts for a minority of 
African and African-American iron overload cases. Therefore, it is likely that other, as yet unidenti-
fi ed, genetic causes for iron overload exist in these populations.  

   5 Other Causes of Hereditary Iron Overload 

 Other hereditary disorders that result in iron overload include aceruloplasminemia  [  152  ]  and atrans-
ferrinemia  [  153  ] . These are both rare genetic disorders resulting from a lack of circulating ceruloplas-
min (Cp) or transferrin (Tf), respectively, and will not be discussed here. The cause of iron overload 
in some patients cannot be explained by either mutations in the  HFE  gene or the non- HFE -HH genes 
discussed in this chapter. For some, there may be other acquired conditions or environmental factors 
infl uencing iron homeostasis and resulting in iron overload. For others, there is clear evidence of 
familial iron overload, with more than one affected member in the same family  [  154  ] . This would 
suggest that other genes implicated in iron homeostasis are responsible for these non- HFE -related 
forms of HH, but these have yet to be identifi ed. Mouse studies have revealed some novel candidate 
genes that may be responsible for some of the uncharacterized non- HFE  iron overload syndromes in 
humans. For example, knockout of components involved in hepcidin regulation in the liver lead to 
iron overload.  Bmp6  knockout mice develop massive iron loading similar to that seen in JH  [  155, 
  156  ] . BMP6 is known to interact with HJV and is involved in hepcidin regulation through the BMP/
SMAD signaling pathway  [  155–  157  ] . It is possible that mutations in other genes involved in hepcidin 
regulation and iron homeostasis will be implicated in new forms of hereditary iron overload.      
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   1 The Hereditary Hyperferritinemia-Cataract Syndrome 

 The hereditary hyperferritinemia-cataract syndrome (HHCS, MIM #600886) is an autosomal dominant 
disease due to heterozygous mutations in exon 1 of the L-ferritin ( FTL ) gene present on chromosome 
19q13.3–13.4. These mutations affect the iron-responsive element (IRE) of the L-ferritin mRNA and 
impair its interaction with the iron regulatory proteins (IRPs). It is a very mild disease with early 
onset cataract as the only known clinical symptom. Biologically, it is characterized by hyperfer-
ritinemia in the absence of iron overload. Serum iron and transferrin saturation are normal, and there 
is no evidence for tissue iron accumulation. 

   1.1 IRE Mutations and Deletions 

 HHCS was simultaneously discovered in France and in Italy in 1995. In the fi rst two families, there 
was a perfect cosegregation of cataract and hyperferritinemia and these two symptoms were trans-
mitted in the autosomal dominant mode  [  1,   2  ] . Point mutations were identifi ed in the iron-responsive 
element of the L-ferritin gene. These mutations affected two different nucleotides of the IRE loop 
and consisted of an A40 → G  [  3  ]  and a G41 → C  [  4  ]  change in the heterozygous state (numbering 
from cDNA sequence in GenBank NM_000146). These and other mutations in the loop and stem of 
the IRE have subsequently been reported (summarized in Table  21.1  and on Fig.  21.1a ), as well as 
partial deletion of the IRE structure (Fig.  21.1b ). These mutations have been described in several 
European countries (France, Italy, Spain, and UK) as well as in Canada, USA, Australia and India 
(one large family). At least 85 families or isolated individuals with IRE mutations have been reported, 
and probably many more have been diagnosed. Altogether, 27 different point mutations affecting the 
IRE structure have been described  [  5  ] , as well as four different partial deletions (Fig.  21.1b ). All 
three possible replacements have been found at G32 and C39.   
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   Table 21.1    Summary of the point mutations identifi ed in the L-ferritin IRE   

 Mutations  Country 
 Number of families 
or individuals  Ferritin range ( μ g/L)  Reference 

 C18 + U22G  Italy  1  1,650   [  105  ]  
 C29G  Italy  1  520–734   [  106  ]  
 G32U  France  7  1,200–3,000   [  12,   20  ]  

 UK  2  1,150–1,600   [  107,   108  ]  
 Italy  1  700–1,400   [  29  ]  
 Canada  1   [  109  ]  
 Australia  1  1,550 (de novo mutation)   [  13  ]  

 G32A  India  1 large family   [  110  ]  
 Netherlands  1   [  111  ]  
 Italy  2  350–1,100   [  105,   112  ]  
 France  2  1,400–1,500   [  12  ]  

 G32C  UK  3  1,700–1,900   [  107,   113  ]  
 Netherlands  1   [  114  ]  
 Italy  2  1,200–1,400   [  29,   115  ]  
 France  1  1,200 (de novo mutation)   [  12  ]  
 Australia  1  2,400–2,900   [  31  ]  

 C33U  Spain  4  940–1,700   [  116–  119  ]  
 Italy  1  1,400   [  29  ]  
 UK  1  740   [  107  ]  
 France  3  1,400–1,500   [  12  ]  
 USA  1  1,300–1,400   [  33  ]  

 C33A  France  1  1,000   [  12  ]  
 U34C  France  1  1,000   [  12  ]  
 C36A  UK  1  1,000   [  120  ]  

 France  1  1,600   [  12  ]  
 C36G  Italy  1   [  121  ]  
 A37U  Spain  1  600–1300   [  122  ]  
 A37G  Italy  1   [  121  ]  
 C39U  Italy  2  1,000–2,500   [  29,   112  ]  

 Italy  1  1,140 (de novo mutation)   [  11  ]  
 UK  1  1,400   [  120  ]  
 Belgium  1  820–1,100   [  123  ]  
 France  3  800–2,800   [  12  ]  

 C39A  Australia  1  1400–1,800   [  13  ]  
 C39G  Greece  3  900–1,500   [  124  ]  

 France  1   [  125  ]  
 A40G  Spain  2  700–2,300   [  126,   127  ]  

 Italy  3  800–2,000   [  29,   112  ]  
 France  5  1,000–5,000   [  12,   128  ]  
 UK  2  1,420   [  107,   129  ]  
 Belgium  2  1,600–3,400   [  123  ]  
 Australia  1  3,200   [  13  ]  
 USA  1  1,100   [  130  ]  

 G41C  Italy  2  950–2,200   [  2,   29  ]  
 G43A  USA  1   [  131  ]  
 G47A  France  1  2,140   [  12  ]  
 G51C  Italy  1  600   [  132  ]  

 USA  1  1,200   [  30  ]  
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 In the loop, only C39, A40, and G41 have been found to be mutated, with the exception of one 
individual who carried a G43 mutation. This mutation abolishes a G–C base pairing with C39 which 
is thought to be important for RNA binding affi nity  [  6,   7  ] . Interestingly, the CAGUG loop is com-
pletely conserved among all members of the IRE family  [  8  ] . Synthetic IREs with mutations at either 
one of these nucleotides have reduced binding affi nity for the IRPs  [  6,   9  ] . However, no mutation has 
been reported at U42 of the loop. 

 The bulge in the middle of the stem also appears to be mutated frequently, with multiple muta-
tions found at either G32 or C33. Nucleotides of the stem, between the loop and the bulge, have also 
been mutated (Fig.  21.1a  and Table  21.1 ), and two mutations linked on the same allele have been 
found on the more distal part of the IRE structure. In addition, four deletions have been described 
(Fig.  21.1b  and Table  21.2 ). One deletion removed the fi rst half of the IRE (del C10–A38) and 
another the second half (del U42–G57). It is possible that the inverted repeats made by the two 
halves of the IRE stem might favor intrachromosomal rearrangements and subsequent deletions. 

  Fig. 21.1    Nucleotide sequence of the iron responsive element of the L-ferritin mRNA and position of the mutations 
and deletions reported in the literature. ( a ) Point mutations described on the  FTL  IRE (base changes indicated by 
 arrows ). ( b ) Partial deletions of the  FTL  IRE ( boxed  or  circled ); references for these differences IRE mutations/dele-
tions can be found in Tables  21.1  and  21.2 . ( c ) Schematic representation of the 25 base pair deletion encompassing the 
transcription start site described in  [  10  ]        
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Two internal deletions have been reported removing either six bases from U22 to C27 or deleting 
A38 and C39. Finally, a different 25-base pair deletion has been recently described from −21 to G3 
 [  10  ] , removing the proximal promoter and the transcription start site (Fig.  21.1c ). Transcription was 
shown to start at G25 (numbering from the normal cDNA sequence), thereby removing the fi rst part 
of the IRE structure. The large number of different mutations which have been identifi ed in unrelated 
individuals, taken together with the observation made by some of us  [  11–  13  ]  that some of these 
mutations are de novo mutations  [  11,   12  ] , suggests that the IRE structure of the L-ferritin gene is a 
hot spot for mutations.   

   1.2 HHCS, a “Translational Pathology” 

 Ferritin synthesis is regulated by iron at the translational level, through IRE–IRPs interactions. When 
iron fl uxes into cells are limited, IRPs retain their native conformation and present a high RNA bind-
ing affi nity for the IRE structure present in the 5 ¢  non coding region of ferritin mRNA. IRPs binding 
to the ferritin IRE prevent the recruitment of the small ribosomal subunit to the ferritin mRNA and 
repress ferritin synthesis  [  14  ] . This mechanism had been foreshadowed by Hamish Munro in 1976 
 [  15  ]  and was extensively confi rmed at the molecular levels several years later (for a review, see  [  16  ]  
and Chap.   3    ). Interestingly, the molecular defect in this negative translational control turned out to 
be the fi rst example of a translational pathology  [  17  ] . 

 HHCS is a dominant disease, and since half of the L-ferritin mRNA molecules bear a mutated 
IRE and are not subject to the normal IRP-mediated translational block, the production of L-ferritin 
subunits is disproportionately high (Fig.  21.2 ). Excess L-ferritin production has been confi rmed in 
several tissues  [  3,   18  ] , including lens and lymphoblastoid cell lines established from patients with 
IRE mutations.  

 Some in vitro studies have shown that the mutated IREs sequence have reduced binding affi nity 
to the IRPs  [  19,   20  ] . Thermodynamic analyses have revealed that some mutations impair the stabil-
ity or the secondary structures of the IRE whereas others affect the IRE–IRP interactions  [  19  ] . 
Identifi cation of these natural IRE mutations and evidence that they lead to uncontrolled production 
of tissue ferritin have confi rmed the results of prior in vitro studies that had highlighted the structural 
requirements of the IRE for binding to the IRPs  [  7,   21,   22  ] .  

   1.3 Clinical Symptoms and Treatment 

 Hyperferritinemia and cataract are the hallmarks of HHCS. This is a very mild disease, and cataract 
is the only clinical symptom described so far. The hyperferritinemia refl ects the increased ferritin 
synthesis and is clearly not indicative of iron overload. There seems to be full penetrance of the 
hyperferritinemia, and the age of onset and the severity of the cataract are highly variable. Lens 
opacifi cation may even be absent. 

   Table 21.2    Summary of the deletions identifi ed in or upstream of the  FTL  exon 1   

 Deletion  Country 
 Number of families 
or individuals  Ferritin range ( μ g/L)  Reference 

 Del C10-A38  Italy  1  1,200–1,800   [  133  ]  
 Del U22-C27  Italy  1  1,200–1,400   [  134  ]  
 Del U42-G57  France  1  1,220   [  12  ]  
 Del A38C39  Canada  1  1,845 (de novo mutation ?)   [  12  ]  
 Del (−21)G3  Australia  1  880   [  10  ]  
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   1.3.1 Hyperferritinemia 

 Serum ferritin consists mostly of L ferritin subunits that are N-linked glycosylated in the Golgi 
apparatus and are often called G subunits  [  23,   24  ] . The L-ferritin subunit has a consensus glycosyla-
tion site (NYST), the Tyr being the aminoacid at position 8 of the polypeptide chain. However, 
L-ferritin lacks a typical amino-terminal, hydrophobic signal sequence, and the mechanism by which 
it enters the secretory pathway is not known. It has been shown in rat hepatocytes that cytosolic 
L-ferritin is targeted to the secretory pathway during translation despite the absence of a conven-
tional signal sequence  [  25  ] . Serum ferritin levels usually refl ect an increase in tissue ferritin expres-
sion. Since ferritin synthesis is upregulated in response to increase iron stores, serum ferritin is a 
good indicator of tissue iron overload  [  26  ] . However, there are a number of clinical situations where 
increased serum ferritin levels do not necessarily refl ect iron overload such as infl ammation, cancer, 
Still’s disease, and of course, HHCS  [  27  ] . 

 In HHCS patients with IRE mutations, the presence of increased serum ferritin levels, usually 
above 500  μ g/L, is a constant fi nding, although important fl uctuations can be observed with time for 
the same individual or between several individuals within a family. For instance, one affected mem-
ber of a family with an interstitial 29-base pair deletion of the IRE (del 10–38) had a progressive 
reduction in ferritin levels, from 2,800  μ g/L at birth to 1,400  μ g/L at about 1 year of age  [  28  ] . 
Furthermore, ferritin values ranged between 760 and 2,800  μ g/L among the different members of the 
family. This hyperferritinemia is directly linked to the deregulated L-ferritin synthesis in tissues, and 
it does not refl ect iron overload. Serum iron and the transferrin saturation are always normal  [  29  ] . 
Prior to the discovery of this syndrome, some patients underwent liver biopsy but no excess iron was 
detected  [  1  ] . Furthermore, several patients were mistakenly diagnosed with hereditary hemochroma-
tosis and had repeated phlebotomies. The onset of anemia was rapid in these patients because of the 
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  Fig. 21.2    Schematic representation of the IRE–IRP interactions on the  FTL  mRNA in cells of patients with HHCS. 
Two classes of  FTL  mRNAs are present in cells of patients with HHCS, due to the presence of a heterozygous muta-
tion in the IRE sequence. When iron entry into cells is limited, wild-type  FTL  mRNA translation is repressed due to 
the high-affi nity binding of apo-IRPs on the normal IRE sequence, whereas the mRNAs with a mutated IRE sequence 
do not bind the IRPs and are normally translated. This mechanism leads to the uncontrolled production of excess 
L-ferritin subunits which assemble into iron poor L-rich polymers       
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lack of excess tissue iron, and, interestingly, serum ferritin values did not decrease with phlebotomy, 
a distinctive trait of HHCS. From the multiple family studies published in the literature, it appears 
that the penetrance of the IRE mutations is complete with respect to the hyperferritinemia, although 
this may not be the case for cataract.  

   1.3.2 Cataracts 

 L-ferritin overexpression seems to be extremely well tolerated in most tissues, except in the lens 
where it leads to a clinically relevant abnormality. Initially, cataract in HHCS was thought to be 
“congenital,” as the probands from the fi rst families reported severe visual symptoms since birth. 
Later, with the increasing number of observations, it became clear that the age of onset and the sever-
ity of cataract formation are quite variable and cataract is not always present at birth. For instance, 
a child with the 29-base pair deletion in the IRE had no lens opacities at birth nor at 1 year examina-
tion  [  28  ] , despite high serum ferritin levels (1,448–1,920  μ g/L). Lens opacities can be serious enough 
to require surgical correction in the second or third decades, or mild enough to have no detectable 
effect on visual acuity. 

 By slit-lamp examination, the cataract has a very typical pattern (Fig.  21.3 ), with punctuate, white 
breadcrumbs-like lens opacities  [  30  ] , also referred to as scattered central and peripheral optic fl ecks 
 [  31  ] . In all cases, these opacities are present in the cortex and nucleus. The size and the number of 
these dot-like opacities increase with age and extend from the center to the periphery (Fig.  21.3   [  29, 
  31,   32  ] ). A large Indian family with a G32A mutation in the IRE has been reported with a very 
unusual presentation of bilateral sutural cataract. Y sutures in the lens were severely affected, but 
there were no opacities in the lens cortex or nucleus. No explanation has been found for this unusual 
pattern.  

 The ultimate mechanism leading to cataract formation in HHCS is only partially understood. It 
may be due either to the progressive accumulation of L-ferritin by itself or to the interaction with 
other(s), as yet unknown, environmental factors. Analysis of specimens from cataract surgery in an 
HHCS patient and age-matched controls showed that the lens from the patient contained about ten-
fold more L-ferritin than controls  [  18  ] . This overexpressed ferritin has been shown to form insoluble, 
light-diffracting, crystalline deposits with a typical polygonal appearance  [  33  ] . Several features of 
the lens could contribute to the formation of these ferritin crystals, including a very high protein 
concentration, little protein turnover and a dehydrated environment  [  33  ] . It is interesting to note that 
transgenic mice which overexpress L-ferritin and have a tenfold increase in the lens L-ferritin con-
tent, do not develop cataract but present with very similar ferritin crystals in the lens (C. Beaumont 
and D. Brooks, unpublished).  

   1.3.3 Diagnosis and Treatment 

 It is important to be aware of this disease and to consider it in the differential diagnosis of genetic 
hemochromatosis  [  27  ] . Hyperferritinemia, normal serum iron and normal transferrin saturation are 
the hallmarks of this disease. In most cases, an early onset cataract is also present, although it is not 
present at birth and the absence of cataract does not rule out HHCS. Similarly, the absence of family 
history does not preclude HHCS. Serum ferritin was not frequently measured in the past, and hyper-
ferritinemia may have remained undetected in such families. Furthermore, de novo mutations have 
been observed  [  12  ] . MRI examination of the liver and HFE genotyping can rule out hereditary 
hemochromatosis, but the simplest way to diagnose HHCS is to perform genetic analyses. Direct 
sequencing of a DNA sample must encompass a larger region than initially thought because of possible 
upstream deletions  [  10  ] . Rapid, accurate, and reliable screening techniques such as DG-DGGE 
or DHPLC have also been used successfully to diagnose HHCS  [  34–  36  ] . 
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 There is no treatment for HHCS. An ophthalmological follow-up is recommended with cataract 
surgery if necessary. Treatment by venesection is to be avoided since iron defi ciency anemia rapidly 
develops due to the lack of iron overload. Persistence of elevated serum ferritin levels during phle-
botomy is a good indication of HHCS and must lead to the interruption of the treatment.   

   1.4 Genotype/Phenotype Correlations 

 There is no evidence of genotype–phenotype relationships. When the fi rst mutations were identifi ed, 
a thermodynamic analysis of the IREs suggested that differences in the effects of these mutations on 
the RNA–protein interaction could explain the phenotypic variability of the disease  [  19  ] . This study 
showed that some HHCS mutations lead to changes in the stability and secondary structure of the 
IRE, whereas others appear to disrupt IRP–IRE recognition with minimal effect on IRE stability. 

  Fig. 21.3    Retroilluminated 
slit-lamp photograph the eye 
of a 19-year-old boy ( a ) and 
of his 46-year-old father ( b ). 
The picture shows the 
punctate white “breadcrumb” 
nuclear and cortical lens 
opacities, more pronounced 
in the father’s lens and with 
additional mild nuclear 
sclerosis (Source: 
Reproduced from Chang-
Godinich et al.  [  30  ] . 
Copyright Elsevier with 
permission)       
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However, now that the list of mutations has greatly increased as well as the number of individuals 
carrying the same mutation, it appears that there is no clear correlation between a given mutation and 
the severity of the disease, neither in terms of severity of the cataract nor in terms of the elevation in 
serum ferritin levels (Tables  21.1  and  21.2 ). Even the deletion of one half of the IRE structure which 
would be predicted to entirely suppress the IRP-mediated negative control of L-ferritin synthesis 
does not lead to relatively higher ferritin levels. In fact, higher ferritin levels, ranging from 3,000 to 
5,000  μ g/L, have been reported in patients with the A40G mutation in the IRE loop.  

   1.5 Other Causes of Isolated Hyperferritinemia 

 Hyperferritinemia with normal serum iron and normal transferrin saturation are frequently encoun-
tered in clinical practice. Once IRE mutations have been ruled out, many of these cases will remain 
unexplained. However, two new causes of isolated hyperferritinemia have been described recently, 
namely, ferroportin disease (see Chap.   20    ) and mutations in the L-ferritin coding sequence. 

   1.5.1 Ferroportin Disease 

 Heterozygous mutations in the ferroportin ( FPN ) gene result in an autosomal dominant disorder 
called “ferroportin disease” or type 4 hemochromatosis. Several different point mutations leading to 
an amino-acid replacement and one-codon deletion have been described so far  [  37  ] . Based on func-
tional studies, it is now considered that these mutations belong to two categories, leading to two dif-
ferent diseases  [  38  ] . Some mutations will impair the hepcidin-binding site present on the extracellular 
part of the ferroportin molecule. In the absence of the hepcidin-mediated negative control of iron 
export by ferroportin, increased intestinal iron absorption and increased iron export from macrophages 
will lead to elevated transferrin saturation and iron loading of hepatocytes. This phenotype mimics 
what is found in patients with HFE mutation and defective hepcidin synthesis. It is usually a rather 
severe phenotype with iron overload of parenchymal cells and tissue damage. By contrast, mutations 
that affect the iron export function of the ferroportin protein result in milder patterns of iron loading 
with normal to low transferrin saturation, moderately elevated serum ferritin levels and a restricted 
pattern of iron overload limited to macrophages  [  37  ] . Interestingly, macrophage iron loading is gener-
ally not accompanied by fi brosis, in contrast to the most frequent form of hemochromatosis due to 
HFE mutations, where the iron deposits are mostly found in hepatocytes. Several studies have reported 
that patients with this type of ferroportin mutations do not tolerate phlebotomies and rapidly develop 
anemia since they fail to mobilize macrophage iron stores to support erythropoiesis, a situation remi-
niscent of patients with aceruloplasminemia. Patients with mutations that alter the iron export func-
tion of ferroportin will present with hyperferritinemia and normal serum iron and transferrin saturation 
and can be mistaken for HHCS patients  [  12,   39  ] . The absence of cataract is not informative since the 
age of onset of cataract is extremely variable in HHCS patients. It is only the evidence of excessive 
liver iron stores as determined by MRI analysis that can orientate toward a diagnosis of type 4 hemo-
chromatosis  [  40  ]  and suggest ferroportin gene sequencing.  

   1.5.2 L-Ferritin Mutations 

 Another cause of isolated hyperferritinemia was isolated recently, consisting in c.89C > T base 
change in the  FTL  exon 1 leading to a Thr30Ile amino acid change in the L-ferritin subunit  [  41  ] . 
A perfect cosegregation was observed between the mutated allele and the hyperferritinemia in the ten 
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families that were studied. However, in this study, this mutation accounted for only 20% of the cases 
with isolated hyperferritinemia and the cause of the remaining hyperferritinemia remains to be 
determined. In these subjects with the p.Thr30Ile L-ferritin mutation, no reproducible symptoms 
besides increased serum ferritin could be identifi ed. 

 An interesting feature in these subjects with hyperferritinemia and the Thr30Ile variant is the very 
high percentage of glycosylated ferritin  [  41  ] . Serum ferritin is thought to result from the secretion of 
a small fraction of cellular ferritin through the classical secretory pathway. In the absence of a 
canonical signal sequence, the A helix of the L-ferritin subunit may play a role in addressing a frac-
tion of the molecules to the endoplasmic reticulum during translation of the mRNA. Interestingly, 
the substitution of the polar threonine at position 30 of L ferritin by a hydrophobic isoleucine 
increases the hydrophobicity of this helix.   

   1.6 Conclusions 

 We reported in 2003 a series of 52 patients with unexplained hyperferritinemia and no indication of 
iron overload on the basis of the serum iron indices  [  12  ] . Of these, we found 24 individuals with IRE 
mutations and three patients with heterozygous ferroportin mutation. Later on, we found a different 
type of  FTL  mutation in another 20% of these cases  [  41  ] , but nowadays, we still have about half of 
the hyperferritinemia referred to us for molecular diagnosis of HHCS which remain unexplained. 
The mechanism of ferritin secretion is still poorly understood, and only its more detailed character-
ization will shed some light on these unexplained hyperferritinemia cases.   

   2 Aceruloplasminemia 

 Hereditary aceruloplasminemia (MIM #604290) is a rare autosomal recessive disorder of iron 
homeostasis caused by mutations in the ceruloplasmin ( CP ) gene. Affected individuals may present 
in adulthood with evidence of hepatic iron overload, diabetes, peripheral retinal degeneration, dys-
tonia, dementia, or dysarthria. Laboratory studies demonstrate microcytic anemia, elevated serum 
ferritin, and a complete absence of serum CP ferroxidase activity. 

   2.1 Ceruloplasmin 

 CP is a blue, copper-binding,  α 2-glycoprotein that contains more than 95% of the copper present in 
the blood plasma. It is primarily synthesized in hepatocytes and astrocytes  [  42  ] . CP synthesized in 
hepatocytes is secreted into the plasma as holo-CP with six atoms of copper incorporated during 
biosynthesis. Copper is transported into the Golgi network by the copper-transporting ATPases 
ATP7B in many cell types  [  43  ] . It is subsequently incorporated into apo-CP resulting in the forma-
tion of holo-CP prior to its extracellular secretion. CP is also expressed in the central nervous system 
where it is mostly found on the surface of astrocytes in a glycosylphosphatidylinositol (GPI)-
anchored form, resulting from alternative RNA splicing  [  44  ] . GPI-linked CP has also been described 
in bone marrow macrophages. 

 CP is encoded by a gene present on human chromosome 3q  [  23–  25  ]  with a length greater than 
45 kb and comprising 19 exons. The encoded polypeptide has 1,046 amino acids and a molecular 
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weight of 132 kDa. CP is involved in several pathways including copper transport (copper 
multi-oxidase), iron metabolism (as a ferroxidase), and oxidant defense, whereby it prevents lipid 
peroxidation. It belongs to the family of multi-copper oxidases which oxidize iron(II) to iron(III) 
without releasing radical oxygen species. It plays a major role in the mobilization of iron from 
parenchymal tissues by oxidizing iron and allowing its binding by apotransferrin. In mammals, hep-
haestin is a CP paralog, with 50% identity to Cp. It is expressed mainly in duodenal enterocytes and 
is as a membrane-bound enzyme which plays a role in the basolateral transport of iron from entero-
cytes  [  45  ] . A large deletion in hephaestin in  sla  (sex-linked anemia) mice results in reduced iron 
effl ux from duodenal enterocytes and the development of a moderate microcytic anemia  [  46  ] . Iron 
export from cells requires the coordinated actions of a multi-copper ferroxidase and of ferroportin 
(FPN), the only known iron exporter in mammalian cells. De Domenico et al. have recently shown 
that cell surface localization of FPN requires the presence of secreted or GPI-linked CP, or of hep-
haestin. In the absence of one of these multi-copper oxidases, iron which remains bound to FPN as 
Fe(II) induces a conformational change that triggers ubiquitination, internalization, and degradation 
of FPN  [  47  ] . Loss of cell surface FPN induces iron retention. It has also been shown that in astro-
cytes, GPI-linked Cp is physically associated with FPN  [  48  ]  and astrocytes in Cp −/−  mice have no 
detectable FPN on their cell surface  [  47  ] .  

   2.2 Aceruloplasminemia 

 Ceruloplasmin levels are decreased in Wilson’s disease, in which copper cannot be incorporated 
into ceruloplasmin in the liver because of defects in the copper-transporting ATPase ATP7B 
 [  43  ] . The apoprotein devoid of copper does not have a ferroxidase activity and is rapidly 
degraded in the plasma  [  49  ] . However, the term aceruloplasminemia is used to designate a 
hereditary disease due to specifi c mutations in the  CP  gene. Differential diagnosis between the 
two diseases can easily be made on the basis of normal hepatic copper content and heavy iron 
overload in aceruloplasminemia. Furthermore, symptoms of aceruloplasminemia are usually 
not seen in Wilson’s disease because the 5% residual plasma CP is suffi cient to sustain plasma 
iron turnover  [  50  ] . 

   2.2.1 Clinical Presentation 

 In 1987, Miyajima et al.  [  51  ]  fi rst described a 52-year-old woman suffering from retinal degenera-
tion, diabetes mellitus, and neurodegeneration. Her symptoms were associated with an absence of 
circulating serum ceruloplasmin, elevated serum ferritin, a mild anemia, low serum iron, and pro-
found hepatic iron overload. A mutation was identifi ed in her  CP  gene  [  52  ] . After this fi rst descrip-
tion, aceruloplasminemia has been reported mainly in Japanese patients and in some rare Caucasian 
whites (Table  21.1 ). 

 Patients are typically affected after the fourth to fi fth decade with predominantly neurologic 
symptoms, and the outcome is fatal in the absence of treatment. Symptoms include subcortical 
dementia, dystonia, dysarthria, and movement disorders, resulting from progressive neurodegenera-
tion of the basal ganglia  [  53  ] . In addition, ophthalmologic examination reveals iron deposition and 
photoreceptor loss in the peripheral regions of the retina  [  54  ] . Laboratory fi ndings reveal low serum 
iron concentration, absence or near absence of CP in serum, low total serum copper concentration, 
and high ferritin levels. Mild anemia is frequently present  [  55  ] .  
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   2.2.2 Pathophysiology 

 Tissue iron overload probably results from both increased intestinal iron absorption and defective 
mobilization of tissue iron stores. CP is required for the oxidation of Fe(II) into Fe(III) following its 
export from macrophages by the iron exporter FPN and prior to its binding to apotransferrin. 
Recycling of heme iron by macrophages following phagocytosis and degradation of senescent eryth-
rocytes is the major source of iron for developing erythroblasts in the bone marrow  [  56  ] . In the 
absence of functional CP, tissue iron effl ux is reduced and iron accumulates in macrophages and 
hepatocytes. This results in low serum iron and mild anemia with iron-restricted erythropoiesis. This 
situation is known to reduce hepcidin levels and to increase intestinal iron absorption. Although this 
has not been demonstrated in patients with aceruloplasminemia, several studies have shown that 
serum hepcidin levels are abnormally low in iron-loading anemias  [  57,   58  ] . Since intestinal iron 
absorption relies on hephaestin to oxidize iron rather than on CP  [  59  ] , patients with aceruloplas-
minemia are likely to have increased intestinal iron absorption, resulting in parenchymal iron over-
load. The unique involvement of the central nervous system distinguishes aceruloplasminemia from 
other inherited and acquired iron storage disorders. Neurological symptoms are not found in patients 
with increased intestinal iron absorption due to HFE mutations nor in thalassemia patients with 
heavy transfusional iron overload. CP is synthesized in astrocytes and found at the cell surface as a 
GPI-linked form. The distribution of iron in the brain of patients with aceruloplasminemia as seen at 
autopsy is limited to astrocytes and nerve cells in the basal ganglia, thalamus, and cerebellum  [  60  ] . 
Abnormal astrocytes, enlarged in size and with multiple nuclei, are often found. Astrocytes play a 
major role in brain iron metabolism, and using astrocytes derived from CP-null mice, it has been 
shown that ferroportin is unable to effl ux iron in the absence of CP  [  48  ] . The coordinated actions of 
GPI-CP and FPN may be required for iron effl ux from neural cells. Disruption of this balance could 
lead to iron accumulation in the central nervous system and development of neurological symptoms, 
which include involuntary movements, ataxia, and dementia, refl ecting the sites of iron deposition. 
Excess iron functions as a potent catalyst of biologic oxidation. Several studies have shown that an 
increased iron concentration is associated with increased lipid peroxidation in the brain  [  61  ]  and 
iron-loaded astrocytes were shown to react with anti-HNE and antiubiquitin antibodies  [  60  ] . 
Measures of brain oxygen and glucose metabolism using positron emission tomography (PET) 
showed a marked decrease in glucose and oxygen consumption in the entire brain of aceruloplas-
minemia patients  [  62  ] . Brains examined at autopsy showed that enzyme activities in the mitochon-
drial respiratory chain of the basal ganglia were reduced to about 50% and 43%, respectively, for 
complexes I and IV. Those of the cerebral and cerebellar cortices also were decreased approximately 
62% and 65%  [  62  ] . These fi ndings suggest that iron-mediated free radicals may contribute to neu-
ronal cell damage through increased lipid peroxidation and the impairment of mitochondrial energy 
metabolism in aceruloplasminemia brains.  

   2.2.3 Molecular Defects 

 After the fi rst description, aceruloplasminemia has been reported mainly in Japanese patients and 
more rarely in Caucasians (Table  21.3 ). In Japan, the incidence was estimated to be approximately 
one per 2,000,000 in the case of nonconsanguineous marriages  [  63  ] . More than 25 aceruloplasmine-
mia causing mutations have been identifi ed (Table  21.3 ). Some of the mutations have been found in 
several families throughout the world, but most of them have been detected in a single patient. 
Different types of mutations have been reported, including small internal deletions or insertions and 
splicing defects, as well as nonsense or missense mutations. Except for the missense mutations, all 
the other mutations lead to a frameshift and the formation of a premature stop codon. The truncated 
protein is retained and degraded in the endoplasmic reticulum (ER), resulting in almost complete 
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absence of ceruloplasmin in the plasma. The effects of nonsense mutations including Tyr694X, 
Trp858X, and Arg882X were studied by transfection in CHO cultured cells  [  64  ] . The truncated 
Tyr694X and Trp858X proteins were found to have a rate of synthesis identical to that of wild-type 
CP but to be retained in the ER, inducing proteins of the ER stress pathway and eventually resulting 
in cell death. The Arg882X mutant was secreted normally but is likely to be unstable.  

 The missense mutations can affect either folding of the molecule or incorporation of the copper 
atoms. CP contains six integral copper ions, three of which forming a trinuclear cluster and the other 
three being arranged in three type I mononuclear sites. Each of the mononuclear copper ions is 
liganded to two histidines and a cysteine, while only histidines are required for binding of the copper 
ions in the trinuclear center  [  65  ] . Site-directed mutagenesis at each of the six copper-binding sites 
and transfection into CHO cells have shown that the synthesis and secretion of the mutant proteins 
is identical to that of the wild-type CP, but each mutation results in complete abrogation of copper 
incorporation  [  66  ] . Similarly, transfection studies of some of the natural mutants such as Gly631Arg 
or Gly969Ser have shown that the kinetics of the synthesis and secretion of the mutant proteins is 
normal, but the proteins fail to incorporate copper  [  60,   67  ] . Gly631 and Gly969 are close to His637 
and His975 respectively, which are parts of type I copper-binding sites. Interestingly, the patient 
with the Gly969Ser mutation had apo-CP in the plasma but no detectable ferroxidase activity, 
whereas the patient with the Gly631Ser mutation had no detectable plasma CP. Apo-CP lacking copper 

   Table 21.3    Mutations in the human ceruloplasmin gene in aceruloplasminemia   

 Mutation  Exon  Predicted effects  Reference 

  Insertion or deletion  
 607insA  3  Frameshift   [  135  ]  
 1257–1258delTT  7  Truncated protein (Tyr401X)   [  70  ]  
 1285 ins TACAC  7  Frameshift   [  52  ]  
 1916delG–1918delG  11  Truncated protein   [  69  ]  
 2389delG  13  Frameshift   [  136  ]  
 2602delG  15   [  137  ]  
 2917insA  17  Truncated protein   [  138  ]  

  Nonsense  
 Tyr694X  12  Truncated protein   [  69  ]  
 Trp858X  15  Truncated protein   [  139–  141  ]  
 Arg882X  16  Truncated protein   [  142  ]  

  Missense  
 Ile28Ph  1  Reduced Cp levels   [  71  ]  
 Asp58His  2   [  143  ]  
 Gln146Glu  2  Reduced Cp level   [  138  ]  
 Pro177Arg  3   [  144  ]  
 Phe198Ser  3   [  74  ]  
 Try283Ser  5   [  145  ]  
 Ala331Asp  6   [  55  ]  
 Gly606Glu  11   [  146  ]  
 Gly631Arg  11  ER retention   [  144,   147  ]  
 Gln692Lys  12   [  143  ]  
 G969S  16  Half-normal Cp level   [  67  ]  
 His978Gln  17  No ferroxidase activity   [  142  ]  

  Splice site  
 607+1G > A  3  Exon 3 skipping, splicing defect   [  148  ]  
 1209-2A > G  Int6  Splicing defect, 8 bp del in mRNA, 

truncated protein 
  [  149  ]  

 3019-1G >A  18  Truncated protein   [  150  ]  
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ions is thought to be unstable in the plasma  [  49  ] , and the reason for the unexpected stability of the 
Gly969Ser mutant protein is unknown. The Pro177Arg mutant was found to be retained in the ER. 
The mutation resides in a highly conserved 5-base pair motif, G(FLI)(LI)GP, repeated six times in the 
CP molecule. This motif might be critical for proper folding and subsequent traffi cking of CP  [  60  ] .  

   2.2.4 Genotype–Phenotype Relationships 

 Despite the presence of multiple mutations, little variation is observed in the phenotypic expression 
of the disease. The triad of retinal degeneration, diabetes mellitus, and neurological symptoms is 
almost always present in homozygous patients. Liver iron overload usually remains asymptomatic, 
and in contrast with other forms of hemochromatosis  [  68  ] , patients with aceruloplasminemia do not 
develop signs of hepatic dysfunction. Although liver biopsy typically reveals marked iron accumula-
tion within both hepatocytes and reticuloendothelial cells  [  67,   69  ] , fi brosis is generally absent even 
in the advanced stages of the disease. While diabetes is sometimes the earliest symptom, neurologi-
cal signs such as dementia, ataxia, and diffi culty in walking are the major symptoms that will allow 
the correct diagnosis. 

 Some phenotypic variability can be observed within a family. For instance, Fasano et al.  [  70  ]  
described two siblings with the same homozygous deletion of two nucleotides causing a premature 
stop codon (Tyr401X). An early diagnosis of iron overload was made in the female sibling who was 
subsequently treated with deferoxamine. At the age of 54, her neurologic symptoms were limited to 
mild akinetic signs and a history of seizures. Moreover, her fasting blood glucose level never 
exceeded 120 mg/dL. The male sibling, who had not received any specifi c treatment, developed 
severe diabetes at the age of 32 and at 48 manifested a progressively disabling neurologic disease. 
Several factors can contribute to the heterogeneity in clinical symptoms such as variability in free 
radicals production caused by iron deposition or environmental factors such as aging. 

 In most cases, heterozygous individuals in the families retain half-normal CP levels and do not 
develop clinical signs of the disease. However, some heterozygous individuals have been reported 
with mild neurological symptoms, despite half-normal levels of serum CP and copper  [  71,   72  ] . 

 Finally, fi ve novel heterozygous CP mutations have been identifi ed in a study cohort of 176 
patients with Parkinson’s disease where increased iron levels had been detected in the substantia 
nigra by transcranial ultrasound  [  73  ] . This observation underlies a possible role of mutations, or 
polymorphisms, of CP in increasing substantia nigra iron levels and in contributing to the pathogen-
esis of Parkinson’s disease.  

   2.2.5 Therapeutics 

 Several therapeutic strategies have been tested to limit the development of hepatic and brain iron 
overload, with variable success. Mirayima et al.  [  72  ]  observed limited progression of the neurologi-
cal symptoms, reduced plasma lipid peroxidation, and a decrease of liver iron concentration in their 
patient following a ten-month therapy with the iron chelator deferoxamine (DFO). Loreal et al.  [  69  ]  
reported a one-year therapy with parenteral DFO combined with vitamin C (5 days a week) in a 
62-year-old woman. This also achieved reduced liver iron burden from 250  μ mol/g liver to 75  μ mol/g, 
but the low R2* signal in brain MRI imaging was not modifi ed, suggesting that the DFO therapy was 
not effi cient in removing brain iron. Furthermore, there was a concomitant aggravation of the anemia 
leading to the cessation of the therapy. Similarly, Mariani et al.  [  74  ]  found that DFO treatment was 
successful in removing excess iron stores from the liver, but the brain MRI signal did not change. 
There again aggravation of the anemia led to interruption of the chelation therapy. These authors also 
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tried a six-month therapy with deferiprone, but the therapy was ineffective in removing iron. This is 
intriguing since recently deferiprone has been used successfully to reduce brain iron accumulation 
and neurological symptoms in Friedreich’s ataxia  [  75  ] . In this disease, decreased iron–sulfur cluster 
and heme formation leads to mitochondrial iron accumulation and ensuing oxidative damage that 
primarily affects sensory neurons, the myocardium, and endocrine glands. A six-month treatment 
with 20–30 mg/kg/d deferiprone of nine adolescent patients with no overt cardiomyopathy reduced 
R2* from 18.3 s(−1) to 15.7 s(−1) ( P  < .002), specifi cally in dentate nuclei and proportionally to the 
initial R2* ( r  = 0.90). Chelator treatment caused no apparent hematologic or neurologic side effects 
while reducing neuropathy and ataxic gait in the youngest patients  [  75  ] . Similarly, phlebotomy, 
which has been largely used to reduce the iron load in hemochromatotic patients, demonstrated no 
benefi t in aceruloplasminaemia  [  76  ] . The failure of these different therapies in removing iron in 
aceruloplasminemia probably refl ects the fact that tissue iron cannot be readily mobilized because 
of the defective ceruloplasmin. Kuhn et al.  [  77  ]  reported the benefi cial effect of oral zinc sulfate in 
an 18-year-old girl with a heterozygous  CP  mutation and extrapyramidal and cerebellar-mediated 
movement disorder, taking advantage of its antioxidant properties as well as its established effects 
on reducing iron absorption. Yonekawa et al.  [  78  ]  obtained some success in reducing neurological 
symptoms following repetitive intravenous administration of commercially available fresh-frozen 
human plasma containing ceruloplasmin.   

   2.3 Animal Models 

 To elucidate the role of CP in iron homeostasis, in 1999, Harris and colleagues  [  79  ]  created an 
animal model of aceruloplasminemia by disrupting the murine  Cp  gene. At 1 year of age  Cp      −/−   ani-
mals displayed a three- to sixfold increase in the iron content in liver and spleen. Histological analysis 
of affected tissues in these mice showed abundant iron stores within reticuloendothelial cells and 
hepatocytes. Ferrokinetics studies in  Cp   +/+   and  Cp   −/−   mice revealed a striking impairment in the 
movement of iron out of reticuloendothelial cells and hepatocytes. However, when the same targeted 
 Cp  deletion was backcrossed from Swiss genetic background to a C57BL/6 background, the knock-
out mice displayed normal spleen iron stores, whereas liver iron stores remained elevated  [  80  ] . In 
addition, a spontaneous Arg435X nonsense mutation in exon 7 of the  Cp  gene in C3H/DiSnA mice 
was identifi ed as a modifi er of liver iron but not of spleen iron in a genetic screen of modifi er genes 
of iron metabolism  [  81  ] . Therefore, the role of Cp in the mobilization of macrophage iron stores is 
not fully understood and other factors may contribute to modulating macrophage iron export. 

 These Cp-defi cient mice have also been useful in elucidating the role of Cp in brain and retinal 
iron homeostasis. In  Cp   −/−   mice, iron accumulation occurs mainly in astrocytes by 24 months and is 
accompanied by a signifi cant loss of these cells. In contrast, Purkinje neurons and the large neurons 
in the deep nuclei of  Cp   −/−   mice do not accumulate iron but express high levels of the iron importer 
divalent metal-ion transporter 1, suggesting that these cells may be iron deprived  [  48  ] . This is also 
accompanied by a signifi cant reduction in the number of Purkinje neurons. These data suggest that 
astrocytes play a central role in the acquisition of iron from the circulation and that two different 
mechanisms underlie the loss of astrocytes and neurons in  Cp   −/−   mice. 

 Patients with aceruloplasminemia develop retinal degeneration. However, this symptom is 
absent in  Cp   −/−   mice and is only observed in double-knockout mice with inactivation of both  Cp  
and  hephaestin  genes. In normal mice, Cp and hephaestin localize to Müller glia and retinal pig-
ment epithelium, a blood-brain barrier. Mice defi cient in both Cp and hephaestin show a striking 
age-dependent increase in retinal pigment epithelium and retinal iron, as well as retinal pigment 
epithelium hypertrophy, hyperplasia and death, photoreceptor degeneration, and subretinal neo-
vascularization  [  82  ] .   
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   3 Atransferrinemia 

 Atransferrinemia/hypotransferrinemia (MIM #209300) is a rare genetic disorder characterized by 
microcytic anemia and iron overload. It was fi rst described in 1961  [  83  ] , and since then, 13 patients 
have been reported. The molecular defect in the transferrin ( TF ) gene has been identifi ed in only four 
of these patients; however, all these patients have in common low to undetectable levels of plasma 
transferrin. Human plasma TF is a 79-kDa glycoprotein produced by the liver (see also Chap.   7    ). 
Other cell types such as retinal cells  [  84  ]  and oligodendrocytes  [  85  ]  can synthesize TF, although they 
probably do not contribute to plasma TF. The human  TF  gene is located on Chr 3q22.1. The N and 
C termini of the molecule each contains an iron-binding site, and iron binding requires the presence 
of carbonate ion  [  86  ] . The anemia of patients with atransferrinemia highlights the importance of the 
transferrin-mediated iron delivery pathway for erythropoiesis. 

   3.1 Pathophysiology 

 Developing erythroblasts in the bone marrow rely only on the transferrin-mediated pathway for 
iron delivery. Low or undetectable levels of TF induce defective hemoglobin synthesis and 
microcytic hypochromic anemia. However, some iron is present in the plasma in a non-transfer-
rin-bound form and is taken up by nonhematopoietic tissues, especially heart and liver. 
Development of tissue iron overload is exacerbated by increased intestinal iron absorption. 
Atransferrinemia belongs to the group of iron-loading anemias, as well as thalassemia interme-
dia or sideroblastic anemia. Similarly to what has been described in these diseases  [  87  ] , hepcidin 
production is decreased in patients with atransferrinemia  [  88  ] , despite the presence of iron over-
load. In one patient, urinary hepcidin levels were shown to rise from undetectable levels to nor-
mal values following plasma infusion, with a concomitant rise in serum iron and decrease in 
transferrin saturation  [  88  ] .  

   3.2 Clinical Presentation 

 Microcytic hypochromic anemia and liver siderosis are the two main symptoms of this disease. 
Severity of the anemia is variable as well as the age of diagnosis, ranging from 2 months to 20 years 
of age. Since very few patients have been characterized at the molecular level, it is almost impos-
sible to study phenotype–genotype correlation, but the residual level of plasma transferrin is prob-
ably an important feature in controlling severity of the disease. Hayashi et al. proposed that TF 
value below 0.2 g/L (normal 2–3.5 g/L) results in severe anemia and growth retardation, whereas 
patients with values above this threshold are apparently healthy  [  89  ] . The main clinical features of 
the disease are pallor and fatigue. Some patients have mild hepatomegaly, and liver siderosis has 
been documented only in several cases but is likely to be the rule, with heavy iron deposits in both 
Kupffer cells and hepatocytes. Two patients died at the age of seven from heart failure. In both of 
them, the autopsy showed marked hemosiderosis and fi brosis of liver, pancreas, thyroid, myocar-
dium and kidney. On the reverse, several reports mention absence of bone marrow iron stores. One 
patient was reported to have hypothyroidism  [  90  ] . Both growth retardation and impaired mental 
development have been described, resolving upon therapy  [  89  ] . An increased number of infections 
appear to occur in patients with atransferrinemia. One patient had recurrent infections and another 
one died of pneumonia  [  91  ] .  
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   3.3 Molecular Defects 

 Only four cases have been elucidated at the molecular level. The fi rst mutation was identifi ed by 
Beutler and colleagues in a 20-year-old American woman  [  90  ] . She was found to be compound 
heterozygote. The fi rst mutation was a ten-base pair deletion (cDNA 562–571del) immediately fol-
lowed by a nine-base pair duplication (cDNA 572–580) in exon 5, leading to a frame shift and pre-
mature termination. The second mutation was a missense mutation in exon 12 causing an Ala477Pro 
amino acid change. The second patient was of Japanese origin and was a compound heterozygote 
with a mutated  TF  allele of paternal origin causing a Glu375Cys amino acid change and a null allele 
of maternal origin  [  92  ] . Sequencing of the exons and exon–intron boundaries on the null allele did 
not reveal any mutation, suggesting a defect in the transcription or stability of the mRNA. The third 
case was a Slovakian girl, diagnosed of severe hypochromic, microcytic anemia at the age of 
2 months. Atransferrinemia was diagnosed and serum TF concentrations were half normal in par-
ents, a brother, and a grandfather. She was found to be homozygous for an Asp77Asn mutation in 
exon 3 that probably abrogated synthesis or secretion of the molecule  [  93  ] . Consanguinity was sus-
pected on the basis of homozygosity for the mutation and several other polymorphic sites, although 
not formally proven. The fourth case was a Turkish patient with severe microcytic anemia diagnosed 
at 4 months of age. He was homozygous for a Cys137Tyr mutation in exon 4  [  94  ] .  

   3.4 Therapy 

 The fi rst patients that were identifi ed were initially treated by blood transfusions. However, this 
induced worsening of the patient’s condition and was rapidly replaced by plasma infusion, and later 
on by infusion of apo-TF. Monthly infusions of 500 mL of plasma provided suffi cient TF to permit 
normal hemoglobin formation in one patient, and the infusion was preceded by a 480-mL phlebot-
omy to reduce the iron overload  [  90  ] . The patient, who was heavily iron overloaded at fi rst with a 
liver iron concentration of 37,465  μ g/g dry weight, underwent this monthly treatment for 10 years 
before reaching iron depletion. Monthly plasma infusion with iron chelation or phlebotomy can be 
suffi cient to allow a good erythropoiesis and to prevent iron overload  [  95  ] . Another patient received 
monthly plasma infusion without phlebotomy, and serum ferritin levels declined from 1,264 to 
135  μ g/L. However, the patient displayed no radiological evidence of iron overload before the onset 
of therapy  [  94  ] . Apo-TF infusion induces a rapid rise in hemoglobin concentration within 1 week, 
and the effect is maintained during 4–5 months  [  89,   90  ] .  

   3.5  TF  Gene Polymorphisms 

 Multiple polymorphisms have been found in the  TF  gene and geographical  TF  allele variations have 
been reported in various populations. Two frequent variants named C1 and C2 have been studied into 
more details and found to be risk factors for Alzheimer’s disease. 

 C2 variant is a Pro570Ser mutation arising in the native C1 allele. Frequency of C2 is 15–20% in 
European population, and a higher allele frequency of  TF  C2 has been proposed as a predisposing 
factor to Alzheimer’s disease  [  96,   97  ] . However, the conformation of the two iron-binding sites is 
conserved between the two variants, as well as their iron-binding capacity. Another TF variant with 
a Gly277Ser mutation has been found associated with reduced total iron-binding capacities and a 
predisposition to iron defi ciency in menstruating women  [  98  ] . However, another study conducted on 
pregnant women failed to fi nd an increased G277S frequency in iron-defi cient women  [  99  ] .  
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   3.6 Anti-TF Antibodies 

 Autoimmune atransferrinemia has been reported in one patient with monoclonal immunoglobulin 
with anti-transferrin activity. Serum iron and iron-binding capacity were extremely high (800  μ g/dL, 
normal 270–370). There was a drastically reduced plasma iron clearance (T 

1/2
  of 540 min, normal 

70–110), associated with iron defi ciency anemia and iron overload  [  100  ] . Interestingly, two similar 
cases of very high serum iron and extremely high transferrin concentrations (5.4–6.5 g/L, normal 
2–3.5 g/L) due to immunoglobulin with anti-TF activity were also reported, but no anemia or micro-
cytosis were observed  [  101  ] . Plasma iron clearance was only moderately reduced (206 min) and no 
iron overload was observed. Differences in the affi nity of the monoclonal antibodies against TF 
might account for these phenotypic differences.  

   3.7 Mouse Model 

 Hypotransferrinemic mice ( hpx/hpx ) carry a spontaneous mutation in    the TF gene. The mutation 
disrupts a splice donor site at the end of exon 16 of the TF gene, resulting in the usage of a cryptic 
splice donor site 27-base pair upstream of the normal splice junction  [  102  ] . It has been inferred that 
an aberrant protein with a 9-amino-acid internal deletion circulates in plasma, albeit at a very low 
level, about 1% the normal amount of immunoreactive TF. New born  hpx/hpx  mice are viable but 
severely anemic, and they can survive for up to 2 weeks after birth without blood transfusions or TF 
infusions. However, they will only reach adulthood when receiving weekly injections of whole 
mouse serum or apo-TF. Interestingly, when the therapy is interrupted past weaning, the mice will 
survive and continue to grow, although they remain pale as compared to their control littermates 
 [  102  ] . Surviving adults will develop severe hypochromic anemia and heavy iron overload of liver, 
heart, and kidney. Abnormal iron accumulation also develops in adrenal medulla and the exocrine 
pancreas. Interestingly, spleen macrophages are free of iron deposits, a situation reminiscent of 
bone marrow macrophages in human patients with atransferrinemia. Iron kinetics studies with 
59Fe showed that tissue distribution and clearance kinetics of iron is greatly different between  hpx  
mice and control mice made iron defi cient by repeated blood samplings  [  103  ] . Whereas both mouse 
models absorb the same amount of iron, the non-transferrin-bound iron in the  hpx  mice is rapidly 
cleared from the plasma and deposited into parenchymal tissues. It has also been shown that despite 
the heavy liver iron overload, hepcidin expression is completely suppressed in  hpx  mice  [  104  ] , probably 
accounting for the increased intestinal absorption.       
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   1 Introduction 

 Altered iron metabolism, as demonstrated by the presence of increased hepatic iron stores and elevated 
serum ferritin concentration, is a relatively common feature of various liver diseases, including hepatitis 
C virus infection, nonalcoholic fatty liver disease, and alcoholic liver injury. Hepatic siderosis is also 
present in a signifi cant proportion of patients with end-stage liver disease. The pathophysiological 
basis of excess hepatic iron in these conditions is increasingly understood and relates to changes in 
hepcidin synthesis, altered expression of intestinal iron transporters and increased intestinal iron 
absorption, as well as hepatic necroinfl ammation with a concomitant cellular redistribution of liver iron 
stores. There is evidence in many of these conditions that the presence of excess iron adversely affects 
the natural history of liver diseases and contributes to an acceleration of disease progression and a 
higher rate of adverse clinical events, as well as increased mortality before and after liver transplanta-
tion. Despite this emerging evidence, therapeutic strategies designed to normalize iron indices in these 
conditions are not widely practiced and remain a potential area for further investigation.  

   2 Iron and End-Stage Liver Disease 

   2.1 Prevalence 

 Increased hepatic iron stores are commonly observed in patients with advanced cirrhosis. Ludwig 
et al.  [  1  ]  described positive iron staining in 145 (32.4%) of 447 cirrhotic livers from a North 
American population. In 38 cases (8.5%), the hepatic iron index was within the hemochromatosis 
range, but only fi ve subjects appeared to have homozygous hemochromatosis. In a similar study 
conducted in Australian patients, Stuart et al.  [  2  ]  found remarkably similar results whereby 104 
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(36.8%) of 282 explants had positive iron staining. Grade 3 or 4 staining was present in 27 (9.5%) 
subjects, and only four of these subjects were homozygous for the C282Y mutation in the hemo-
chromatosis gene ( HFE ). The prevalence of iron deposition was much greater in patients with 
hepatocellular-type liver diseases compared to biliary diseases in both the North American and 
Australian populations. Similar to altered iron indices in non-cirrhotic patients, the serum ferritin 
concentration was higher in patients with increased hepatic iron stores. Transferrin saturation was 
also increased in those with higher iron stores, refl ecting reduced transferrin synthesis as well 
altered serum iron concentration.  

   2.2 Pathology 

 In cases of advanced cirrhosis-associated iron overload, excess iron deposition appears to be greatest 
in hepatocytes; however, signifi cant amounts of stainable iron are usually also present in Kupffer 
cells. Iron deposition of variable intensity is seen in septal macrophages, biliary epithelium, and 
blood vessels. Of interest, proliferating bile ductules often have heavy iron staining which is not 
usually seen in anatomical bile ducts, suggesting different cellular uptake mechanisms between 
these two structures  [  1,   3  ] . There is often substantial variability in the intensity of iron deposition 
and quantitative measurements of hepatic iron concentration within the same cirrhotic liver. Iron 
deposition is often patchy and this is caused by an uneven distribution within the parenchyma, vari-
able degrees of steatosis, and large bands of fi brous tissue that contain little or no iron. Accurate 
quantifi cation of liver iron stores in this condition is diffi cult and multiple sampling from different 
sites is necessary  [  2,   4  ] .  

   2.3 Pathogenesis of Increased Iron Stores in End-Stage Liver Disease 

 As previously stated, in most patients, the increased liver iron concentration occurs independently of 
the common mutation in  HFE  and the prevalence of homozygosity for the C282Y mutation in 
hepatic explants with increased iron stores obtained at the time of liver transplantation varies from 
0% to 20%  [  5,   6  ] . The pathogenesis of increased iron deposition is multifactorial and important 
associations include more severe liver disease, hepatocellular rather than cholestatic disease, male 
gender, and spur cell anemia  [  2,   7  ] . The exact mechanism by which iron accumulates most likely 
involves increased intestinal iron absorption as well as a redistribution of tissue storage iron from 
hepatocytes to Kupffer cells and macrophages. Increased intestinal iron absorption has been reported 
in 30–100% of patients with cirrhosis, and recent advances in the understanding of iron absorption 
have enabled detailed investigation of the molecular mechanisms associated with enhanced iron 
uptake  [  8–  12  ] . Stuart et al. studied small intestinal biopsies from patients with cirrhosis and showed 
a threefold increased gene expression of divalent metal transporter  1 (DMT 1)  and a 1.8-fold increased 
ferroportin gene expression  [  13  ] . Thus, an upregulation of intestinal iron transporters may play an 
important role in the pathogenesis of cirrhosis-associated iron overload. These changes may be asso-
ciated with reduced levels of hepcidin as Detivaud et al.  [  14  ]  found that hepcidin gene expression 
inversely correlated with increasing fi brosis. However, Bergmann and colleagues assessed iron-
related gene expression in 22 human cirrhotic livers and found similar levels of hepcidin mRNA in 
both control and cirrhotic livers. Furthermore, hepcidin expression correlated with hepatic iron con-
centration, suggesting appropriate hepcidin regulation in cirrhosis  [  15  ] . The number of control sam-
ples utilized in this study was small and they were obtained mostly from livers of patients with 
malignancy, which of itself may be associated with altered hepcidin expression. Whether reduced 
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hepcidin levels account, in part, for hemosiderosis in cirrhosis remains controversial and larger 
studies including assays of circulating hepcidin concentration are required to fully answer this 
question. 

 The reason why iron accumulation is less common in biliary diseases compared to hepatocellular 
diseases is unclear. Hepatocellular diseases remain more strongly associated with iron accumulation 
than biliary diseases even after adjustment for severity of liver disease. There is experimental evi-
dence that following bile duct ligation, rodents have reduced intestinal iron absorption and the 
underrepresentation of biliary diseases in patients with cirrhosis-associated iron overload may partly 
be explained by this observation. In addition, iron stores often correlate with the severity of infl am-
mation, suggesting that damaged hepatocytes may be a source of iron or that iron acts synergistically 
with a number of causes of hepatocyte injury to accelerate liver damage by enhanced production of 
reactive oxygen species or interaction with viral proteins. 

 The role that non-transferrin-bound iron (NTBI) plays in the development of cirrhosis-associated 
iron overload is also unclear. It has been shown that NTBI is effi ciently taken up by hepatocytes. The 
reduced synthesis of transferrin in cirrhosis and the resultant rise in transferrin saturation can increase 
circulating NTBI levels, and this is consistent with increased cellular iron deposition  [  16  ] . 

 There exists an interesting association between spur cell anemia and the presence of hepatic 
siderosis  [  16–  19  ] . Spur cell anemia is an uncommon hemolytic anemia caused by alterations in the 
erythrocyte membrane lecithin–phospholipid ratio resulting in acanthocytosis. In one study, 57% of 
patients with hepatic iron concentration greater than 80  μ mol/g dry weight had spur cell anemia and 
the majority of patients with spur cell anemia had alcoholic liver disease. Furthermore, it is a marker 
of advanced disease and is associated with a poor prognosis as death usually occurs within 6 months. 
It is uncertain if the underlying hemolysis is associated with increased intestinal iron absorption, 
although this would seem a plausible reason for the association.  

   2.4 Prognostic Signifi cance of Cirrhosis-Associated Iron Overload 

 There is emerging evidence that the presence of hemosiderosis in the cirrhotic liver has signifi cant 
prognostic implications. As stated above, hemosiderosis is strongly associated with more advanced 
liver disease, higher Child-Pugh scores, and higher MELD scores  [  2  ] . In one study, patients with 
siderosis had reduced survival time without transplantation compared to patients without siderosis 
(23 months vs. 85 months) and patients with Child’s A cirrhosis and siderosis had a much shorter 
time median survival time than those without siderosis  [  20  ] . The effect of siderosis on the rate of 
clinical deterioration and mortality remained signifi cant after correction for severity of liver disease 
 [  20  ] . Furthermore, Ganne-Carrié et al. showed in a longitudinal study of 229 consecutive subjects 
that increased liver iron content was predictive of higher mortality in alcoholic patients  [  21  ] . More 
recently, it has emerged that elevated serum ferritin concentration is highly predictive of death or 
adverse clinical outcomes in patients awaiting liver transplantation. In a dual-center study of patients 
in Australia and North America, Walker et al. showed that baseline serum ferritin greater than 
200  μ g/L was an independent factor predicting 180-day and 1-year mortality and this effect was 
independent of MELD score, age, and the presence of hepatocellular carcinoma  [  22  ] . In a validation 
cohort, it was shown that all subjects who died awaiting liver transplantation had a baseline serum 
ferritin concentration greater than 500  μ g/L and serum ferritin concentration and MELD were both 
independent predictors of waiting list mortality. The predictive value of serum ferritin may be related 
to its role as a measure of liver iron stores or as a marker of hepatic necroinfl ammatory activity. 
Consistent with these observations, Brandhagen et al.  [  5  ]  showed that patients with signifi cant iron 
loading at the time of transplant had reduced 1 and 5 year survival compared to controls (48% vs. 
77%). Reduced survival was largely attributed to fungal infections. 
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 Collectively, these observations lend signifi cant support to the hypothesis that patients with 
end-stage liver disease who accumulate excess liver iron are more likely to have an adverse clinical 
outcome. However, these fi ndings have not been translated into any meaningful therapeutic interven-
tion due, in part, to the diffi culties associated with venesection of patients with advanced disease. 
Improved understanding of the biochemical regulators of iron metabolism is likely to provide new 
therapeutic tools to treat excess iron accumulation, and studies of such agents in patients with cir-
rhosis-associated iron overload would be of great interest.   

   3 Nonalcoholic Fatty Liver Disease 

   3.1 Background 

 Nonalcoholic fatty liver disease (NAFLD) is the most common liver disease in the USA and many 
Western countries  [  23,   24  ] . Nonalcoholic steatohepatitis (NASH) is a more serious form of this dis-
order that affects a subgroup of these patients and may progress to cirrhosis, end-stage liver disease, 
and hepatocellular carcinoma. The etiopathogenesis of NASH has been proposed to occur via a 
number of “hits”  [  25  ] . Initially, hepatic and/or peripheral insulin resistance along with increased 
circulating free fatty acids combine to lead to hepatic fat accumulation which is stored in the form 
of triglycerides, resulting in macrovesicular steatosis. Additional sources of oxidative stress, such as 
mitochondrial dysfunction  [  26  ] , increased activity of prooxidant cytochromes such as cytochrome 
P450 2E1  [  27  ] , and other factors may overwhelm antioxidant functions within hepatocytes, leading 
to cytotoxicity, necroinfl ammation, and variable degrees of fi brosis.  

   3.2 Pathogenesis of NASH due to Iron Overload 

 Excess iron deposition within the liver has been proposed as a cause of necroinfl ammation and fi bro-
sis in NAFLD. The metal catalyzes the production of reactive oxygen species (ROS) via the Fenton 
reaction, which may lead to lipid peroxidation and activation of Kupffer cells, resulting in produc-
tion of pro-infl ammatory cytokines. Iron-induced toxicity within the liver is postulated to occur via 
activation of an oxidative stress cascade which causes damage to membranes, resulting in mitochon-
drial and other organelle dysfunction, cell injury, and death  [  27  ] . In addition, ROS may cause DNA 
damage via production of DNA adducts such as the modifi ed guanosine base 8-hydroxydeox-
yguanosine (8-OHdG). A recent study compared 38 NASH patients with iron overload to 24 patients 
with NAFLD. The iron-loaded NASH patients had signifi cantly higher levels of 8-OHdG, and this 
was positively associated with the histologic total iron score  [  28  ] . Furthermore, iron depletion 
resulted in a signifi cant decrease in 8-OHdG levels in a subset of the patients. 

 There are also data pointing to a relationship between body iron stores and insulin signaling; thus, 
iron overload may exacerbate insulin resistance, a central feature of NAFLD and NASH. Several 
studies have shown that hyperinsulinemia and insulin resistance with or without overt diabetes are 
common in patients with iron overload  [  29,   30  ] . It has been shown that increased iron stores inhibit 
extraction and metabolism of insulin at the level of the hepatocyte  [  31  ] . Serum iron and transferrin 
may play a role in adipocyte lipolysis and interfere with glucose transport  [  32,   33  ] . In vitro studies 
have shown that iron may reduce the affi nity of insulin binding to its receptor and may reduce gene 
expression  [  34  ] . In fact, the unique clinical syndrome called “ I nsulin  R esistance-associated  H epatic 
 I ron  O verload” (IR-HIO; also called “Dysmetabolic Hepatic Iron Overload”) describes a syndrome 
of hepatic iron loading associated-insulin resistance, defi ned as body mass index of >25, diabetes, or 
hyperlipidemia  [  35  ] . Many of these patients also appear to have NAFLD  [  36  ] . 
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 Several human studies have examined iron depletion as a treatment for NAFLD, diabetes, and 
hyperferritinemia in the absence of hemochromatosis. Iron depletion appeared to improve insulin 
resistance, insulin secretion, and glycemic control in patients with type 2 diabetes and hyperfer-
ritinemia  [  37  ] , and in patients with insulin resistance syndrome in the absence of liver disease or 
diabetes  [  38  ] , as well as in patients with type 2 diabetes mellitus and suspected NAFLD  [  39  ] . Iron 
depletion was also shown to be effective in nondiabetic patients with NASH, with or without ele-
vated serum ferritin levels  [  40,   41  ] , and in patients with biopsy-proven NAFLD accompanied by 
hepatic iron loading  [  42,   43  ] . In summary, iron depletion appears to improve insulin resistance and 
liver enzyme levels in patients with NAFLD and insulin secretion in patients with type 2 diabetes 
and hyperferritinemia. In addition, iron has been shown to activate hepatic stellate cells, which are 
central to hepatic fi brogenesis and initiate the process leading to cirrhosis  [  44  ] . 

 Heterozygosity for the common  HFE  mutations (C282Y/wild type and H63D/wild type) has 
been shown to be associated with increased transferrin saturation in normal individuals but does not 
appear to result in signifi cant hepatic iron overload  [  45  ] . However, several studies have suggested 
that carriage of heterozygous  HFE  mutations may be associated with increased hepatic iron deposi-
tion and may contribute to liver injury in NASH. In an Australian study, George and colleagues 
found that a surprisingly high proportion of 51 NASH patients (31.4%) were either C282Y homozy-
gotes or C282Y/H63D compound heterozygotes compared to 12% in 2,375 population controls 
 [  46  ] . Furthermore, the presence of hepatic iron was an independent risk factor for advanced hepatic 
fi brosis in this cohort. This seminal study has been followed by a number of others examining the 
prevalence of  HFE  mutations in NAFLD and NASH, as well as the contribution of  HFE  mutations 
to hepatic iron deposition and advanced histologic features of NAFLD. 

 Bonkovsky and colleagues examined a cohort of patients with NASH from the Boston area and 
found that the prevalence of the H63D mutation was higher among the NASH patients than in a 
historical control population  [  47  ] . Another Australian study concluded that Caucasian patients with 
NASH were more likely to carry the C282Y mutation, although presence of these mutations was not 
associated with increased risk of advanced disease  [  48  ] . A number of additional studies  [  49–  53  ]  
have examined the role of  HFE  mutations in NAFLD, and six of eight studies performed in countries 
with predominantly Caucasian populations have concluded that  HFE  mutations are more common 
among patients with NASH or NAFLD. By contrast, studies in populations where the common  HFE  
mutations are infrequent (Brazil, China, Japan) have concluded that these mutations do not contrib-
ute to the development of NAFLD or NASH  [  54–  57  ] . A subsequent meta-analysis did not fi nd a 
higher overall prevalence among patients with NAFLD  [  58  ] . It is likely that ascertainment bias, lack 
of a similar control population, case defi nition, and sample size infl uence the discrepancies in the 
literature with regard to the prevalence of  HFE  mutations in patients with NAFLD and NASH. 

 Several studies have now also examined the relationship between  HFE  mutations and the pres-
ence of NASH or severe NASH (defi ned as increased histologic activity and/or advanced hepatic 
fi brosis) with disparate results. Five studies reported that hepatic iron stores among patients with 
 HFE  mutations and NASH are increased compared to those without  HFE  mutations  [  46,   49–  52  ] . 
Two studies have found a positive relationship between  HFE  mutations and advanced hepatic fi bro-
sis in NASH  [  47,   49  ] . In the original study, George et al. found that hepatic iron content, but not 
presence of the C282Y mutation, was a risk factor for advanced hepatic fi brosis  [  46  ] . However, an 
important confounding variable in these early studies is that insulin resistance or type 2 diabetes was 
also associated with advanced hepatic fi brosis  [  48,   49,   52,   53  ] . Based on the previous data that 
increased iron stores are associated with insulin resistance, it is possible that  HFE  mutations may 
contribute to the pathogenesis of NASH either directly by increasing body iron stores or indirectly 
through iron-related tissue injury. One study examined the relationship between hepatic iron content 
and subsequent liver disease complications. Younossi et al. measured the hepatic iron concentration 
of archived liver biopsy specimens from 65 patients with NAFLD  [  59  ] . These authors did not fi nd a 
relationship between iron content and subsequent complications. However, these data should be 
interpreted with caution given the small sample size. We have recently published a population-based 
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examination of the relationship between serum transferrin saturation (TS) and subsequent cirrhosis-
related hospitalization or death  [  60  ] . In comparison to those with low TS (<40%) and low alcohol 
consumption ( £ 1 drink/day) who had an incidence of cirrhosis/liver cancer of 70/100,000 person-years, 
the incidence of cirrhosis and liver cancer was increased in persons with elevated TS ( ³ 40%) and low 
alcohol consumption (154/100,000; adjusted hazard ratio, 2.2; 95% confi dence interval, 1.3–3.8). Although 
this study did not specifi cally examine patients with NAFLD, these data support the concept that body 
iron stores may contribute to liver disease complications even in the absence of alcohol intake. 

 We reported that presence of the C282Y mutation was associated with advanced hepatic fi brosis 
in a cohort of 126 patients with NASH ascertained from several centers in the USA and Canada  [  49  ] . 
Data from 126 NASH subjects were collected from six North American centers. The prevalence of 
heterozygous C282Y and H63D  HFE  mutations was 14.3% and 21.4%, respectively. Among 
Caucasians, the prevalence of the C282Y mutation (both the C282Y/wild type and C282Y/H63D) 
was signifi cantly higher in subjects with NASH (21.6%) compared to the expected prevalence based 
on previous studies in the general population (11.4% and 12%)  [  61,   62  ] . These results suggest that 
subjects carrying the C282Y mutation may be at increased risk for NASH. 

 Patients with  HFE  mutations were also more likely to have stainable hepatic iron compared with 
wild-type subjects (28% vs. 19%,  NS ), and C282Y heterozygotes and C282Y/H63D compound 
heterozygotes were more likely to have stainable iron in the liver compared with WT subjects (43%, 
 p  = 0.058 and 80%,  p =  0.009, respectively, vs. 19% for  HFE  wild type). Caucasian patients with the 
C282Y mutation were more likely to have stainable hepatic iron compared to wild-type subjects 
(50% vs. 15%,  p =  0.012). C282Y heterozygotes were also more likely to have bridging fi brosis or 
cirrhosis (44% vs. 21%,  p  = 0.05) compared with patients with other  HFE  genotypes. A history of 
diabetes mellitus was independently associated with advanced fi brosis on multivariable regression 
(OR, 3.90; 95% CI, 1.55–9.84;  p  = 0.004). C282Y heterozygosity showed a positive association with 
advanced hepatic fi brosis (OR, 2.35; 95% CI, 0.82–6.75;  p  = 0.112), especially among Caucasians 
( n  = 98) (OR, 2.97; 95% CI, 0.97–9.14;  p  = 0.057) but these trends did not reach signifi cance. A sub-
sequent preliminary study found that reticuloendothelial system (RES) cell iron deposition was 
independently associated with NASH and more severe histologic features in a large cohort from the 
NASH Clinical Research Network  [  63  ] . 

 A recent large study by Valenti et al. has been another addition to the literature examining the 
relationship between  HFE  mutations and NAFLD  [  64  ] . A total of 587 Italian patients with NAFLD 
and 187 control subjects were studied. Inclusion criteria included elevated serum liver enzymes and 
steatosis with or without hyperferritinemia. The presence of “predominantly hepatocellular” iron 
deposition was associated a hepatic fi brosis stage >1 (95% confi dence interval, 1.2–2.3) compared 
to those without hepatic iron deposition. However, the presence of  HFE  mutations was not associ-
ated with an increased risk of fi brosis stage >1 or with hepatic fi brosis or advanced hepatic fi brosis. 
As discussed in an accompanying editorial, a number of factors such as case defi nition and preva-
lence of  HFE  mutations may explain the differences between this study and previous results. 
Nevertheless, these data support further investigation of the effect of even mild or moderate iron 
loading in the liver as a pathogenetic factor in NAFLD and NASH.   

   4 Iron and Alcoholic Liver Disease 

   4.1 Background 

 The role of alcohol in the development of iron overload has been the source of considerable interest 
over an extend period of time. Indeed, the view was held for many years that hemochromatosis 
was a form of alcoholic or nutritional liver injury unrelated to any underlying genetic abnormality. 
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An improved understanding of the mechanisms of interaction between alcohol and iron is of considerable 
importance because both alcoholic liver disease and genetic hemochromatosis are common diseases 
and alcohol and iron act synergistically to exacerbate hepatocyte injury and liver fi brogenesis. The 
relationship between alcohol, iron, and liver disease has constantly been re-evaluated as researchers 
incorporate landmark discoveries related to genetics and biochemistry of these hepatotoxins into 
existing paradigms. The identifi cation of the underlying genetic abnormality responsible for most 
cases of hereditary hemochromatosis; the discovery of specifi c iron transporters in enterocytes, 
Kupffer cells, and hepatocytes; as well as the recognition that hepcidin is a master controller of iron 
metabolism have all given greater clarity to our understanding of the unique interactions that exist 
between alcohol and iron. 

 The exact prevalence of excess hepatic iron in patients with alcoholic liver disease is uncertain. 
Studies of explants show that 65% of livers obtained from patients with a primary diagnosis of alco-
holic liver disease have positive iron staining as determined by Perls’ Prussian blue analysis  [  1,   2  ] . 
In general, this is associated with a modest increase in hepatic iron concentration – usually less than 
80  μ mol/g dry weight. In mild cases of alcoholic liver disease, iron is preferentially seen in hepato-
cytes compared to Kupffer cells and this may relate to a direct suppressive effect of alcohol on hep-
cidin gene expression. In later stages of disease, stainable iron is predominantly found in Kupffer 
cells and macrophages with lesser intensity of staining in hepatocytes. This redistribution of iron is 
thought to represent release of iron from damaged hepatocytes. 

 The true clinical signifi cance of this observation is unclear, but some studies have shown that 
increased hepatic iron content is associated with greater mortality in patients with alcoholic cirrhosis 
 [  21  ] . Furthermore, patients with fully expressing hereditary hemochromatosis often have consumed 
alcohol in excess of 60 g/day. The presence of two toxic insults may potentiate more aggressive 
disease, and hemochromatosis subjects who consume more than 60 g/day are approximately nine 
times more likely to develop cirrhosis than those who drink less than this amount  [  65  ] .  

   4.2 Pathogenesis 

 It is clear that most affected patients do not carry mutations in genes known to be involved in iron 
metabolism and the accumulation of iron in the majority of patients with alcoholic liver disease 
occurs independently of any known genetic abnormality. The pathogenesis of iron overload in alco-
holic liver injury is multifactorial and due to direct effects of alcohol on proteins involved in iron 
metabolism, as well as nonspecifi c changes in iron metabolism associated with the presence of cir-
rhosis  [  66  ] . Studies of liver explants show that liver iron loading occurs in alcoholic liver disease as 
well as a variety of other liver diseases, including chronic viral hepatitis, autoimmune hepatitis, and 
alpha-1-antitrypsin defi ciency. As discussed earlier in this chapter, cirrhosis per se promotes 
increased liver iron stores, and an increased hepatic iron concentration seen in those patients with 
alcoholic liver disease and cirrhosis is due, in part, to this phenomenon. Of more interest have been 
recent studies confi rming an alcohol-mediated downregulation of the expression of the iron regula-
tory peptide hepcidin, a response consistent with increased iron absorption  [  67  ] . In male rats pair fed 
an alcoholic liquid diet for 12 weeks, Bridle et al.  [  68  ]  showed that hepcidin gene expression was 
reduced sixfold compared with pair fed control animals. In mice treated with ethanol 10–20% for 
7 days, Harrison-Findik et al.  [  69  ]  showed that ethanol metabolism downregulated hepcidin mRNA 
and protein expression and this effect was abolished by inhibiting alcohol-metabolizing enzymes by 
the addition of 4-methylpyrazole. The downregulation in hepcidin expression was accompanied by 
elevated duodenal DMT-1 and ferroportin protein expression, and all of these effects were abolished 
by the addition of antioxidants. This suggests that alcohol-mediated oxidative stress is an important 
cause of the altered iron metabolism seen in alcohol-related liver injury. Furthermore, alcohol 
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suppressed the upregulation of hepcidin mRNA expression induced by excess iron in the carbonyl 
iron model of iron overload, suggesting that alcohol negates the protective effect of increased hepcidin 
in states of iron loading  [  70  ] . 

 The precise molecular signaling pathways which account for the downregulation of hepcidin 
expression by alcohol are of considerable interest. Hepcidin expression is mediated through a range 
of interconnecting pathways. Pathways that positively regulate hepcidin transcription include the 
iron responsive HFE and TfR2 pathways, the interleukin 6/STAT3 (IL6/STAT3) pathway that 
responds to infl ammatory stimuli, and the hemojuvelin/bone morphogenic protein/SMAD pathway 
that appears to be required for setting basal hepcidin levels  [  71–  74  ] . Negative regulators of hepcidin 
include anemia and hypoxia  [  75  ] . Inhibition of CEBP α  activity by alcohol is involved in the down-
regulation of hepcidin gene expression and treatment with alcohol abolished the iron-induced upreg-
ulation of CEBP α  DNA-binding activity  [  70  ] . Thus, inhibition of C/EBP α  DNA-binding activity by 
alcohol is almost certain to play an important role in the alcohol-induced suppression of hepcidin 
expression. 

 It has also been suggested that hepatic hypoxia may play an important pathophysiological role in 
alcohol-related liver iron accumulation  [  76,   77  ] . Hypoxia-inducible factors (HIFs) are central regu-
lators of the cellular response to hypoxia. Under hypoxic conditions, HIF-1 α  is stabilized and trans-
locates to the nucleus where it binds to HIF-1 β . The complex functions as a transcriptional activator 
for several genes containing hypoxia response elements within their promoter/enhancer regions. It 
modulates the expression of more than 100 genes involved in angiogenesis, cell survival, and iron 
metabolism by upregulating their expression in hypoxic regions. Hepcidin transcription is decreased 
when hypoxia is present, and chronic alcohol exposure leads to hypoxia in the oxygen-poor pericen-
tral regions of the liver  [  78,   79  ] . 

 It is proposed that the HIF complex binds to and negatively transactivates the hepcidin promoter 
 [  80,   81  ] . Increased levels of HIF-1 α  have been demonstrated in alcohol-fed rodents in association 
with downregulated hepcidin gene expression, suggesting that the hypoxic pathway may play a role 
in the altered iron homeostasis observed in alcoholic liver injury  [  76  ] . 

 The biochemical mechanisms of toxicity in iron overload and alcohol-induced liver injury are 
remarkably similar and involve the generation of reactive oxygen species leading to lipid peroxi-
dation, stellate cell activation, and progressive hepatic fi brosis  [  82–  86  ] . Studies in humans 
strongly support the hypothesis that the combination of alcohol and iron accelerates liver injury. 
However, studies of alcohol/iron co-toxicity in animal models have not consistently demon-
strated evidence of signifi cant pathological sequelae. In most studies to date, the administration 
of alcohol to animals has not resulted in a signifi cant increase in hepatic iron despite the afore-
mentioned changes in the expression of the many proteins involved in iron metabolism. It is 
likely that this refl ects the relatively short timeframe over which these studies are conducted. For 
example, it is well known in humans with  HFE -associated hemochromatosis that the hepatic iron 
concentration increases very slowly over time and may not rise to pathological levels until the 
third decade, despite the genetic abnormality being present since birth. It is likely that animals 
need to be fed on alcohol for a much longer period of time to demonstrate an increase in hepatic 
iron concentration. It also has been diffi cult to generate models of progressive liver injury in 
rodent models investigating the effects of iron/alcohol co-toxicity. Tsukamoto et al.  [  87  ]  were 
able to induce signifi cant liver injury by feeding rats small amounts of iron in addition to intra-
gastric alcohol. However, it is diffi cult to induce signifi cant liver injury or generate products of 
lipid peroxidation in the traditional Leiber de Carli model of alcohol consumption, and this has 
hindered studies of pathological complications related to alcohol and iron co-toxicity.    Achieving 
a higher hepatic iron concentration in the setting of a sustained period of alcohol exposure in 
combination with a signifi cant infl ammatory response in an animal model is a desirable quality 
if the pathophysiological basis of liver injury mediated by a combination of iron and alcohol is 
to be fully understood.   
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   5 Hepatitis C Virus Infection 

   5.1 Background 

 It has been known for almost two decades that chronic hepatitis C (CHC) infection may be associated 
with elevated serum iron values and that mild to moderately increased storage iron may be present 
in the liver among patients with CHC. There is growing evidence that iron deposition in the liver 
may contribute to oxidative stress and facilitate carcinogenesis.  HFE  mutations have also been pro-
posed as cofactors for liver disease progression in CHC, presumably via increased iron absorption 
and deposition in the liver. Studies of phlebotomy therapy in CHC have consistently shown improve-
ment in serum liver biochemical tests, surrogate markers of fi brogenesis, and possibly stabilization 
of fi brosis. However, there are, as yet, no conclusive data that iron depletion via phlebotomy improves 
sustained virologic responses to interferon and ribavirin-based therapies. There remains a paucity of 
data examining whether iron depletion therapy slows the progression of liver disease in patients with 
cirrhosis or reduces the incidence of hepatocellular carcinoma among patients with CHC. 

 Di Bisceglie and colleagues are credited with the initial observation that over one third of patients 
with CHC have elevated serum iron levels and that CHC is associated with increased stainable iron 
in both RES cells and hepatocytes  [  88  ] . Subsequent larger studies confi rmed that RES cell iron 
deposition was common in CHC, especially among patients with cirrhosis, and was associated with 
increased histologic severity  [  89  ] .  

   5.2 Pathogenesis 

 A major proposed mechanism for increased iron loading in patients with CHC is the presence of 
 HFE  mutations. Several cross-sectional studies have examined the relationship between carriage 
of  HFE  mutations, pattern and degree of hepatic iron deposition, and histologic features of severity 
in patients with CHC. As in NAFLD and NASH, some studies have found  HFE  mutations, in par-
ticular the C282Y mutation, to be associated with increased stainable iron and/or advanced hepatic 
fi brosis  [  90–  94  ] , while others have not  [  89,   95–  99  ] . In general, the C282Y mutation rather than the 
H63D mutation appears more likely to have a pathogenetic role  [  91,   93  ] . The most recent data sup-
porting a role for increased iron deposition among CHC patients with  HFE  mutations are from the 
HALT-C study, a long-term trial in patients with advanced fi brosis.  HFE  mutations were found to be 
associated with increased hepatic iron content in 363 patients, all with advanced hepatic fi brosis. 
This study confi rmed the fi ndings of several previous reports that C282Y or H63D heterozygosity is 
associated with hepatic iron loading in CHC patients  [  90,   91,   100–  102  ] . We previously examined the 
relationship between  HFE  mutations, hepatic iron concentration, and disease severity in a cohort of 
almost 400 patients with CHC, approximately half of whom had end-stage liver disease  [  90  ] . The 
prevalence of  HFE  mutations was not increased among CHC patients with end-stage liver disease 
when compared to patients with compensated liver disease. Additionally, there was no difference in 
hepatic iron concentration between patients with and without  HFE  mutations (although hepatic iron 
concentration was higher in men in both groups). However, among patients with compensated liver 
disease, CHC patients with  HFE  mutations (especially the C282Y heterozygous mutation) had sig-
nifi cantly higher hepatic iron concentration compared to wild-type patients  [  90  ] . Other studies have 
found divergent results. Two studies have reported that the heterozygous H63D mutation is associ-
ated with both increased fi brosis stage and presence of cirrhosis  [  92,   94  ] . However, the majority of 
studies have suggested that the C282Y heterozygous mutation is more strongly associated with 
advanced fi brosis than the H63D mutation. Smith et al. reported that mean fi brosis stage was signifi cantly 
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higher among C282Y heterozygotes compared to wild-type patients (3.6 vs. 1.5)  [  91  ] . Cirrhosis was 
also present more often in those with the  HFE  mutation (40%) compared to those without (8.7%). 
We similarly found that any  HFE  mutation (C282Y and H63D) was strongly associated with bridg-
ing fi brosis or cirrhosis in individuals with compensated liver disease (OR, 18; 95% CI, 1.7–193) 
 [  90  ] . The odds ratio for presence of advanced fi brosis in association with C282Y was 30 (95% CI, 
1.8–484) compared to 22 (95% CI, 1.8–267) for H63D mutations  [  90  ] . More importantly, carriage 
of  HFE  mutations was independently associated with advanced fi brosis after adjustment for gender, 
age and duration of disease  [  90  ] . Gehrke et al. also found an association between C282Y mutations 
and advanced fi brosis (OR, 2.5; 95% CI, 1.0–6.3;  p <0.05)  [  93  ] . Geier and colleagues described a 
strong association between carriage of the C282Y mutation and hepatic fi brosis (OR, 4.58; 95% CI, 
1.13–18.52;  p  = 0.026)  [  22,   94  ] . Erhardt et al. also found a signifi cant association between C282Y 
heterozygotes and cirrhosis with an odds ratio of 5.9 (95% CI, 1.6–22.6;  p <0.009)  [  92  ] . Although a 
handful of studies have concluded that the C282Y mutation is not a modifi er gene in CHC  [  95,   96, 
  99  ] , the bulk of the evidence suggests that heterozygous C282Y individuals with CHC infection are 
most likely to have more severe hepatocellular injury and fi brosis. 

 There is additional evidence that iron deposition in the liver as a consequence of  HFE  mutations 
may contribute to disease progression. Two studies found that the C282Y mutation was associated 
with hepatocellular carcinoma among CHC patients  [  103,   104  ] , although two other studies did not 
confi rm this association  [  105,   106  ] . In a previous cross-sectional study of over 5,000 patients with 
end-stage liver disease undergoing liver transplantation, iron overload in the liver explant was inde-
pendently associated with hepatocellular carcinoma among patients with CHC  [  107  ] . 

 Iron depletion via phlebotomy has been explored as a means to slow down the progression of liver 
disease. Phlebotomy treatment resulted in reduction in serum liver enzymes in previously treated 
and untreated patients, and iron depletion prior to treatment resulted in improved sustained virologic 
responses to interferon monotherapy and showed improvement in hepatic necroinfl ammation in pre-
viously treated nonresponder patients  [  108  ] . One long-term study of iron depletion demonstrated a 
signifi cant reduction in risk of hepatocellular carcinoma compared to a control group (8.6% vs. 39%, 
OR 0.57)  [  109  ] . The mechanism may be linked to reduction in DNA damage as manifested by 
reduced 8-OHdG levels  [  110  ] . 

 In summary, there appears to be suffi cient evidence that increased hepatic iron stores may be a 
cofactor in the progression of chronic liver disease due to CHC. Carriage of  HFE  mutations, espe-
cially the C282Y polymorphism, is associated with increased hepatic iron content compared to wild-
type patients. There are also substantial data showing that  HFE  mutations are associated with advanced 
hepatic fi brosis in patients with CHC, although some studies have not confi rmed these fi ndings. 

 Van Thiel and colleagues fi rst reported that CHC patients who responded to interferon mono-
therapy had signifi cantly lower hepatic iron concentration compared to those who did not clear HCV 
 [  111  ] . Subsequent studies did not fi nd hepatic iron to be a predictor of response to interferon and 
ribavirin combination therapy  [  112  ] . Although iron depletion via phlebotomy does not improve 
response to interferon and ribavirin therapy, preliminary studies suggest that iron depletion improves 
hepatic necroinfl ammation and may reduce the incidence of hepatocellular carcinoma.       
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   1 Introduction 

 The cells of the central nervous system, and in particular neurons, are metabolically active cells with 
a high iron requirement. The mechanism(s) by which iron is traffi cked across the blood–brain barrier 
has yet to be fully elucidated. A great interest in central nervous system iron homeostasis is derived 
from the increasing incidence of neurodegenerative disorders over the last decade. Advances in 
clinical imaging and the ability to differentiate iron from other metals utilizing magnetic resonance 
imaging (MRI) has permitted radiological confi rmation of brain iron accumulation in patients 
presenting with neurodegenerative symptoms. The observation that brain iron content increases with 
aging and is associated with neuropathology has led to a heightened interest in the role of iron in 
these conditions. The potential for iron to not only participate in but enhance oxidative stress coupled 
with the concomitant increased tissue iron burden in Parkinson’s disease, Alzheimer’s disease, and 
aging has led numerous investigators to study the relationship between iron, oxidative injury, and 
neurodegeneration. The recent identifi cation of many of the proteins required for systemic cellular 
iron metabolism within the central nervous system (CNS) and the subsequent characterization of 
neurodegenerative disorders attributed to mutations in these proteins have even further highlighted 
the critical role of iron in CNS functioning.  

    Chapter 23   
 Neuropathology and Iron: Central Nervous System 
Iron Homeostasis       

         Sarah   J.   Texel ,           Xueying   Xu ,           Sokhon   Pin ,        and    Z.   Leah   Harris          
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   2 Iron and the Central Nervous System 

 Whereas for decades it has been clear that iron is an essential nutrient, the exact role for iron in CNS 
development and functioning has been less well understood. The fi rst description of iron in a whole 
brain was made by Zaleski in 1886 who, after immersing brain sections in 2% potassium ferrocya-
nide followed by staining in 1% hydrochloric acid, revealed that gray matter contained more iron 
than white matter, that much of the iron was present as a ferric salt, and that the iron appeared to be 
independent of hemoglobin  [  1  ] . Adaptations of the original “Berlin blue” stain by Perls for identify-
ing ferric iron and Fe 3+  salts by Nguyen-Legros allowed for much more detailed histochemical anal-
ysis of iron in the brain  [  2,   3  ] . The original histochemical analysis identifi ed ferric iron based on both 
its abundance and the oxidation artifact of Fe 2+  that occurs as part of the tissue fi xation process. 
Scientists were able to identify iron throughout the brain in neurons, astrocytes, oligodendroglia, 
axons, microglia, and myelin sheaths  [  4–  7  ] . Distinguishing whether that tissue iron is in a Fe 2+  or 
Fe 3+  state has not been possible and that determination has remained diffi cult and somewhat elusive, 
although recent fl uorescent probes may be helpful in this regard. Irrespective of its oxidation state, 
it is clearly established that neurons need iron. Iron appears to have an essential role in myelination, 
neuroectodermal development, and the synthesis and secretion of many neuromodulators and 
enzymes critical for neuronal, glial, and microglial function. 

 Iron facilitates myelination as an essential component in the biosynthesis of lipids and cholesterol 
 [  8  ] . In addition to normal myelination, iron is required for cytochrome  c  oxidase function, an iron-
dependent enzyme involved in oxidative phosphorylation and a quantifi able marker of neuronal 
metabolic activity  [  9  ] . Iron is a prerequisite for the neurotransmitter synthesis and is required for the 
activity of tyrosine hydroxylase and tryptophan hydroxylase  [  10  ] . Tyrosine hydroxylase, an iron-
containing monooxygenase that uses a tetrahydropterin cofactor, catalyzes the hydroxylation of 
tyrosine in catecholamine biosynthesis  [  10  ] . The enzyme is a homotetramer, and each monomer 
contains a single nonheme iron atom. The role of iron in this enzyme is not understood; however, 
tyrosine hydroxylase mutants lacking iron are enzymatically inactive  [  11  ] . Iron, incorporated into 
heme, is the backbone of the mitochondrial electron transport chain and is essential for cellular 
metabolism. Iron is an essential component of cytochromes a and b, iron–sulfur complexes of the 
respiratory chain (including aconitase), and is a cofactor for tryptophan hydroxylase, ribonucleotide 
reductase, and succinate dehydrogenase  [  12  ] . 

 Although the body’s need for iron has been well established, excess iron is harmful and, as such, 
iron homeostasis is tightly regulated. In 1896, Fenton successfully oxidized malic acid by exposing 
the acid to a solution containing both ferrous iron and hydrogen peroxide  [  13  ] . However, it was not 
until 1932 that Haber and Weiss identifi ed the active species in Fenton chemistry to be the free OH 
radical generated by the iron-catalyzed dissociation of hydrogen peroxide  [  14  ] . To accommodate 
both the critical need for iron and the toxicity of this transition metal owing to its potential to gener-
ate reactive oxygen species, a complex system of balances has developed in the body. 

 Four separate “iron cycles” exist in the body: the “systemic” cycle (involving the gut, bone mar-
row, and liver), the “central nervous system” cycle (retina and brain), the “placenta” cycle, and the 
“testicular” cycle. Behind every blood barrier, distinct iron proteins are synthesized: transferrin, 
DMT1 (divalent metal-ion transporter 1/SLC11A2: solute carrier family 11a member 2), and ceru-
loplasmin  [  15  ] . Transferrin (Tf) is the primary plasma protein responsible for binding diferric iron 
and delivering it to cells via transferrin receptor-mediated endocytosis. Ceruloplasmin (Cp) is a fer-
roxidase necessary for the oxidation of Fe 2+  to Fe 3+  prior to its binding to Tf. DMT1 is a Fe 2+  iron 
transporter present on the apical membrane of polarized epithelial cells and the endosomal mem-
branes of most cells. 

 To enter the CNS, iron must cross one of two separate membranes: the blood–brain barrier (BBB) 
or the blood–CSF–brain (BCSF) interface. Diferric transferrin binds to the transferrin receptor 1 (TfR1) 
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on the blood–brain barrier, and iron is endocytosed into brain capillary endothelial cells. Iron in the 
Fe 2+  form likely exits these cells via ferroportin that is expressed on BBB endothelial cells, neurons, 
oligodendrocytes, astrocytes, the choroid plexus, and ependymal cells. Following transport, iron is 
likely oxidized by either a perivascular astrocyte-specifi c ceruloplasmin or secreted ceruloplasmin 
or another nonspecifi c ferroxidase. The abundant expression of TfR1 throughout the CNS, and spe-
cifi cally on neurons, suggests that neurons can acquire iron through the classic transferrin/TfR1 
endocytosis pathway (Fig.  23.1 ).  

 Studies on iron transport in the hypotransferrinemic mouse (hpx) have revealed that neurons acquire 
iron via both TfR1-mediated endocytosis and a non-transferrin-bound iron (NTBI) mechanism  [  17  ] . 

  Fig. 23.1    Model for iron traffi cking in both the systemic ( a ) and central nervous system ( b ) iron cycles. Iron uptake 
occurs via the transferrin–transferrin receptor 1-mediated pathway or a non-transferrin-mediated mechanism, possibly 
mediated in part by DMT1. Once inside the cell, Fe 2+  is either stored in ferritin, utilized by the cell, or exported via fer-
roportin, the sole iron export protein. Ferroportin is stabilized by ceruloplasmin and is regulated by hepcidin. 
Ceruloplasmin oxidizes Fe 2+  to Fe 3+  for its subsequent binding to transferrin. The same process occurs in the brain 
where GPI-linked ceruloplasmin resides on the astrocytes most intimately associated with the microvasculature. Iron 
binds transferrin synthesized and secreted by oligodendrocytes for delivery to the neuron (Source: Reproduced with 
permission from  [  16  ] )       
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Homozygote (hpx/hpx) mice had an equivalent radioiron uptake relative to control and heterozygote 
(+/hpx) mice 24 h following the intravenous injection of radiolabeled iron. One candidate NTBI 
transporter is DMT1. Mice engineered to lack Dmt1 are viable, anemic, and without gross CNS 
defects  [  18  ] . Their phenotype suggests that DMT1 is essential for gut and bone marrow iron demands 
to be met but that alternative methods of iron delivery take over in the placenta, liver, and brain. The 
molar excess of CSF iron to transferrin in the CNS is consistent with a signifi cant role for NTBI 
transport in this system, but does not prove such a role. 

 Whether iron enters the neuron either through the transferrin/TfR1 pathway or via Tf-independent 
means, the iron is ultimately either used for metabolic purposes or incorporated into ferritin for stor-
age  [  19  ] . Unlike neurons, glial cells lack TfR1 but have abundant ferritin and are the professional 
iron storage cells of the CNS  [  20  ] . Still to be identifi ed are the mechanisms by which neurons sense 
and communicate their own iron status. It is interesting that a unique GPI-linked melanotransferrin 
is found in cerebral endothelial cells  [  21  ] . Perhaps they play a role in sensing iron levels? 

 The basolateral membrane iron exporter ferroportin (FPN) has been characterized in the CNS, 
and it is expressed on BBB endothelial cells, neurons, oligodendrocytes, astrocytes, the choroid 
plexus, and ependymal cells  [  22  ] . FPN acts in conjunction with ceruloplasmin (Cp) to facilitate iron 
release. Cp is a multicopper enzyme with ferroxidase activity that oxidizes Fe 2+  to Fe 3+  for subse-
quent binding to transferrin. It is both synthesized and secreted by astrocytes and is found predomi-
nantly as a GPI-linked protein on the astrocyte cell surface  [  23  ] . It is important to note that the 
astrocytes expressing ceruloplasmin are those that are most intimately associated with the vascula-
ture. The foot processes of these astrocytes extend great distances and can be localized adjacent to 
neurons. Cp is also found in ependymal cells, the choroid plexus, substantia nigra, Purkinje cells, 
and the granule cell layer of the cerebellum. Hephaestin, another multicopper oxidase and cerulo-
plasmin homologue, is abundantly expressed in the mouse central nervous system and is found on 
neurons, ependymal cells, the choroid plexus, neuronal bodies in the hippocampus, corpus callosum 
oligodendrocytes, glial cell bodies in the cortex, substantia nigra (pars compacta), Purkinje cells and 
the granule cell layer of the cerebellum. We speculate that the abundant expression of both cerulo-
plasmin and hephaestin within the central nervous system refl ects not only their requirement for 
appropriate FPN localization and function  [  24  ] , but also their ability to act as ferroxidases and 
cuprous oxidases, to act as antioxidants (through superoxide and hydrogen peroxide inactivation), 
and their role in NO/nitrite homeostasis. 

 The potential for oxidative stress in the face of free Fe 2+  coupled with the evidence that iron accu-
mulates with aging and neurodegeneration sets the stage for the discussion of the role of iron in 
neurobiology. Neurodegenerative diseases, as diverse as Alzheimer’s disease, Parkinson’s disease, 
Huntington’s disease, aceruloplasminemia, and amyotrophic lateral sclerosis, share a conspicuous 
common feature: selective neuronal loss. The mechanism(s) of this neuronal loss and the basis for 
the selective vulnerability of certain neuron populations are unknown. These diseases also are note-
worthy for increased brain iron accumulation. The abnormal accumulation of iron in the brain does 
not appear to be a result of increased dietary iron, but rather a disruption in the complex process of 
cellular iron regulation. Whether the iron deposition is a cause or result of the neuronal loss remains 
to be determined. 

 Much of our understanding of regional brain iron acquisition comes from studies of iron defi -
ciency in adults and children. Moos et al. observed that neurons in rat brains express TfR1 in a 
biphasic pattern with peaks during embryogenesis and in adulthood  [  25  ] . During the immediate 
postnatal period, iron is shuttled for myelinogenesis, glial cell proliferation, and expansion of syn-
aptic number. During this time period, neurons have no detectable TfR1 on their surface. Presumably, 
adequate iron storage during embryonic development sustains the neurons during this period. During 
iron defi ciency, neurons increase their expression of TfR1  [  26  ] ; astrocytes, oligodendrocytes, and 
microglia in the same brains do not. This suggests that in the postnatal brain, neuronal iron supply is 
limited and might explain the susceptibility of neurons to a limited iron supply in those neurodegenerative 
disorders where iron traffi cking is disrupted. 
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 Below, we introduce the reader to neurodegenerative syndromes associated with brain iron 
accumulation and discuss the mechanisms of disease as it relates to disruptions of iron homeostasis. 
It is interesting to note that as an aging society, our interest in neurodegeneration has gained signifi -
cant attention. Possible environmental confounders; therapeutic interventions, both allopathic and 
homeopathic; and the role of nutrition in the development of these disorders are gaining public atten-
tion. It is the characterization of the mechanisms regulating central nervous system iron metabolism 
that will ultimately provide answers.  

   3 Friedreich’s Ataxia 

 First described by Nikolaus Friedreich in the 1860s, Friedreich’s ataxia (FA) is an autosomal reces-
sive, inherited ataxia with sensory loss most commonly associated with GAA trinucleotide repeats 
in the fi rst noncoding intron of the FRDA1 gene  [  27  ] . It    is the most common inherited ataxia, with 
an estimated prevalence of 1/50,000, most patients present in adolescence with muscle weakness, 
gait disturbances, sensory loss, arrefl exia, dysarthria, and cardiomyopathy. The disease is progres-
sive and fatal. A later-onset form of the disease, VLOFA (very-late-onset FA), occurs in 25% of 
those diagnosed with FA and represents a more slowly progressing form of the disease. Deafness, 
diabetes, scoliosis, dysphagia, bladder dysfunction, and optic atrophy are also associated with the 
disease. Within 5 years of the onset of disease, most patients with FA develop neurologic abnormali-
ties consistent with dorsal root ganglia, posterior column, corticospinal tract, dorsal spinocerebellar 
tract, and cerebellar degeneration. They lose proprioception and develop spasticity and signifi cant 
proximal muscle weakness, and as the disease advances, distal limb muscle weakness and wasting 
occurs. Cognition is usually spared. Patients become wheelchair dependent usually within 10 years 
of diagnosis. 

 FA is readily distinguished from other inherited ataxia syndromes by the following: (1) While a 
host of neurodegenerative ataxia diseases have been identifi ed with trinucleotide repeats, only FA 
has a GAA repeat (Huntington’s disease, for example, is characterized by a CAG repeat); (2) only 
FA is an intron expansion repeat; (3) FA is an autosomal recessive disorder whereas most others are 
autosomal dominant (i.e., Charcot–Marie–Tooth type 1); and (4) FA is associated with both skeletal 
and cardiac muscle disease and most affected individuals die from their hypertrophic cardiomyopa-
thy. Recently, ataxia with oculomotor apraxia (AOA) type 1 was found to map to the same locus as 
FA (chromosome 9p13.3), and this locus is now referred to as FRDA2  [  28  ] . It remains to be deter-
mined if this represents a unique locus or if AOA type 1 is a variant of FA. 

 The severity of disease in FA is determined by the level of frataxin protein. This in turn is deter-
mined by the number of GAA repeat sequences in intron 1 of the FRDA1 gene. The hyperexpansion 
repeats inhibit transcription  [  29  ] . If both alleles are affected by hyperexpansion repeats, severe dis-
ease occurs. Milder forms of the disease are associated with mutations in one allele and hyperexpan-
sion repeats in the other. Individuals with 5–33 GAA repeats are phenotypically normal. Those with 
34–66 GAA repeats, either interrupted by (GAGGAA) 

n
  sequences or uninterrupted, represent a 

“borderline” situation. Disease has been identifi ed in some cases, but the vast majority of cases have 
been identifi ed in parents of affected children. These “premutation” alleles are likely capable of 
expansion into full penetrance alleles based on their somatic instability. Disease-causing FA occurs 
with greater than 66 GAA repeats, and up to 1,700 GAA repeats have been identifi ed. The majority 
of FA patients that have been genetically screened as having between 600 and 1,200 GAA repeats. 
To date, the most common disease-causing point mutation in a single FRDA allele with a hyperex-
panded second allele is I154F. The disease severity with this single allelic point mutation is identical 
to disease caused when hyperexpanded repeats affect both alleles. Another single allelic mutation 
associated with milder disease when in combination with a hyperexpanded allele is G130V. Whereas 
one would predict larger expansion repeats to be associated with worse disease, individuals with 
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VLOFA have been identifi ed that are homozygote for 800+ GAA repeats, making predictions about 
disease severity imperfect. A specifi c form of FA observed in an Acadian population has further 
revealed the imprecise genotype–phenotype correlation that exists in this disease. FA in Acadians is 
characterized by a later age of onset, later age of wheelchair use, and less incidence of cardiomyo-
pathy. Similarly, FA with retained refl exes (FARR) and spastic paraparesis without ataxia are later-
onset, clinically less severe forms of the disease. 

 Elegant work in  Saccharomyces cerevisiae  studying the yeast frataxin homologue, Yfh1, has 
provided considerable input into our current molecular and mechanistic understanding of the disease 
 [  30  ] . Despite considerable research, the exact sequence of events that lead to the neuropathology in 
FA still remains unclear. We now know that frataxin is a ubiquitously expressed protein critical for 
iron–sulfur cluster assembly such that a lack of frataxin manifests as a disruption of mitochondrial 
iron homeostasis that uniquely affects specifi c tissues  [  31  ] . Frataxin is a small protein that has been 
shown to bind several ferrous iron atoms. Frataxin is also able to bind the iron–sulfur cluster scaffold 
protein ISCU and the heme biosynthetic enzyme ferrochelatase  [  32  ] . Thus, it appears that frataxin 
likely acts as a chaperone donating ferrous iron for incorporation into nascent iron–sulfur clusters as 
they are assembled on ISCU. Why there is a predilection for cardiac, dorsal root ganglia, and large 
sensory neurons to be affected is unknown, but perhaps, it refl ects the increased mitochondrial activ-
ity in the cells in these regions. It is unclear if the mitochondrial iron accumulation is a primary or 
secondary event. A frataxin defi ciency is associated with mitochondrial dysfunction, reduced mito-
chondrial DNA, reduced antioxidant levels, and increased redox-mediated cellular damage. Iron 
appears to be trapped in a mitochondrial compartment that is not accessible to iron-dependent pro-
teins and mitochondrial cytochromes, and aconitase has decreased activity levels  [  33  ] . Thus, two 
potential mechanisms for cell damage include Fenton chemistry/oxyradical injury and iron defi -
ciency. Iron-dependent regulation of frataxin expression creates a vicious cycle: The mitochondrial 
iron overload induces decreased frataxin expression and leads to more severe cytosolic iron defi -
ciency  [  33  ]  (Fig.  23.2 ).  

 Current therapies for FA involve targeting the abnormal accumulation of iron in the mitochondria 
and the resulting mitochondrial oxyradical injury and subsequent mitochondrial respiratory defects. 
Free radical scavengers such as coenzyme Q10, vitamin E, idebenone (a coenzyme Q10 analogue) 
and MitoQ (a mitochondrial-targeted idebenone), and iron chelators have been used with some suc-
cess  [  34–  36  ] . Therapies directed at increasing cellular frataxin levels are also being initiated  [  37  ] . It 
is likely that therapies will also be proposed in the future that will increase heat-shock proteins that 
may be able to offer redundant chaperone function and help mitochondrial iron traffi cking and 
homeostasis.  

  Fig. 23.2    Model for the role 
of iron homeostasis in the 
pathogenesis of Friedreich’s 
ataxia. This model 
hypothesizes that increased 
mitochondrial iron results in 
depleted cytosolic iron stores 
which further downregulates 
frataxin expression by 
decreasing iron-responsive 
frataxin transcription 
(Source: Reproduced with 
permission from  [  33  ] )       
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   4 Alzheimer’s Disease 

 Since it was fi rst described by Alois Alzheimer over a century ago, Alzheimer’s disease (AD) has 
become the major neurodegenerative disease worldwide  [  38  ] . AD is distinguished by a progressive 
loss of memory and an inclusive deterioration of mental faculties and abilities  [  39  ] . The dementia in 
AD has been correlated with extensive neuronal death and degeneration, thought to be caused by 
deposition of protein aggregates in the cells  [  40  ] . Two specifi c groups of protein aggregates are 
associated with AD and are considered hallmarks of the disease: neuritic plaques and neurofi brillary 
tangles (NFT)  [  39,   40  ] . It is important to keep in mind that these aggregations or lesions also occur 
in nondiseased aged brains, though in much lower numbers, and that the lesions in AD are more 
likely a result of the disease, not the underlying cause  [  41  ] . Each of the protein aggregates has a 
specifi c composition which provides clues to the homeostatic mechanisms disrupted in AD. 

 Neuritic plaques were fi rst discovered in 1930 by Divry, who used a dye bound to amyloid  [  39  ] . 
Plaques are extracellular protein aggregates composed mainly of beta-amyloid (A β ) peptides result-
ing from the cleavage of a larger protein, amyloid precursor protein (APP), by secretase enzymes 
 [  39  ] . The normal role for APP is not known but has been proposed to be a neurotrophin, vesicle traf-
fi cker, or a serine protease inhibitor  [  40  ] . Two sizes of the A β  peptide can result depending on the 
type of secretase that cleaves APP. One is 40 amino acids in length, and the other is 42 amino acids 
long  [  40  ] . The A β -42 has been shown to be more hydrophobic and thus more amenable to aggrega-
tion  [  42  ] . There has been a great deal of research that focuses on mutations in the APP gene that 
would cause increased production of A β  or would confer an increased self-aggregation of the A β  
peptide  [  39,   40  ] . These mutations, and those in other proteins that affect A β  processing, have been 
implicated in the familial form of AD (FAD) and show direct genetic inheritance patterns. FAD, 
however, only accounts for 5–10% of all incidences of AD, and thus, A β  production and processing 
is not a complete answer for AD pathophysiology  [  43  ] . 

 Unlike plaques, NFTs are intracellular aggregates composed of hyperphosphorylated tau  [  39  ] . 
Tau is a microtubule-associated protein that functions in the reinforcement of the cytoskeleton, and 
its ability to bind microtubules is modulated by phosphorylation and dephosphorylation  [  40  ] . The 
hyperphosphorylation of tau interferes with microtubule binding  [  44  ] . These hyperphosphorylated 
taus instead have a tendency to aggregate into paired helices. Tau aggregates may contribute to cell 
death by loss of microtubule stabilization or by physically blocking axonal transport  [  45  ] . Tau aggre-
gations are found in a variety of other neurodegenerative diseases and, like plaques, cannot be held 
solely responsible for the pathophysiology of AD  [  45  ] . 

 One commonality of all neurodegenerative diseases is oxidative stress and the production of reac-
tive oxygen species (ROS)  [  46  ] . The involvement of iron in Fenton chemistry is a large contributor 
of oxidative stress and there is speculation that iron plays a large role in the pathophysiology of AD 
 [  46  ] . It is well known that brain iron levels increase with age, and since a major risk factor for AD is 
old age, it has led researchers to consider that modifi cations in iron levels and distribution may be a 
contributing factor to AD  [  47  ] . Increased iron levels have been shown to be present in areas such as 
the hippocampus and cerebral cortex, areas that are known to be affected in AD  [  48  ] . Upon closer 
examination of post-mortem brain tissue, iron can be found in association with senile plaques  [  49  ]  
and NFTs  [  47  ] . Specifi c histidine and tyrosine residues at the N terminus of A β  have been shown to 
be able to bind iron  [  47  ] , and the binding of iron to A β  has been shown to lead to the production of 
ROS  [  50  ]  and promote AB aggregation. Replacing the histidine residues of A β , thereby abolishing 
the iron binding motif, has been shown to reduce aggregation  [  51  ] . Iron may also play a role in APP 
translation as it has been shown that the mRNA for APP contains an iron-responsive element in its 
5 ¢  untranslated region  [  52  ] . It is easy for one to imagine how increased levels of APP protein caused 
by high iron levels may add to AD pathophysiology. 
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 Studies have also demonstrated that tau can bind iron. Increased iron can be found in NFTs and 
has been associated with increased levels of oxidative stress  [  53  ] . Increased levels of oxidative stress 
can be found in neurons that lack NTFs, indicating that oxidative stress might set the stage for NFT 
formation. Other than direct interaction with tau, iron has been shown to affect kinase activity, which 
could play a role in disruption of tau phosphorylation  [  54  ] . Increased iron levels are likely present in 
diseased brain areas because plaque accumulation can lead to microglia activation. Microglia have 
been shown to react to superoxide by the release of iron from ferritin stores  [  55  ] . In addition, the 
lysosomal degradation of malfunctioning mitochondria, which is prevalent in AD, can cause the 
release of iron into already ailing neurons  [  47,   56  ] . Iron accumulation then leads to cellular dysfunc-
tion which can further increase iron load and result in more cell damage. 

 Advances in technology have made it possible not only to get a more precise mapping of 
iron levels in brain tissue but also to be able to distinguish between specifi c iron compounds  [  57  ] . 
A surprising discovery using these advanced techniques has been the amount of a ferromagnetic iron 
oxide, called biogenic magnetite, in areas of iron accumulation  [  46  ] . Biogenic magnetite, although 
not considered a common iron compound, has been found to be present in brain tissue  [  58  ] . The 
level of biogenic magnetite is elevated in AD brains  [  59  ]  and was the main form of iron in brain 
areas with prominent iron accumulation. Levels of biogenic magnetite are of great consequence 
because this form of iron can produce free ferrous iron that is able to participate in ROS generation 
through Fenton reactions  [  60  ] . Thus, not only the amount and location but also the form of excess 
iron may be important factors in the pathophysiology of AD (Fig.  23.3 ).  

 Although it has been over 100 years since AD was fi rst described, there are few drugs approved 
by the FDA for its treatment  [  39  ] . Most of these drugs are cholinesterase inhibitors, which act to 
reduce the breakdown of acetylcholine, a common neurotransmitter  [  39  ] . The drugs are effective in 
slowing AD progression, but not preventing it, because AChR stimulation increases the release of 
soluble APP from cells, thus reducing the production of A β . As more of the molecular mechanisms 
of AD have been discovered, more experimental treatment options have been studied. Among these 
experimental treatment options is the use of iron chelators  [  46  ] . Clinical trials with common iron 
chelators such as desferrioxamine (DFO), ethylenediaminetetraacetic acid (EDTA), and clioquinol 
have demonstrated their ability to decrease cognitive decline and A β  levels  [  62,   63  ] . The toxicity of 
clioquinol and hydrophobicity of DFO, preventing it from crossing the BBB, have led to the search 
for better chelators that were not only safe but could also easily access the brain. One group has 
synthesized a range of novel chelators that are derivatives of the iron chelator VK-28 and are conju-
gated to the neuroprotective moiety of the drugs rasagiline and selegiline commonly used to treat 
Parkinson’s disease  [  62  ] . These drugs, which can cross the BBB and are nontoxic, have shown the 

  Fig. 23.3    A Perls’ stain is used to show intense iron deposits ( left ) in cells and processes involved in the senile 
plaque and also the diffuse iron staining ( right ) associated with the plaques (Source: Reproduced with permission 
from  [  61  ] )       
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ability  in vitro  to regulate A β  production and be neuroprotective against A β  toxicity. Other naturally 
occurring iron chelators, such as plant polyphenol fl avonoids, are also being investigated for their 
potential use in AD treatment  [  62,   63  ] . The advantages of these substances, in addition to their non-
toxic nature and ability to cross the BBB, are that they are naturally occurring and function as anti-
oxidant, anti-infl ammatory, and neuroprotective agents  [  63  ] . One such substance is EGCG, which is 
a component found in green tea. Preliminary  in vitro  and in vivo animal studies have shown that 
EGCG has the ability to prevent neurodegeneration, reduce APP translation, and increase secretion 
of soluble APP which causes a decrease in A β  levels  [  63  ] . These experiments lend hope for better 
treatment options in the future not just for AD but for all neurodegenerative diseases where oxidative 
stress and transition metals may play a role in pathophysiology. 

 As with most neurodegenerative diseases, the pathophysiology of AD is complex. While recent 
evidence convincingly shows that iron accumulation plays a role in AD progression, there is most 
likely a variety of components that act together to cause AD. Also, it should not be forgotten that 
other transition metals may also have a hand in generating oxidative stress and neurodegeneration. 
Thus any successful treatment for such an intricate disease is likely to include a multi-approach 
treatment.  

   5 Parkinson’s Disease 

 In 1817, James Parkinson, a British physician, encountered a novel motor disease, which caused a 
resting tremor and a loss of muscle strength  [  38  ] . Today, this disease, aptly named Parkinson’s dis-
ease (PD), is one of the most common neurodegenerative diseases, second only to Alzheimer’s dis-
ease  [  64  ]  in prevalence. PD is characterized by the selective loss and depletion of pigmented 
dopaminergic neurons in the substantia nigra pars compacta (SNpc) in the basal ganglia, a brain area 
intricately involved in motor control. A hallmark of PD is cytoplasmic protein aggregates called 
Lewy bodies (LBs)  [  65  ] . These LBs are made up of lipids and proteins, with  α -synuclein protein 
aggregates being a major component  [  66,   67  ] . A variety of gene loci, Park1–13, Park1 being  α -synuclein, 
have been found mutated in familial forms of PD  [  66  ] . Many of the functions for these loci are still 
unknown, and even though much time has been spent investigating the genetic causes of PD, most 
PD cases are sporadic, with < 10% of cases having a genetic component  [  66  ] . PD has also been 
linked to environmental factors such as prolonged iron exposure  [  68  ]  and mitochondrial “neurotoxins” 
such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)  [  67  ] . 

 A challenge in studying PD has been trying to fi nd a good animal model. Most of the current 
animal models used are MPTP toxin-treated animals or transgenic mice containing a mutation in one 
of the crucial associated loci  [  68  ] . As in most neurodegenerative diseases, oxidative stress and pro-
duction of reactive oxygen species (ROS) are believed to play a role in the pathophysiology of PD 
 [  66  ] . The role of iron in the generation of both oxidative stress and production of ROS has led to 
much research on the role iron dysregulation may play in PD. 

 It is generally accepted that the substantia nigra (SN) is a critical area of the brain that is affected 
in PD. Along with the basal ganglia, the SN has the highest iron concentration/dry tissue weight of 
the brain and in many cases is greater than that of the liver  [  69,   70  ] . Such high concentrations of iron 
in the SN are explained by the requirement for iron as a necessary cofactor for the rate-limiting 
enzyme in the production of dopamine – tyrosine hydroxylase  [  71  ] . Dopaminergic neurons of the 
midbrain are the main source of dopamine (DA) in the mammalian central nervous system. Although 
dopaminergic neurons correspond to less than 1% of the total number of brain neurons and their 
numbers are few, they play an important role in regulating several aspects of basic brain function 
including voluntary movement and a broad array of behavioral processes such as motor behavior, 
motivation, working memory, mood, addiction, and stress. The effect of iron defi ciency on dopamine 
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production in the SN has been well documented. It has been demonstrated that iron defi ciency 
results in a reduction in D1 and D2 dopamine receptor density. If this defi ciency occurs early in 
CNS development, it can lead to dramatic learning disabilities associated with lack of dopamine 
production  [  70  ] . 

 While a certain concentration of iron is important in the SN, SN iron levels of PD patients can be up 
to 35% higher than in nondiseased brain  [  72  ] . A closer examination of iron levels in dopaminergic 
neurons of PD patients revealed excess iron confi ned to dopaminergic neurovesicles. This neurove-
sicular iron storage can be reduced by inhibiting dopamine synthesis, suggesting that dopamine is a 
player in iron regulation that might be disrupted in PD  [  73  ] . Additional experiments lend fuel to the 
argument that iron plays a role in the pathophysiology of PD. It has been shown that iron accumu-
lates in melanized dopamine neurons and interneurons, and it is generally accepted that ROS production 
by this excess iron is a cause for the degeneration and death of these neurons  [  9,   74  ] . However, 
whether iron accumulation is a primary cause of the disease or just a secondary effect of a larger 
pathogenic mechanism remains to be elucidated. 

 One of the most convincing groups of experiments that point to iron being a primary cause of PD 
describes the interactions of iron and  α -synuclein.  In vitro  studies have shown that Fe 3+  can cause 
wild-type  α -synuclein to aggregate and form short, thick fi brils which differ from the type of fi brils 
induced by Cu 2+ , another transition metal implicated in PD pathophysiology, suggesting a fi bril 
morphology specifi c to iron  [  75  ] . Thermodynamic experiments have also demonstrated that binding 
kinetics of  α -synuclein suggest one binding site for iron  [  76  ] . Further, it has recently been predicted, 
by use of computer-generated folding of  α -synuclein mRNA, that the 5 ¢  region of the gene contains 
an iron-responsive element, meaning that  α -synuclein may be under posttranscriptional control by 
iron levels  [  77  ] . While these experiments are not defi nitive proof, they are highly suggestive that 
increased iron levels can cause the aggregation of  α -synuclein present in Lewy bodies of PD patients 
(Fig.  23.4 ).  

  Fig. 23.4    Model of the role of iron in Parkinson’s disease. Iron appears to be a catalyst for  α -synuclein aggregation 
in addition to participating in oxyradical formation. Iron-induced oxidative stress further potentiates Lewy body 
formation and likely increases the tendency for Lewy-body aggregation (Source: Reproduced with permission 
from  [  78  ] )       
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 Dopaminergic neurons are believed to be particularly prone to oxidative stress due to their high 
rate of oxygen metabolism, low levels of antioxidants, and high iron content. Unique to dopamine is 
the ability to generate toxic ROS spontaneously in the presence of Fe 2+  or via a monoamine oxidase 
(MAO)-catalyzed reaction which generates hydrogen peroxide, oxygen radicals, semiquinones, and 
quinones  [  79,   80  ] . Conceivably, conditions that increase brain iron concentrations, while antioxidant 
capabilities are limited and/or maximally consumed, could result in selective dopaminergic neuronal 
loss. The bigger question with most neurodegenerative diseases is not how iron is causing the gen-
eration of ROS but what is causing the iron buildup. One of the causes of excess iron might be due 
to a failure in iron storage. Changes in the main iron storage protein, ferritin, have been studied in 
PD patients, and it has been found that there is a decrease in L-ferritin subunits in the SN  [  81  ] . These 
results indicate that changes in the composition of the ferritin shell in PD may lead to increased 
effl ux of iron  [  81  ] . Studies have also shown that iron levels in the SN go beyond the binding capacity 
of the ferritin present, and this may be due to sustained IRP1 binding activity to the ferritin mRNA 
which prevents the upregulation of ferritin in the face of accumulating iron levels  [  82,   83  ] . Also, it 
has been shown that the expression of the H-ferritin subunit decreases with normal aging, and this 
may compound an already faulty iron storage system that occurs in PD patients  [  84  ] . 

 In the SN, there are specifi c neurons that contain neuromelanin (NM), a pigment in the melanin 
family that can bind and store iron, which may be the main iron storage for these cells  [  84,   85  ] . 
Release of iron from NM has been shown to fuel mitochondrial oxidative stress causing dysfunction 
of mitochondria and proteasomes  [  86  ] . Study of the involvement of neuromelanin in the pathogen-
esis of Parkinson’s disease suggests that iron released from neuromelanin increases oxidative stress 
in mitochondria. Subsequent mitochondrial dysfunction ensues resulting in dopaminergic neuronal 
death. Neuromelanin is associated with increased oxidative stress, but synthetic melanin is not. 
Further, superoxide dismutase and desferrioxamine completely suppress the presumed iron-mediated 
oxidative stress. In fact, close examination of NM pigment levels in PD patients have shown simpler, 
less dense iron aggregate cores compared to controls, suggesting less iron in the NM–iron aggregates 
consistent with increased pathological iron release in PD  [  87  ] . Another possible source of excess 
iron might come from NM and ferritin pools that are released by dying neurons. These in turn might 
recruit activated microglia that could further add to iron levels  [  84,   88  ] . 

 Other iron-related proteins have also been reported to be modulated in PD models. Rats treated 
with 6-hydroxydopamine (6-OHDA), an SN-specifi c lesion model in which the animal becomes 
PD-like after 6 weeks, show reduced protein and mRNA expression of the iron exporter ferroportin 
and the ferroxidase hephaestin after only 1 day of treatment  [  89  ] . This model suggests another expla-
nation for increased iron levels (i.e., impaired iron release) and its link to the development of PD  [  89  ] . 
Other researchers treating C6 cells with 6-OHDA demonstrated an upregulation of the IRE + form of 
DMT1, an important iron transporter, suggesting increased iron uptake in this system  [  90  ] . Mutations 
in the ferritin H subunit, ceruloplasmin, IRP2, and HFE have also been found in single PD patients, 
strengthening the link between iron dysregulation and PD pathophysiology  [  91  ] . 

 A cure for PD has yet to be discovered, and current treatment aims to reduce symptoms and delay 
progression of the disease. Current PD treatment involves agents that either enhance dopamine 
transmission or mimic the agonist effects of dopamine  [  67  ] . It is common, however, for these drugs 
to lose their therapeutic effects after prolonged treatment, and thus, much time has been invested in 
fi nding better ways to treat PD  [  67  ] . One of main targets of experimental therapy is reducing oxidative 
damage by ROS. Certain compounds, such as melatonin and vitamins A, C, and E, are thought to 
have nonspecifi c antioxidant and radical scavenging properties that would protect neurons  [  67  ] . 
Selenium, a trace metal, is thought to enhance the antioxidant properties of glutathione peroxidase, 
which in turn reduces the levels of hydrogen peroxide that can form ROS when interacting with iron 
 [  67  ] . A disruption in complex I in the mitochondria of PD patients suggested that supplementation 
of coenzyme Q10, a mitochondrial cofactor and antioxidant, might be neuroprotective. Indeed,  in 
vitro  experiments on primary dopaminergic neurons showed that administration of coenzyme Q10 
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was able to reduce cell death  [  92  ] . As in AD, many novel iron chelators that are able to cross the 
blood–brain barrier have been shown to be able to reduce iron levels and neuronal death  [  93,   94  ] . 
This neuroprotective effects might also result from the chelators’ ability to decrease the inhibition of 
proteasomes and microglia activation  [  94  ] . Although these experimental treatments have shown 
promise, they are still a long way from being used clinically to treat PD, and research into new treat-
ments for PD will continue. 

 As with many neurodegenerative diseases, treatment of PD is challenging. In many cases, this is 
due to the fact that by the time it has been diagnosed, the disease has progressed quite far, and there 
is a lot of degeneration that cannot be reversed. Thus advancements in early diagnosis of such dis-
eases may have a large impact on treatment. Iron is an attractive biomarker, whose changes in metab-
olism and storage can often be found before hallmark disease symptoms. Further research in 
understanding the link between iron dysregulation and PD may lead to better and more effi cient 
treatment options.  

   6  Parkinson’s Disease, Alzheimer’s Disease, and Hereditary 
Hemochromatosis 

 The term hereditary hemochromatosis (HH) is applied to a family of iron-loading disorders resulting 
from mutations in proteins which regulate body iron intake. By far the most common of these disor-
ders is that associated with mutations in the  HFE  gene (Chap.   19    ), and hereafter, the abbreviation 
HH will be used to represent that disease. Two mutations in the  HFE  gene have been associated with 
HH, but the one leading to the C282Y substitution is responsible for almost all cases of iron loading. 
Homozygosity for C282Y is around 1:200 in people of northern European descent, but the penetrance 
of disease that manifests with overt clinical pathology associated with iron overload is signifi cantly 
less. Are HH individuals at increased risk of CNS disease due to their systemic iron loading? Is the 
incidence of neurodegeneration increased in a population with systemic iron overload – symptomatic 
or not? Alternatively – does CNS iron overload occur in patients with systemic iron overload, or 
does systemic iron overload increase “oxidative risk” and herald an increase in neurodegeneration? 
The HFE gene product colocalizes with  β -2 microglobulin, and the  β -2 microglobulin null mouse is 
a model of HFE iron overload. A study by Moos et al.  [  95  ]  concluded that high circulating levels of 
iron did not result in an increase in brain iron accumulation in these mice. Histological examination 
of the brains of  β -2 microglobulin null mice and controls, including basal ganglia and substantia 
nigra, were indistinguishable. Nonetheless, studies with AD and PD patients have been less conclusive. 
The studies on mice have the good fortune of evaluating a specifi c phenotype on an identical 
genotype living under tight environmental control. Human studies are inconclusive, in large part due 
to factors diffi cult to control: variability in disease presentation, environmental infl uences, sample 
size, and the unrecognized signifi cance of additional genetic polymorphisms. 

 The association between HFE gene mutations, Parkinson’s disease, and Alzheimer’s disease was 
evaluated in a Portuguese cohort that included 130 individuals with AD, 132 PD patients, 55 patients 
with mild cognitive impairment (MCI), and 115 age-matched normal controls  [  96  ] . All those enrolled 
in the study were screened for the HFE mutations C282Y and H63D (a common HFE mutation but 
one that is rarely associated with iron loading). While no difference in genotype or allelic frequen-
cies were identifi ed between AD and MCI patients, the C282Y heterozygote state was signifi cantly 
overrepresented among PD patients relative to the controls and other clinical groups (13.6% vs. 5%). 
The C282Y carrier state did not affect onset of disease, duration of symptoms, or survival. The 
results of this study were in contrast to previous publications suggesting no link between PD and 
HFE. The French Parkinson’s Disease Genetic Study Group screened 216 patients with PD and 193 
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matched controls to analyze potential polymorphisms and/or mutations in fi ve iron-related genes 
(transferrin, TfR1, HFE, frataxin, and lactoferrin)  [  97  ] . No differences for any allele frequencies 
were identifi ed, except for transferrin  [  97  ] . Two separate studies examining a potential link between 
PD and HFE have also failed to identify a connection  [  98,   99  ] . In a study by Berg et al.  [  99  ] , no 
variations in HFE mutation frequency were identifi ed in patients with diagnosed PD who also had 
hyperechogenicity of their substantia nigra consistent with increased iron accumulation. In a study 
by Aamodt et al.  [  98  ] , 400 Norwegian patients with PD were screened, and no signifi cant differences 
in gene frequencies were identifi ed. Despite an initial suggestion for increased frequency of PD in 
individuals with C282Y mutations  [  100  ] , subsequent studies have questioned these fi ndings. 

 The data supporting a link between AD and HFE appear more convincing than those presented 
for PD and HFE. Despite no differences in HFE and AD frequencies in the Portuguese study 
described above, the OPTIMA study identifi ed four patient “risk sets” based on biochemical and 
genetic testing that were designated either a higher risk or lower risk for AD  [  101–  103  ] . In the low-
risk groups (infrequent disease risk and less early onset AD before 65 years of age), HFE genetic 
variation played no role. High-risk sets (higher incidence of disease, younger age of presentation) 
were signifi cant for biochemical serum abnormalities (low folate, low B12, elevated total homo-
cysteine) and overrepresentation of specifi c genetic allelic risks: APOE4 (apolipoprotein E E4 
allele), AR1 (androgen receptor 1), and Tf-C2 (transferrin C2 allele). HFE mutation status played no 
role in elevating risk, although compound heterozygosity for the C282Y and H63D mutations 
approached signifi cance  [  101–  103  ] . However, in a separate study, synergy between Tf-C2 and HFE 
C282Y was identifi ed and compound heterozygosity for HFE C282Y and H63D increased the risk 
for AD fi ve times over each single variation  [  101–  103  ] . In short, there is no clear-cut association 
between AD, PD, and HFE, however, it is clear that specifi c allelic variations increase the risk for 
neuronal oxidative stress.  

   7 Restless Leg Syndrome 

 Restless leg syndrome (RLS) became a familiar disease only recently, especially in cases of insom-
nia, but it was fi rst described in the late 1600s by Thomas Willis, a British physician  [  104  ] . Willis 
described symptoms that were “so great a restlessness … that the diseased are no more able to sleep 
than if they were in a place of the greatest torture”  [  104  ] . Since Willis’ fi rst publication on RLS, 
much research and clinical characterization of the disease has occurred. The International RLS Study 
Group has identifi ed the core criteria for diagnosis of RLS  [  105,   106  ] : “(1) an urge to move, usually 
due to uncomfortable sensations that occur primarily in the legs, (2) motor restlessness, expressed as 
activity that relieves the urge to move, (3) worsening of symptoms by relaxation, and (4) variability 
over the course of the day–night cycle, with symptoms worse in the evening and early in the night” 
 [  106  ] . This is a disease that affects approximately 10% of the population, with the exception of 
Asian populations where the incidence of RLS seems to be much lower  [  105,   106  ] . Due to its high 
incidence and the impact that RLS has on sleep quality, there is a major effort to identify the mecha-
nism responsible for the disorder and to develop potential therapeutic interventions for RLS 
symptoms. 

 RLS can be categorized as either primary or secondary. The primary or idiopathic form was fi rst 
described by Ekbom in 1945 who demonstrated a strong familial component in RLS  [  107  ] . A study 
looking at 238 RLS patients and their fi rst degree relatives identifi ed strong evidence that RLS is 
inherited in an autosomal dominant fashion  [  108  ]  and three distinct loci have been linked to RLS in 
three separate families, RLS-1, RLS-2, and RLS-3  [  108–  111  ] . Secondary or sporadic RLS is known 
to be associated with conditions leading to iron defi ciency. This has been shown to be the case during 
pregnancy, renal failure, and anemia, where RLS symptoms can be reversed by correcting the iron 
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defi cit. Symptomatic presentation of RLS does not differ between primary or secondary forms, and 
this has led many to believe that iron metabolism dysregulation may be a common thread in all cases 
of RLS  [  108–  111  ] . 

 Continuing research has highlighted many reasons why the dysregulation of iron metabolism is 
an attractive candidate for the etiology of RLS. The control of the spinal fl exor refl ex, whose activity 
is believed to be exaggerated in RLS, is modulated by dopamine  [  112  ]  and iron plays a large role in 
dopamine synthesis. Iron is a necessary cofactor for the rate-limiting enzyme in catecholamine pro-
duction – tyrosine hydroxylase  [  113  ] . Animal models have revealed that iron defi ciency can lead to 
a decreased D1 and D2 dopamine receptor concentration and to a decrease in the dopamine trans-
porter density in striatal areas  [  114–  116  ] . Another factor implicating iron homeostasis is that plasma 
iron concentrations fl uctuate with a circadian rhythm, where iron levels at night drop down to half 
of daytime values  [  117  ] . Studies have correlated the time point of lowest serum iron with the time 
point of the most intense RLS symptoms  [  116,   117  ] . Due to the role of iron in dopamine synthesis, 
it is not surprising that tyrosine hydroxylase, the dopamine transporter, and dopamine D1 and D2 
receptors also follow a circadian rhythm with lower levels in brain tissue at night  [  117  ] . 

 Early attempts to characterize iron defi ciency in RLS relied on serum ferritin levels, and many 
studies were able to show an inverse correlation between the severity of RLS symptoms and serum 
ferritin levels  [  118–  120  ] . The reliability of this correlation has been challenged as other experiments 
have shown no reduction in serum ferritin in patients with RLS. Because much of the emphasis for 
RLS symptoms has examined dopamine metabolism and production in the brain, many researchers 
thought to look at cerebral spinal fl uid (CSF) ferritin levels. While serum ferritin levels refl ect body 
iron storage, CSF ferritin levels likely represent a more accurate method to evaluate central nervous 
system iron storage and metabolism. Patients with RLS have decreased CSF ferritin and increased 
CSF transferrin levels compared to controls, while the serum levels of ferritin and transferrin did not 
differ  [  121–  123  ] . Recent experiments have further analyzed CSF ferritin and have shown that the 
levels of both the H and L subunits are decreased in RLS, although only in early and not late-onset 
disease  [  124  ] . A reduced iron content in the substantia nigra (SN) of patients with RLS has also been 
demonstrated  [  125,   126  ] . 

 While these studies strengthen the argument for the role of iron in RLS, they do not point to a 
mechanism. Electrophysiological measurements of motor and sensory nerve conduction groups in 
the periphery, spinal cord, and brainstem of iron defi cient anemia patients are similar to controls, 
suggesting that, despite the anemia and presumably an anemia-associated decrease in brain iron in 
RLS patients, any dysfunction in nerve conduction is unlikely to be related to iron levels  [  127  ] . 
Neuromelanin cells isolated from the SN of RLS patients showed decreased ferritin, DMT1, TfR1, 
and ferroportin protein  [  128  ] . In addition, these experiments also showed reduced IRP1, but not 
IRP2, activity and protein levels in RLS patients. Further linking RLS and iron defi ciency, Wang et 
al. showed a decrease in Thy-1 in the SN of RLS patients  [  129  ] . Thy-1 is a cell adhesion molecule 
that has shown to play a role in regulating secretory and neurotransmitter vesicle release and stabiliz-
ing synapses  [  130–  132  ] . Thy-1 is important developmentally where it plays a role in the formation 
of axonal projections from the SN to the striatum  [  130–  132  ] . Rats on a low-iron diet have decreased 
Thy-1 levels in the brain. Similarly, decreased iron levels in the SN of RLS patients correlate with 
decreased Thy-1 in the same area and suggest a mechanism for how low brain iron levels could 
disrupt dopamine transmission  [  130–  132  ] . Other experiments have suggested a mechanism involv-
ing the iron regulatory peptide hepcidin. In RLS patients, there are decreased levels of prohepcidin 
in CSF but increased levels in neuromelanin cells, SN, and the putamen  [  133  ]  (Fig.  23.5 ). However, 
this result is diffi cult to interpret as levels of prohepcidin do not refl ect accurately levels of the bioac-
tive mature peptide.  

 There are a variety of treatments prescribed for RLS. The most common are levodopa and other 
dopamine agonists  [  135  ] . These medications act by interacting with dopamine receptors and mim-
icking increased dopamine signaling. Anticonvulsants have been administered to treat RLS based on 
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experimental data suggesting that GABA modulates dopamine and serotonin release  [  136  ] . Opioids 
were the fi rst treatment for RLS suggested by Willis, but the mechanism of action is not understood. 
Benzodiazepines have also been used to treat RLS, but, like opioids, they have given mixed results 
in clinical trials. Due to the large involvement serum iron levels seem to play in RLS, supplemental 
iron administration has been studied as an alternative to pharmaceutical treatment of RLS. Patients 
with serum ferritin levels less than 50  μ g/L are encouraged to take iron supplements  [  137–  140  ] . 
However, studies on the use of iron supplementation to treat RLS have been contradictory. Some 
studies have shown no benefi t of iron, especially in those patients that do not show a signifi cant 
iron defi cit. On the other hand, other experiment data have reported considerable improvement 
of RLS symptoms after iron supplementation  [  138–  140  ] . Despite the variety of treatment options 
for RLS, there is little treatment consensus, and none of the options explored so far have proven 
to be 100% effective.  

   8 Pantothenate Kinase Defi ciency (PANK2) 

 “Neurodegeneration with brain iron accumulation (NBIA)” was proposed by Susan Hayfl ick in the 
mid-1990s as an umbrella term to describe a group of progressive extrapyramidal disorders with 
radiographic evidence of iron accumulation in the brain, usually in the basal ganglia. The Hayfl ick 
lab recently characterized the gene defect in Hallervorden–Spatz syndrome (HSS). For decades, the 
name HSS had been used to represent a group of clinical disorders that were defi ned by neurodegen-
eration with radiographically confi rmed iron accumulation in the central nervous system. However, 
with the identifi cation of the “classical” HSS gene, it was clear that many of the disorders were 
genetically different, and this prompted the broader classifi cation of NBIA to be developed. No 
longer called Hallervorden–Spatz, pantothenate kinase–associated neurodegeneration (PKAN) 
accounts for the majority of NBIA cases and is caused by an autosomal recessive inborn error of 
coenzyme A metabolism associated with mutations in the PANK2 gene (pantothenate kinase 2) 
 [  141  ] . PKAN is characterized by dystonia and pigmentary retinopathy in children or speech and 
neuropsychiatric disorders coupled with dystonia in adults. In addition, a specifi c pattern on brain 
MRI, called the eye-of-the-tiger sign, is virtually pathognomonic for the disease (Fig.  23.6 )  [  141  ] . 
Identifi cation of this major NBIA gene has led to more accurate clinical delineation of the diseases 
that comprise this group. For the purposes of this chapter, the only other NBIA disorder included 

  Fig. 23.5    Perls’ stain in control brain ( left ) demonstrates neuromelanin-containing cells in dark brown (indicated by 
 white arrow head ) and oligodendrocytes containing iron (stained blue, indicated by  black arrows ). Perls’ stain in the 
RLS brain ( right ) shows no staining for neuromelanin and a blue iron-positive cell (indicated by the  black arrow ) 
unlike the positive oligodendrocytes seen in the control brain (Source: Reproduced with permission from  [  134  ] )       
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will be non-PKAN NBIA associated with mutations in PLA2G6 (PLAN or PLA2G6-associated 
neurodegeneration). It is now known that a signifi cant number of patients suffering from infantile 
neuroaxonal dystrophy (INAD) and Karak syndrome are a result of PLAN  [  143  ] . The neuroferritin-
opathy syndrome and aceruloplasminemia are frequently included under the NBIA heading, but are 
discussed elsewhere.  

 Classic PKAN is characterized by onset of disease symptoms before age 6, gait abnormalities, 
dystonia, dysarthria, rigidity, spasticity, and hyperrefl exia secondary to corticospinal tract involve-
ment. Progression is rapid and uniformly fatal. T2-weighted brain magnetic resonance imaging 
(MRI) reveals bilateral anteromedial hyperdensity surrounded by regions of hypointensity in the 
medial globus pallidus, the “eye-of-the-tiger” sign (Fig.  23.6 ). Optic atrophy or pigmentary retin-
opathy and an autosomal recessive pattern of inheritance are highly associated  [  142  ] . Like other 
ataxia syndromes associated with brain iron accumulation, clinical disease presentation for patients 
with atypical PKAN is variable, with a later age of onset, slower progression of deterioration, 
and less severe motor involvement. Dysarthria predominates, and psychiatric abnormalities are 
more common. 

 Pantothenate kinases are essential for coenzyme A biosynthesis and subsequent CoA utilization 
in multiple critical energy pathways, including fatty acid synthesis and metabolism, energy metabo-
lism, glutathione metabolism, and neurotransmitter synthesis. Unlike the other pantothenate kinases, 
the PANK2 protein is targeted to the mitochondria. The current hypothesis of PKAN pathogenesis 
is based on both tissue-specifi c coenzyme A defi ciency and the accumulation of cysteine-containing 
secondary metabolites  [  144  ] . Establishing    a link between a PANK2- and CoA-defi cient state, high 
cysteine-containing secondary metabolite accumulation and disrupted iron homeostasis are some-
what more complicated. The Hayfl ick group proposes cysteine-rich metabolites, N-pantothenoylcysteine 
and N-pantetheine, that chelate and bind the iron. However, further data are needed in order to deci-
pher a mechanism and develop a model for the neurodegeneration  [  144  ] . 

 Infantile neuroaxonal dystrophy (INAD) is a neuroaxonal dystrophy that presents in infancy with 
motor regression and profound hypotonia. Affected infants have axonal degeneration with distended 
axons, often identifi ed as “spheroid bodies” histologically in both the central and peripheral nervous 
system  [  145  ] . INAD patients develop progressive motor and sensory defi cits. Some affected indi-
viduals also have been noted to have elevated brain iron concentrations in the globus pallidus. 
Genome-wide linkage studies and subsequent candidate gene sequencing identifi ed mutations in 
PLA2G6. Karak syndrome, originally named for brothers in Karak, Jordan, presents in early childhood 

  Fig. 23.6    T2-weighted brain magnetic resonance imaging ( MRI ) of a normal brain ( left ), the classic “eye-of-the-tiger” 
sign characteristic of PKAN ( center, arrow ), and the MRI of a typical non-PKAN form of NBIA with the hypointense 
signal in the globus pallidus ( right ) (Source: Reproduced with permission from  [  142  ] )       
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with cerebellar ataxia that progresses to HSS/PKAN, including a classic “eye-of-the-tiger” MRI, but 
lacks PANK2 mutations. Based on the similarity to patients with INAD that have globus pallidus 
iron accumulation on T2-weighted MRI, individuals with Karak syndrome were also screened and 
found to have PLAN (PLA2G6-associated neurodegeneration)  [  145  ] . That there are INAD and 
Karak-like cases that do not have PLAN emphasizes that a wide spectrum of diseases is classifi ed 
under NBIA banner (Fig.  23.7 ).  

 PLA2G6 is a calcium-independent phospholipase A2 that catalyzes glycerophospholipid hydro-
lysis, usually generating arachidonic acid and lysophospholipid  [  143,   145  ] . In this capacity, the 
phospholipase A2 enzymes maintain a delicate balance in the levels of phosphatidycholine 
expressed in cell membranes and thereby regulate and maintain cellular membrane integrity. This 
balance is maintained through their action opposing cytidylylphosphocholine transferase  [  145  ] . 
Mutations in PLA2G6 therefore lead to an increased expression of membrane phosphatidylcholine 
and resultant structural abnormalities in the cell membrane  [  143  ] . The mechanism by which a 
mutation in PLA2G6 results in NBIA remains unknown. Many authors have hypothesized that both 
PANK2 and PLA2G6 are critical for membrane integrity and cellular energy metabolism, but a 
common theme remains elusive.  

   9 Conclusion 

 That iron plays a role in neurodegeneration is indisputable. The striking similarity in presentation for 
many of the NBIA disorders, Alzheimer’s disease, and Parkinson’s disease further suggests a com-
mon fi nal pathway for neuronal cell death despite different primary insults. The selective vulnerabil-
ity of specifi c cell types and regions of the central nervous system has yet to be elucidated. Noninvasive 
imaging technology beyond MRI (e.g., magnetic resonance spectroscopy and magnetic resonance 
relaxometry) is poised to assist in further delineating and quantifying concentrations of metals and 
other chemicals, biochemical alterations, and regional differences within small brain regions. Only 
with mechanistic insight will successful and targeted therapeutic interventions be available. The 
diseases highlighted here represent those whose link to iron has been extensively studied, but it is 
important to mention that in recent years, the involvement of iron in other neurological diseases such 
as autism, attention defi cit disorder/attention defi cit and hyperactivity disorder (ADD/ADHD), and 

  Fig. 23.7    Diagnostic scheme for NBIA. Other diagnostic considerations would include measuring serum ceruloplas-
min and ferritin (Source: Reproduced with permission from  [  142  ] )       
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amyotrophic lateral sclerosis (ALS) has gained some attention. While many complex neurodegenerative 
diseases result from a convergence of multiple insults, the growing research and interest on a fi nal 
pathway catalyzed by a disruption in iron homeostasis is signifi cant. The role of iron and nutrition 
in aging and disease, antioxidant defense, and redox chemistry will become pivotal to our under-
standing of iron-mediated neurodegeneration.      
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   1 Iron and the Cell Cycle 

 Progression through the G1, S, G2, and M phases of the cell cycle is regulated by sets of Cdks bound 
to corresponding cyclins (reviewed in  [  1  ] ). Transition through the G1 phase is regulated by Cdk4/
cyclin D1 and by Cdk6/cyclin D3. Cdk2/cyclin E is active at the late G1 phase and is responsible for 
the G1/S transition. Progression through the S phase is regulated by Cdk2/cyclin A. DNA synthesis 
during the S phase critically relies on the enzymatic activity of ribonucleotide reductase  [  2  ] . The S/
G2 transition is regulated by Cdk1/cyclin A. Cdk1/cyclin B is responsible for the G2/M transition 
and for the completion of mitosis. 

   1.1 Ribonucleotide Reductase 

 Ribonucleotide reductase, the rate limiting enzyme for DNA synthesis and therefore critical for the 
S phase of the cell cycle, is composed of two subunits  [  2  ] . The R1 subunit of ribonucleotide reductase 
binds substrate and the R2 subunit contains nonheme iron which is important for enzymatic activity 
 [  2  ] . Inhibition of the enzymatic activity of R2 by iron chelators 311 and desferrioxamine inhibited 
growth of a number of cancer cell lines  [  3  ] . Recent studies have suggested that iron depletion infl u-
ences the control of the cell cycle and angiogenesis and may suppress metastasis  [  4  ] .  

   1.2 Cdk2 

 Cdk2 is positively regulated by the binding of cyclin E (G1/S transition) or cyclin A (S-phase transition) 
and by Cdk7-mediated phosphorylation of Thr160  [  1  ] . Negative regulation of Cdk2 includes its 
association with the p21 (CIP1/WAF1) and p27 (Kip1) inhibitory proteins and phosphorylation of 
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Tyr15 by Wee1 kinase  [  5  ] . Iron chelators reduce p21 protein levels through the inhibition of 
translocation of p21 (CIP1/WAF1) mRNA from the nucleus to cytosol and induction of ubiquitin-
independent proteosomal degradation of p21  [  6  ] . Desferrioxamine markedly increased p27Kip1 
expression but not p21 (CIP1/WAF1) and the induction of p27Kip1 was accompanied by an 
increased level of transforming growth factor beta1  [  7  ] . Cdk2 activity is dramatically inhibited by 
iron chelators  [  8,   9  ] . The mechanism of Cdk2 inhibition could be related to the expression of the 
cyclin-dependent kinase inhibitors p21 or p27. Iron depletion by DpT-based iron chelators 
increased expression of p21  [  4  ] . A lipid-soluble iron chelator desferri-exochelin (D-Exo) caused 
reversible cell cycle arrest in normal human mammary epithelial cells by inhibiting binding of 
cyclins A and E to Cdk2  [  8  ] . In contrast, D-Exo increased binding of cyclin E and cyclin A to 
Cdk2 and also increased binding of p21 to Cdk2 in MCF-7 breast cancer cells resulting in apop-
tosis  [  8  ] . Iron depletion caused G1 arrest in fi broblasts that was due to elevated levels of the 
cyclin-dependent kinase inhibitor p27(Kip1) and inhibition of Cdk2 activity  [  10  ] . Iron depletion 
removing iron from prolyl hydroxylase, decreasing the activity of prolyl hydroxylase and increasing 
HIF-1 α  and HIF-2 α  protein levels  [  11  ] . An earlier study showed that hypoxia-induced G1 cell 
cycle arrest required retinoblastoma protein (Rb) and not p53 or p21, and that hypoxia facilitates 
transcription of p27 through an HIF-1-independent region of its proximal promoter thereby inhib-
iting Cdk2 activity and maintaining Rb hypophosphorylation  [  12  ] . But more recent studies showed 
that hypoxia-induced p27 protein expression was abrogated by RNAi-mediated knockdown of 
HIF-1a  [  13  ]  suggesting that HIF-1a might be critical for the induction of p27. In our recent study, 
we found that the activity of Cdk9 (see more details in HIV section) is inhibited when cells are 
cultured at 3% oxygen  [  14  ] , or treated with iron chelators  [  9  ] . Because Cdk9 regulates most if not 
all RNA polymerase II-mediated transcription  [  15  ] , iron chelation is likely to have a general tran-
scription inhibitory effect. Iron depletion also led to decreased expression of cyclins D1, D2, D3, 
A, and B1 and Cdk4  [  4,   16  ] . Cdk2 but not cyclin E expression was decreased in cells treated with 
DFO and 311  [  16  ] . It is possible that the decrease of Cdk2 activity observed in cells treated with 
iron chelators is related to the inability of Cdk2 to bind to cyclin E or cyclin A. This deregulation 
of Cdk2 interaction with its cyclins could be due to increased interaction of Cdk2 with p21 or p27 or 
changes in Cdk2 phosphorylation.   

   2 Iron and Cancer 

 Iron may be involved in cancerogenesis through promoting the formation of reactive oxygen species 
(ROS) and increased mutation rate of DNA. In a longitudinal survey of more than 14,000 adults in 
NHANESI, the mean total iron-binding capacity was signifi cantly lower and transferrin saturation 
signifi cantly higher among men who developed cancer compared to those who remained free of 
cancer, and the risk of cancer was elevated in women with a high transferrin saturation  [  17  ] . Further 
follow-up of this cohort indicated that for men and women combined, the risk of cancer occurrence 
in the participants with transferrin saturation >40% was 1.81 times the risk in those with transferrin 
saturation <30%, and corresponding relative risk for mortality from cancer was 1.73  [  18  ] . These 
results are consistent with the hypothesis that higher body iron stores increase the risk of cancer. 

   2.1 Gastrointestinal Cancer 

 Epithelial cells of the gastrointestinal tract undergo active cell division and constant shedding  [  19  ] . 
The cells are exposed to dietary heme, an important source of body iron, and serve as a separation 
barrier in the intestinal lumen. Inactivation of a homeobox transcription factor, CDX2, in mice 
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resulted in development of colonic polyps, and low level of CDX2 expression is often seen in poorly 
differentiated colon carcinomas in humans  [  20  ] . On the other hand, overexpression of CDX2 in 
transgenic mice promotes intestinal metaplasia, and CDX2 expression is found in intestinal metapla-
sia in stomach and esophagus  [  20  ] . Gene array analysis of gene targets of CDX2 identifi ed the 
ceruloplasmin-related iron transport protein hephaestin (HEPH)  [  20  ] . Intracellular iron induces the 
expression of CDX2 and HEPH simultaneously, and HEPH participates in the export of iron  [  20  ] . 
Although about half of the cases of diagnosed colorectal cancer have no association with anemia 
 [  21  ] , low levels of iron correlate with incidence of gastrointestinal cancer  [  22  ] . Therefore, chroni-
cally low iron levels might contribute to the deregulation of CDX2 and production of undifferenti-
ated colon endothelial cells. 

 Iron overload related to the consumption of home-brewed beer in Africa has been implicated as 
a risk factor for esophageal cancer  [  23,   24  ] , although this association has been questioned  [  25  ] . 
There is confl icting epidemiologic evidence whether increased iron stores are associated with the 
development of colorectal cancer  [  17,   26  ] . Formation of ROS, DNA repair, cell growth and glutathi-
one (GSH) was analyzed in human colon tumor cells treated with ferric nitrilotriacetate (Fe-NTA). 
ROS formation was increased in cells treated with 1 mM concentration of Fe-NTA as detected with 
the peroxide-labile fl uorescent dye, carboxy-dichlorodihydrofl uorescine-diacetate  [  27  ] . Treatment 
with 25  μ M Fe-NTA was associated with increased cell growth  [  27  ] . Analysis of the effect of 100–
250  μ M concentrations of Fe-NTA in primary nontransformed colon cells and in a preneoplastic 
colon adenoma cell line showed increased DNA damage  [  28  ] , suggesting that increased iron might 
induce early stages of colorectal cancerogenesis. Analysis of high dietary iron on colon carcinogen-
esis in mouse injected intraperitoneally with the colonotropic carcinogen, azoxymethane, showed an 
increase in tumorgenesis with high dietary iron compared to low dietary iron  [  29  ] . No tumors were 
observed in mice receiving only dietary iron, suggesting that iron may promote tumor growth but be 
unable to initiate tumor formation  [  29  ] . Analysis of biomarkers in colon epithelium showed increased 
proliferation and apoptosis in response to iron but no difference in biomarkers of oxidative stress, 
suggesting that elevated dietary iron may promote carcinogenesis through mechanisms independent 
of oxidative stress  [  29  ] .  

   2.2 Hepatocellular Carcinoma 

 Among more than 5,000 patients undergoing liver transplantation, iron overload was associated with 
hepatocellular carcinoma (HCC), suggesting a possible carcinogenic or cocarcinogenic role for iron 
in chronic liver disease  [  30  ] . HCC was reported in a patient with genetic hemochromatosis in the 
absence of cirrhosis suggesting that increased iron can potentially cause HCC in noncirrhotic hemo-
chromatosis  [  31  ] . Dietary iron overload that occurs commonly in parts of sub-Saharan Africa is 
associated with an increased risk for HCC  [  32–  34  ]  likely due to chronic necroinfl ammatory hepatic 
disease  [  35  ] . Administration of afl atoxin B(1) (AFB(1)) to rats along with iron showed multiplicative 
effects on the rate of mutagenesis  [  36  ] , suggesting a potential synergistic effect of dietary AFB(1) 
and dietary iron on the development of HCC. Correlation analysis of serum transferrin-iron satura-
tion (TS) and the incidence of hospitalizations or deaths related to cirrhosis and liver cancer showed 
an association between elevated serum TS and increased incidence of cirrhosis or liver cancer 
especially with the elevated alcohol consumption  [  37  ] . 

 Aberrant hypermethylation of CpG islands in the promoters and subsequent epigenetic silencing 
of the corresponding gene might be among the molecular mechanisms of HCC. Analysis of methyla-
tion of frequently methylated RASSF1A, cyclin D2, p16(INK4a), GSTpi1, SOCS-1, and APC genes 
in patients with HFE-mediated hemochromatosis showed different extent of methylation of these 
genes and also transcriptional downregulation of RASSF1A, cyclin D2, GSTpi1, and SOCS-1  [  38  ] . 
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Thus severe iron overload might be directly related to epigenetic gene silencing that is characteristic of 
HCC and changes in DNA methylation patterns might be useful for the early detection of HCC  [  38  ] . 
Chronic hepatitus C viral (HCV) infection may be associated with increased liver iron stores. 
Transgenic mice that expressed HCV polyprotein and fed with an excess-iron diet developed HCC 
in 45% of cases compared to none in nontransgenic mice and transgenic mice with normal dietary 
iron  [  39  ] . Proteomic analysis of changes in the expression of proteins in the liver of mice fed an 
iron-rich diet identifi ed 30 liver proteins including enzymes involved in the urea cycle, fatty acid 
oxidation, and the methylation cycle  [  40  ] .  

   2.3 Pancreatic Adenocarcinoma 

 Analysis of HFE mutations C282Y and H63D in patients with chronic pancreatitis and pancreatic 
adenocarcinoma showed no signifi cant differences in heterozygosity for either mutations in patients 
with alcoholic, idiopathic, or familial pancreatitis, or pancreatic adenocarcinoma in comparison with 
corresponding controls  [  41  ] .  

   2.4 Breast Cancer 

 In a cohort of almost 50,000 Canadian women, no association of iron or heme iron intake with risk 
of breast cancer was found in women consuming alcohol or in women who had ever used hormone 
replacement therapy  [  42  ] . However, polymorphism analysis of enzymes that are involved in removal 
of iron-mediated reactive oxygen species showed an increased risk of breast cancer in women with 
high iron intake who carried genotypes that potentially result in higher levels of iron-generated oxi-
dative stress  [  43  ] .  

   2.5 Other Forms of Cancer 

 Transferrin receptor 2 (Tfr2) expression is restricted to the liver and intestines in normal tissue 
whereas it is expressed in cells derived from ovarian cancer, colon cancer, and glioblastoma  [  44  ] . 
In leukemic and melanoma cell lines, Tfr2 expression is inversely correlated to the expression of 
Tfr1  [  44  ] . Increased iron downregulates total Tfr2 levels in some cell types whereas in the other 
cell types iron downregulates membrane-bound Tfr2 but not the total amount of Tfr2  [  44  ] . Iron 
depletion increased Tfr2 expression suggesting that decreased iron in cancer cells may be the 
cause of increased Tfr2 expression, although the direct effect of Tfr2 on the cancer cells remains 
to be determined. 

 Invasiveness and metastasic aggressiveness of head and neck squamous cell carcinoma (HNSCC) 
has been linked to overexpression of matrix metalloproteinase-9 (MMP-9). Treatment of neck 
squamous carcinoma cell lines, OM-2 and HN-22, with ferric ammonium sulfate increased both 
RNA and protein expression of MMP-9  [  45  ] . The induction of MMP-9 was mediated by activated 
protein-1 (AP-1) transcription factor that was activated by signaling through extracellular signal-
regulated kinase (ERK1/2) and Akt  [  45  ] . Thus, iron might infl uence the development of head and 
neck squamous cell carcinoma.  
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   2.6 Iron as a Target for Cancer Therapy 

 Patients with widespread neuroblastoma (NB) frequently have elevated serum ferritin levels, and 
anti-NB effects of the iron chelator DFO have been reported. The effect of DFO on human bone 
marrow NB cells from two untreated children with Evans Stage IV disease was examined. DFO 
caused dose- and time-dependent cytotoxicity of NB cells, with maximal killing at exposure to 
50  μ m DFO for 72 h. Cytotoxicity was prevented by cotreatment with stoichiometric amounts of 
iron salts and reversible by removal of DFO or addition of iron salts within 48 h of treatment. 
Additionally, DFO inhibited clonal growth of human bone marrow NB cells in methylcellulose in a 
time- and dose-dependent manner. These effects were also prevented by cotreatment with iron salts. 
Thus, DFO seems to have antitumor effects on human NB cells which appear to be related to iron 
deprivation  [  46  ] . 

 Lymphoblastoma CEM-T cell growth is inhibited by 311 (2-hydroxy-1-naphthylaldehyde ben-
zoyl hydrazone) and deferoxamine    (DFO)  [  3  ] . Tyrosyl radical signal of the R2 subunit of ribonucle-
otide reductase was analyzed by electron spin resonance and shown to be reduced in CEM cells 
treated with iron chelators suggesting that ribonucleotide reductase is a target of iron chelators  [  3  ] . 
Overexpression of the R2 subunit in CEM decreased the sensitivity to 311 but not to DFO suggesting 
the R2 might be a primary target for 311  [  3  ] . 

 The oral tridentate iron chelator, deferasirox (ICL670), is approved for use in the United States 
 [  47  ] . ICL670 demonstrated potent antiproliferative effects for rat and human hepatoma cells and was 
found to be four-times more effi cient than the bidentate iron chelator CP20 (deferiprone)  [  48  ] . 
ICL670 decreased DNA synthesis and signifi cantly reduced the number of cells in G2-M phase  [  48  ] . 
Interestingly, while ICL670 inhibited polyamine biosynthesis, CP20 increased polyamine biosyn-
thesis, suggesting distinct mechanisms of action of ICL670 and CP20  [  48  ] . 

 A group of novel di-2-pyridylketone thiosemicarbazone (DpT)-based iron chelators and espe-
cially Dp44mT were shown to exhibit marked antiproliferative effi cacy in vitro and antitumor activ-
ity in vivo  [  49  ] . Dp44mT upregulated the metastasis suppressor Ndrg1 in the tumor but not in the 
liver  [  50  ] . Animals treated with Dp44mT showed little alteration in hematological and biochemical 
indices at the chelator doses of 0.4–0.75 mg/kg per day that were required to induce antitumor activ-
ity  [  50  ] . Treatment of control mice with Triapine, an iron chelator that has entered phase II clinical 
trials  [  51  ] , resulted in hematological toxicity at the doses that were required to achieve antitumor 
activity  [  50  ] . This observation correlates with evidence of anemia and methemoglobinemia in 
patients treated with Triapine  [  51  ] . Of note, the higher doses of Dp44mT (0.75 mg/kg per day) 
resulted in cardiac fi brosis likely due to Fe accumulation in the heart  [  50  ] . Combined treatment with 
Dp44mT and DFO allowed avoidance of fi brosis  [  50  ] . At a lower dose of 0.4 mg/kg per day over 
7 weeks Dp44mT was well tolerated, indicating its potential for in vivo use.   

   3 Iron and Microbial Growth 

 Iron is essential for bacterial growth and these microorganisms produce siderophores to acquire iron 
from the environment. Iron is a cofactor for several enzymes in both microbes and in their eukaryotic 
hosts. The stringent regulation of iron uptake, which is necessary to prevent toxicity, is a challenge 
for pathogens that reside within the endocytic pathway of mammalian cells. Endosomes and lyso-
somes tend to be gradually depleted of iron by host transporters. For example, Nramp1 (Slc11a1) is 
a proton effl ux pump that translocates Fe 2+  and Mn 2+  ions from macrophage lysosomes/phagolyso-
somes into the cytosol. Mutations in Nramp1 cause susceptibility to infection with the bacteria 
 Salmonella  and  Mycobacteria  and the protozoan  Leishmania , suggesting that a pool of intraphagosomal 
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iron is necessary for the intracellular growth of these pathogens.  Salmonella  and  Mycobacteria  
express iron transporter systems that effectively compete with host transporters for iron.  Leishmania 
amazonensis  expresses LIT1, a ZIP family membrane Fe(2+) transporter, that is required for 
intracellular growth and virulence  [  52  ] . There is a vast literature on the role of iron in microbial 
infections. Only a small sampling is provided in this chapter. 

   3.1 Yersinia Pestis 

  Yersinia pestis  is the etiologic agent of plague. Without appropriate treatment, the pathogen rapidly 
causes septicemia, the terminal and fatal phase of the disease. In order to identify bacterial genes that 
are essential during septicemic plague in humans, transcriptome analysis was performed on the fully 
virulent  Y. pestis  CO92 strain grown in either decomplemented human plasma or Luria-Bertani 
medium.  Y. pestis  genes involved in 12 iron-acquisition systems and one iron-storage system (bfr, 
bfd) were specifi cally induced in human plasma. Of these, the ybt and tonB genes (encoding the 
yersiniabactin siderophore virulence factor and the siderophore transporter, respectively) were 
induced at 37° C, i.e., under conditions mimicking the mammalian environment  [  53  ] .  

   3.2 Helicobacter Pylori 

  Helicobacter pylori  is a prevalent, worldwide, chronic infection that is linked to the development of 
peptic ulcer disease, gastric malignancy, and dyspeptic symptoms. There is evidence to support a rela-
tionship of  H. pylori  with iron defi ciency anemia, but this association remains controversial  [  54  ] . Treatment 
of  H. pylori  may enhance the effi cacy of oral iron therapy in iron defi ciency anemia patients with 
 H. pylori -positive chronic gastritis.  

   3.3 Bordetella 

 Whooping cough is a reemerging infectious disease of the respiratory tract. Iron has been found to 
induce substantial phenotypic changes in this pathogen. Using an in vitro model for bacterial attach-
ment it was shown that the attachment capacity of  Bordetella pertussis  to epithelial respiratory cells 
is enhanced under iron stress conditions. Attachment is mediated by iron-induced surface-exposed 
proteins with sialic acid-binding capacity. Some of these iron-induced surface-associated proteins 
are immunogenic and may represent attractive vaccine candidates  [  55  ] . Colonization by  Bordetella 
bronchiseptica  results in a variety of infl ammatory respiratory infections in animals and humans. 
For successful colonization,  B. bronchiseptica  must acquire iron from the infected host. Utilization 
of host heme iron in hemoglobin and myoglobin by  B. bronchiseptica  requires expression of BhuR, 
an outer membrane protein. BhuR appears to be a hemin receptor  [  56  ] .  

   3.4 Tuberculosis 

 Tuberculosis (TB) caused by the pathogen  Mycobacterium tuberculosis  infects one-third of the 
world population. Despite 50 years of available drug treatments, TB continues to increase at a sig-
nifi cant rate. The failure to control TB stems in part from the expense of delivering treatment to 
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infected individuals and from complex treatment regimens  [  57  ] . A number of studies indicate that 
increased iron status enhances tuberculosis infection  [  33,   58–  62  ] . Siderophore molecules used for 
iron acquisition are potential new therapeutic targets because pathogen survival and virulence is 
directly related to iron availability. A key host defense mechanism is the production of sidero-
calins that sequester iron-laden siderophores and  M. tuberculosis  replicates poorly in the absence 
of these siderophores. “Dominant negative” mycobactin siderophore analogues inhibit bacterial 
growth. Several groups have developed agents that directly inhibit enzymes involved in sidero-
phore synthesis. Another approach is to target the iron dependent regulator protein (IdeR) that 
represses siderophore synthesis genes and virulence factors when sustainable iron levels have 
been achieved. Loss of the repression leads to iron excess and oxidative damage. In contrast, 
greater IdeR repression at low iron levels attenuates  M. tuberculosis  virulence in mice. Small 
peptides that either enhance IdeR repression or inhibit IdeR dimerization demonstrate that IdeR 
activity can be rationally modulated  [  63  ] .  

   3.5 Hepatitis C 

 Increased iron deposition in liver is more common in patients with chronic hepatitis C as compared 
to hepatitis B virus infected patients or uninfected controls  [  64  ] . Moreover, nonresponse to treatment 
with ribavirin and interferon was correlated with increased liver iron  [  64  ] . Analysis of hepcidin 
mRNA expression in liver samples showed signifi cantly lower hepcidin expression in HCV(+) 
patients than in HBV(+) patients, suggesting that deregulation of hepcidin may contribute to iron 
overload in patients with chronic hepatitis C  [  65  ] . Iron chelation therapy with deferiprone (L1) 
(DFP) in thalassemic patients of which about 50% were positive for HCV showed signifi cant 
decrease in serum ferritin after 6 and 12 months of treatment  [  66  ] .  

   3.6 HIV 

   3.6.1 HIV-1-Associated Anemia 

 Infection with HIV-1 subtype C led to a twofold increase in the prevalence of anemia to about 50% 
 [  67  ] . The hypoxic response    is an important component of the body’s reaction to impaired tissue 
perfusion, chronic pulmonary complications and the low hemoglobin concentrations of sickle cell 
disease (SCD) and other types of anemia. HIV-1 latency might result from decreased activities of 
cellular factors that are required for HIV-1 replication in T cells that grow under physiological condi-
tions. Physiological oxygen levels (3–6% O 

2
 ) are signifi cantly lower than the atmospheric 21% O 

2
  

and this difference might have a profound effect on the activity of cellular proteins. For example, 
iron regulatory protein (IRP) –2 is a predominant regulator of mammalian iron metabolism at 3–6% 
O 

2
 , whereas at 21% O 

2
  IRP-2 is degraded and iron metabolism is regulated by IRP-1  [  68  ] . Primary 

T cells cultured at 3–6% O 
2
  maintain the intracellular redox environment as opposed to the T cells 

cultured at 21% O 
2
  in which the intracellular redox state is signifi cantly altered  [  69  ] . Hypoxic stimu-

lation results in increased levels of HIF1. HIF-1 is a global mediator of the mammalian transcrip-
tional response to hypoxia. HIF-1 is a heterodimer composed of alpha and beta subunits  [  70  ] . HIF-1 α  
is hydroxylated on Pro-402 and Pro-564 residues by prolyl hydroxylases and hydroxylated HIF-1 α  
is targeted for degradation by von Hippel-Lindau tumor suppressor protein (VHL), a component of 
an E3 ubiquitin ligase complex  [  71,   72  ] . HIF-1 is part of a widespread O 

2
 -sensing mechanism pro-

viding transcriptional regulation of the genes for  α  
1B

 -adrenergic receptor, adrenomedullin, angiopoietin 
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1 and 2, endothelin 1, erythropoietin, heme oxygenase-1, NOS 1 (nNOS), NOS 2 (iNOS), NOS 3 
(eNOS), plasminogen activator inhibitor 1 (PAI-1), transforming growth factor  β 1, vascular endothe-
lial growth factor (VEGF), VEGF receptor FLT-1, several glycolytic enzymes, and many others  [  73  ] . 
Sickle cell disease (SCD) is characterized by upregulation of the hypoxic response due to the marked 
anemia and to the vasoocclusive episodes. Interestingly, it has been suggested that progression of 
HIV-1 infection occurs more slowly in SCD patients  [  74  ] . Among HIV-1-infected SCD patients 
there were about 40% long-term nonprogressors as compared to only 5% of nonprogressors in a 
racially matched control group  [  74  ] . It is possible that comparing the hypoxic response in SCD dis-
ease and in normal subjects could be useful in elucidating the mechanisms of HIV-1 replication at 
hypoxia.  

   3.6.2 Cellular Iron Activates NF- κ B 

 Infl ux of low molecular weight iron activates I κ B kinase (IKK) in hepatic macrophages  [  75–  77  ] . 
The IKK activation by iron involves beta-activated kinase-1 (TAK1), NF-kB-inducing kinase, phos-
phatidylinositol 3-kinase (PI3K), and mitogen-activated protein kinase –1 (MEK1). Filipin III, a 
caveolae inhibitor, abrogated iron-induced TAK1 and IKK activation. These studies indicated that 
TAK1, PI3K, and p21ras physically interact in caveolae to initiate signal transduction and activate 
IKK by iron  [  75  ] .  

   3.6.3 Iron and HIV 

 The multifunctional Nef protein of HIV-1 is important for progression to AIDS. One action of Nef 
is to downregulate surface MHC I molecules, helping infected cells to evade immunity. Nef also 
downregulates the macrophage-expressed HFE, which regulates iron homeostasis and is mutated in 
the iron-overloading disorder hemochromatosis. In model cell lines, Nef reroutes HFE to a perinu-
clear structure that overlaps the trans-Golgi network, causing a 90% reduction of surface HFE. This 
activity requires a Src-kinase-binding proline-rich domain of Nef and a conserved tyrosine-based 
motif in the cytoplasmic tail of HFE. HIV-1 infection of ex vivo macrophages similarly downregu-
lates naturally expressed surface HFE in a Nef-dependent manner. The effect of Nef expression on 
cellular iron was explored. Iron and ferritin accumulation were increased in HIV-1-infected ex vivo 
macrophages expressing wild-type HFE, but this effect was lost with Nef-deleted HIV-1 or when 
infecting macrophages from hemochromatosis patients expressing mutated HFE. The iron accumu-
lation in HIV-1-infected HFE-expressing macrophages was paralleled by an increase in cellular 
HIV-1-gag expression. Thus, HIV-1 may regulate cellular iron metabolism through Nef and HFE, 
possibly benefi ting viral growth  [  78  ] .  

   3.6.4 Cellular Iron Infl uences HIV-1 

 Increased iron stores correlated with faster HIV-1 progression in HIV-1- positive thalassemia major 
patients, in HIV-positive patients who were administered oral iron, and in HIV-positive subjects with 
haptoglobin 2-2 polymorphism associated with higher iron stores  [  79  ] . Moreover, a retrospective 
study of bone marrow macrophage iron in HIV-positive patients suggested that survival is shorter 
with higher iron stores  [  79  ] . In cultured T cells, excess of iron stimulated HIV-1 viral replication, 
whereas iron chelation with desferrioxamine (DFO) lowered viral replication as measured by 
decreased p24 levels and reverse transcriptase (RT) activity  [  80  ] . Treatment of monocyte-derived 
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macrophages and peripheral blood lymphocytes (PBL) with DFO or deferiprone (CP20) reduced 
expression of p24 and also cellular proliferation  [  81  ] . The orally active bidentate chelators CP502 
and CP511 decreased HIV-1 replication and cellular proliferation in a manner similar to DFO and 
CP20  [  82  ] . Thus, reduction of HIV-1 replication by DFO or by hydroxypyridinone bidentate chela-
tors may be due to the inhibition of cellular proliferation rather than by a direct antiviral action. Iron 
chelation has been shown to inhibit NF- κ B activation  [  83,   84  ]  and the subsequent replication of 
HIV-1, as measured by p24 antigen production and RT measurements in peripheral blood mononu-
clear cells  [  83  ] .  

   3.6.5 Cellular Iron and Hypoxia Infl uence HIV-1 Transcription 

 Expression of the HIV-1 provirus requires host cell transcription factors as well as the viral Tat 
protein  [  85  ] . HIV-1 promoter contains two NF- κ B binding sites that regulate basal HIV-1 transcrip-
tion  [  86  ] . In latently infected T cells, proinfl ammatory cytokines (such as TNF α ) induce NF- κ B 
and activate HIV-1 promoter. One explanation for HIV-1 latency is lack of transcriptional factors 
required for the effi cient HIV-1 transcription, such as NF- κ B and HIV-1 Tat  [  87  ] . NF- κ B promotes 
effi cient initiation of HIV-1 transcription in a model of postintegration HIV-1 latency  [  88  ] . In the 
absence of Tat, however, sustained phosphorylation of RNAPII CTD and effi cient transcription 
elongation was impaired by the action of an okadaic acid-sensitive phosphatase  [  88  ] . Activation of 
HIV-1 transcription occurs with the remodeling of a single nucleosome, nuc-1 located immediately 
downstream of the HIV transcription start site through posttranslational acetylation of histones 
 [  89  ] . Transactivation responsive (TAR) RNA element (nucleotides +1 to +82) is important for 
induction of HIV-1 transcription by Tat. Tat interacts with the bulge of transactivation response 
(TAR) RNA, a hairpin-loop structure at the 5 ¢ -end of all nascent viral transcripts  [  90–  92  ] . Tat tran-
scriptional activity is regulated by Tat-associated kinase, Cdk9/cyclin T1  [  93–  96  ]  and also by Tat-
associated histone acetyl transferases  [  97–  99  ] . In human primary monocytes, cyclin T1 protein 
expression is low but can be induced by treatment of macrophages with lipopolysaccharide (LPS) 
through posttranscriptional mechanisms  [  100  ] . In late-differentiated macrophages cyclin T1 undergoes 
proteasome-mediated proteolysis, but HIV-1 infection later in differentiation results in the reinduc-
tion of cyclin T1  [  101  ] . Cellular activity of Cdk9/cyclinT1 is negatively regulated by 7SK RNA 
 [  102,   103  ] . Inhibition of Cdk9/cyclinT1 activity by 7SK RNA is mediated by the binding of the 
inhibitory HEXIM1 protein  [  104,   105  ] . HEXIM1 binds to cyclin T1 and prevents binding of HIV-1 
Tat to the N-terminus of cyclin T1  [  105  ] . HIV-1 transcription is inducible by Tat only at G1 phase, 
while at G2 phase it is Tat-independent  [  106,   107  ] . Tat associates with a protein complex contain-
ing Cdk2  [  108  ] . Cdk2/cyclin E binds the CTD of RNAP II, associates with transcriptional elonga-
tion complexes, and phosphorylates Tat in vitro  [  109  ] . The signifi cance of these fi ndings was 
verifi ed with the use of the pharmacological Cdk2 inhibitor, CYC202, that inhibited Cdk2/cyclin E 
kinase activity and HIV-1 replication in T cells, monocytes, and PBMCs  [  110  ] . Inhibition of Cdk2 
expression by siRNA resulted in loss of Tat-induced transcription from the HIV-1 promoter and 
suppression of viral replication  [  111  ] . Tat is phosphorylated by Cdk2 on Ser16 and Ser46 in cul-
tured cells, and mutations of these residues prevented HIV-1 transcription  [  112  ] . HIV-1 transcrip-
tion was inhibited by ICL670 and 311 in CEM-T cells, 293T, and HeLa cells  [  9  ] . The chelators 
decreased cellular activity of CDK2 and reduced HIV-1 Tat phosphorylation by CDK2  [  9  ] . The 
chelators also signifi cantly reduced association of CDK9 with cyclin T1 and reduced phosphoryla-
tion of Ser-2 residues of RNA polymerase II C-terminal domain  [  9  ] , suggesting that the mechanism 
of inhibition includes deregulation of CDK2 and CDK9. HIV-1 transcription was inhibited in the 
cells cultured at 3% O 

2
  compared to 21% O 

2
   [  14  ] . At 3% O 

2
 , the activity of CDK9/cyclin T1 was 

inhibited and Sp1 activity was reduced, whereas the activity of other host cell factors including 
CDK2 and NF- κ B was not affected  [  14  ] .   
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   3.7 Malaria Infection 

   3.7.1 Iron Pathways of the Malaria Parasite 

 Many metabolic pathways of the erythrocytic malaria parasite are dependent on iron, including 
enzymes involved in DNA synthesis  [  113–  115  ] , de novo synthesis of heme  [  116  ] , and normal 
mitochondrial function and electron transport  [  117,   118  ] .  Plasmodium falciparum  iron regulatory-
like protein (PfIRPa) has homology to both mammalian iron regulatory proteins and aconitases and 
is capable of binding RNA iron response elements. Differential digitonin permeabilization of 
isolated trophozoites with subsequent Western blot analysis suggested that the localization of 
PfIRPa is predominantly in the membranous compartments of the parasite, such as the mitochondrion. 
Immunofl uorescence analysis showed that PfIRPa colocalizes with heat shock protein 60, a mitochon-
drial marker, and is also present in the parasitic cytosol/food vacuole. Under conditions favoring the 
formation of an iron-sulfur cluster, recombinant PfIRPa (rPfIRPa) had aconitase activity, with an overall 
catalytic effi ciency similar in magnitude to human cytosolic IRP1/aconitase and human mitochon-
drial aconitase. PfIRPa immunoprecipitated from parasite lysates also had aconitase activity  [  119  ] .  

   3.7.2 Acquisition of Iron by the Intraerythrocytic Parasite 

 How the intraerythrocytic phase parasite acquires iron has not yet been determined, and several possible 
sources have been postulated. The intraerythrocytic parasite lying within a parasitophorous vacuole 
obtains nutrients by ingesting host cell cytoplasm including hemoglobin by taking up molecules 
from the outer medium as well  [  120  ] . Host hemoglobin is degraded in the food vacuole of the para-
site, and heme liberated in this process is polymerized to form hemozoin  [  121  ] . Iron bound to host 
transferrin in the plasma does not appear to be taken up directly by parasitized red cell  [  122,   123  ] . 
Iron derived from host hemoglobin undergoing proteolysis in the food vacuole of the parasite is a 
theoretical source of iron  [  124  ] . However, heme released through proteolysis is effi ciently polymer-
ized to form hemozoin, and it is not clear that heme is broken down to release iron for the parasite’s 
needs. The possibility that host erythrocyte ferritin serves as a source of iron for the parasite has not 
been investigated in detail  [  125  ] . In one study, parasitized erythrocytes that were incubated with fer-
ritin in the medium internalized the ferritin and ferritin appeared in the parasitophorous vacuole 
 [  126  ] ; however, the growth of malaria was inhibited rather than promoted.  

   3.7.3 Reticulocyte and Erythrocyte Labile Iron and the Growth of Plasmodia 

 While not all studies are in agreement  [  127  ] , several investigations have suggested that intraerythro-
cytic parasites utilize erythrocyte labile iron for their growth  [  122,   128  ] . In support of this possible 
source, gel fi ltration and ultrafi ltration studies on hemolysates of rat red cells parasitized with 
 Plasmodium berghei  revealed a labile pool of iron that is chelatable by preincubation of the intact 
cells with the iron chelator, desferrioxamine  [  122  ] . Further evidence in support of this hypothesis was 
obtained by monitoring the concentration of labile iron in parasitized and nonparasitized erythrocytes 
with the fl uorescent iron-sensing probe, calcein. Labile iron pools were lower in parasitized than 
nonparasitized erythrocytes, suggesting that labile iron of the host red cell may be either utilized or 
stored during plasmodial growth  [  128  ] . On the other hand, two studies found that when iron-chelating 
agents are introduced into the cytoplasm of erythrocytes but not into the parasite compartment within 
the parasitophorous vacuole, no plasmodial growth inhibition occurs  [  127,   129  ] . 

 A plasmodial ortholog of DMT-1 is expressed on the parasite plasma membrane, and could con-
ceivably be the means of transporting host labile iron into the parasite cytosol  [  125  ] . The mean (SD) 
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labile iron concentration of erythrocytes in control individuals has been reported to be 1.3  μ M (0.7) 
 [  130  ] . The merozoites of  Plasmodium vivax  invade only reticulocytes  [  131  ]  and certain strains of 
 P. falciparum  invade reticulocytes and young erythrocytes preferentially to older erythrocytes  [  132  ] . 
Reticulocytes have a threefold higher labile iron pool than mature erythrocytes  [  133  ] . Whether the 
higher labile iron level of reticulocytes contributes to their enhanced ability to sustain infection by 
malaria parasites is not known.  

   3.7.4 NTBI as a Source of Plasmodial Iron 

 Virtually all iron present in the plasma is bound to transferrin under normal circumstances, but in 
conditions of iron overload an iron fraction that is not bound to transferrin may be present. Such 
non-transferrin-bound iron (NTBI) has been described in thalassemia major and intermedia  [  134, 
  135  ] , hereditary hemochromatosis  [  136,   137  ] , sickle cell anemia with transfusional iron overload 
 [  138  ] , African iron overload  [  139  ] , and other conditions. NTBI in the plasma would be expected 
to be toxic  [  134  ] , has been implicated in the formation of potentially toxic oxygen derivatives and 
in the acceleration of lipid peroxidation  [  140  ] , and is associated with abnormal liver function tests 
in African iron overload  [  139  ] . The precise nature of serum NTBI is not known, but some of this 
fraction may be present in the form of ferric citrate  [  137  ] . The liver and other organs such as the 
heart rapidly take up NTBI, and this uptake is many times faster than that of physiologic transferrin-
bound iron  [  141–  143  ] . Uptake by the liver may be mediated by divalent metal transporter 1 
(DMT1)  [  144  ] .  

   3.7.5 NTBI and the Hepatic Phase of Plasmodial Growth 

 Treating BALB/c mice with ferric ammonium citrate reportedly promotes the hepatic development 
of  Plasmodium yoelii  in vivo and in vitro due to increased penetration of the parasite into hepato-
cytes  [  145  ] . Conversely, several iron chelators inhibit the growth of  P. yoelii  in murine hepatocyte 
cultures  [  146,   147  ]  and of  P. falciparum  in human hepatocyte cultures  [  147  ]  by inhibiting liver 
schizogony  [  147  ] . These results are consistent with the need of a labile iron fraction for the hepatic 
phase of malaria. It seems reasonable that increased levels of NTBI in the plasma associated with 
iron therapy or iron supplementation may enhance the growth of the hepatic phase of human malaria, 
but experimental evidence for this is lacking.  

   3.7.6 NTBI and the Erythrocytic Phase of Plasmodial Growth 

 One study indicated that transferrin-independent uptake of  55 Fe-NTA and  55 Fe-citrate occurred in both 
plasmodium-infected and uninfected erythrocytes in culture in a time-, temperature-, and concentration-
dependent manner. Some of the iron taken up in this manner was associated with the parasites 
obtained after mechanical lysis of the erythocytes, indicating that this iron is delivered to the intrac-
ellular organism  [  148  ] .  

   3.7.7  Elevated Transferrin Saturations Correlate with Deep Coma in Children 
with Cerebral Malaria: Possible Association with NTBI 

 Some degree of intravascular hemolysis is common in acute malaria  [  149  ]  and, although not measured 
in the setting of malaria, circulating NTBI is increased in other hematologic conditions characterized 
by intravascular hemolysis  [  150  ] . Furthermore, NTBI levels correlate strongly with transferrin saturation 
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in a variety of conditions  [  139,   150,   151  ] . Endothelial adhesion proteins such as ICAM-1, the expression 
of which may be induced by NTBI  [  152,   153  ] , have been implicated in the pathogenesis of cerebral 
malaria  [  154  ] . To determine if the elevated transferrin saturations found in some patients with severe 
malaria are associated with an adverse outcome in cerebral malaria, we retrospectively measured 
baseline saturations in stored serum samples from 81 Zambian children with strictly defi ned cerebral 
malaria  [  155  ] . The children had been treated with quinine, sulfadoxine-pyrimethamine, and intrave-
nous infusions of either placebo (n = 39) or the iron chelator, desferrioxamine B (n = 42). More than 
one-third of children in both the placebo- and iron chelator–treated groups had transferrin satura-
tions exceeding 43%, which is three standard deviations above the expected mean for age. Among 
children receiving quinine and placebo, those with elevated transferrin saturations had a delayed 
estimated median time to recover full consciousness (68.2 h) compared with those with saturations 
  43% (25.4 h;  P  = .006). The addition of iron chelation to quinine therapy in children with high satu-
rations appeared to hasten recovery  (P  = 0.046). These fi ndings are consistent with the possibility 
that increased transferrin saturations, possibly refl ecting the presence of NTBI in some cases, may 
be associated with delayed recovery from coma during standard therapy for cerebral malaria. These 
fi ndings also suggest that addition of an iron chelator, which would bind any NTBI, can hasten 
recovery from coma.  

   3.7.8 Antimalarial Activity of Iron Chelators 

 Several classes of iron-chelating compounds suppress the growth of  P. falciparum  in erythrocytes in 
vitro, including naturally occurring siderophores produced by microorganisms to acquire iron from 
the environment. The antimalarial iron chelators can be placed into two major mechanisms of action: 
(1) the withholding of iron from plasmodial metabolic pathways by iron III chelators such as desfer-
rioxamine  [  156  ]  and, (2) the formation of complexes with iron that are toxic to the parasite by iron 
II chelators such as bipyridyl  [  157  ] . Specifi c agents that have antimalarial activity include desfer-
rioxamine, a naturally occurring trihydroxamic acid derived from cultures of  Streptomyces pilosus  
that is widely available for clinical use as an iron chelator  [  127,   156  ] , and deferiprone, a neutral 
bidentate ligand with a high specifi city for ferric iron, that is in less widespread use  [  158  ] . A number 
of iron chelators, including desferrioxamine, also inhibit the hepatic phase of plasmodial growth 
 [  128,   147  ] . The antimalarial activity of desferrioxamine has been confi rmed in animal models of 
malaria  [  122  ] .  

   3.7.9 Iron Chelation Therapy for Human Malaria 

 At least eight clinical studies of the use of iron chelators in the treatment of malaria in humans 
have been published. These include two studies of desferrioxamine as a single agent in adults with 
asymptomatic  P. falciparum  parasitemia  [  159,   160  ] , one study of deferiprone as a single agent in 
adults with asymptomatic parasitemia  [  161  ] , a study of desferrioxamine as a single agent in adults 
with uncomplicated clinical malaria  [  162  ] , a study of desferrioxamine in addition to chloroquine 
for symptomatic malaria  [  163  ] , a study of desferrioxamine in addition to artesunate in symptom-
atic malaria  [  164  ] , and two studies of desferrioxamine in combination with standard quinine ther-
apy for cerebral malaria in Zambian children  [  165,   166  ] . Desferrioxamine as a single agent has 
discernible antimalarial activity in humans as a single agent, but it does not effect a radical cure 
 [  159,   160,   162  ] . In contrast, deferiprone at an acceptable dose as a single agent did not have a 
clinical effect  [  161  ] .  
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   3.7.10 Desferrioxamine as Adjunctive Therapy for Cerebral Malaria 

 While the pathophysiology of cerebral malaria is incompletely understood, obstruction of the cerebral 
microvasculature by  P. falciparum -infected erythrocytes leading to ischemia, microhemorrhage, 
and free radical formation probably contributes to the development of this condition. Desferrioxamine 
inhibits peroxidant damage to the central nervous system  [  167  ] , and therefore it is conceivable that 
this agent might protect the central nervous system in the setting of cerebral malaria. In a prospec-
tive, randomized, double-blind trial of desferrioxamine or placebo added to standard quinine treat-
ment but no loading dose of quinine in 83 children with cerebral malaria, the addition of 
desferrioxamine to conventional therapy shortened the time to clearance of parasitemia and the 
time to recovery of full consciousness in children with deep coma, each by about twofold  [  166  ] . In 
a follow-up study, 352 children followed the same study design except that a loading dose of qui-
nine was given  [  165  ] . Overall mortality and parasite clearance were not different between the two 
treatment arms. The lack of a positive effect of desferrioxamine on parasite clearance in this study, 
in contrast to the earlier work  [  166  ] , might be attributable to the impact of a loading dose of quinine 
used in the present study but not in the previous one. Our data indicate that a loading dose of qui-
nine has a substantial benefi t in the treatment of cerebral malaria  [  168  ] , and a relatively delayed 
benefi cial effect of desferrioxamine in cerebral malaria may have been masked by the loading dose 
of quinine.        
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   1 Introduction 

   1.1 Body Iron and Iron Stores 

 In quantitative terms, hemoglobin is the most important pool of iron in the body comprising up to 
80% of the 3–4 g total body iron in young women and about 60% in men. Much of the remaining 
iron (0–2 g) is found in ferritin and hemosiderin in the liver, spleen, and bone marrow, and this is 
referred to as “storage iron.” This may be used to regenerate hemoglobin after blood loss whether 
physiological, pathological, or as a result of trauma.  

   1.2 Investigating Human Iron Metabolism 

 In practice, most investigations can be reduced to two questions: Is the person anemic? Is the absence 
of stored iron the cause of the anemia? To answer the fi rst question, the blood hemoglobin concen-
tration is usually measured. To answer the second question, a variety of tests can be applied. Often, 
additional questions must be asked. For example, although adequate amounts of storage iron appear 
to be present, is it available for hemoglobin synthesis? Is there an excess of storage iron?  

   1.3 Iron Status 

 Normal iron status implies a level of hemoglobin synthesis which is not limited by the supply of iron 
and the presence of a small reserve of “storage iron” to cope with normal physiological functions 
 [  1  ] . The ability to survive the acute loss of blood (iron) which may result from injury is also an 
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advantage. The limits of normality are diffi cult to defi ne and some argue that physiological normality 
is the presence of only a minimal amount of storage iron  [  2  ] , but the extremes of iron-defi ciency 
anemia and iron overload are well understood. 

 Apart from too little or too much iron in the body, there is also the possibility of a maldistribution. 
An example is anemia associated with infl ammation or infection where there is both a partial failure 
of erythropoiesis and of iron release from phagocytic cells in liver, spleen and bone marrow which 
leads to iron accumulation in these cells. Occasionally, further investigations into iron loss, iron 
absorption, and fl ow rates within the body are also required.  

   1.4 Disorders of Iron Metabolism 

 Clinical aspects of iron metabolism are reviewed in several other chapters in this volume and are 
summarized in Table  25.1 .    

   2 Methods for Assessing Iron Status 

 There are two ways of identifying threshold values for iron defi ciency or iron overload for many of 
the analytes discussed here. The fi rst is to identify subjects with iron defi ciency or iron overload and 
to establish the range of values found for each group. This approach has rarely been applied, although 
ferritin in iron defi ciency provides one example. The second approach is to measure concentrations 

   Table 25.1    Disorders of iron metabolism   

  Iron defi ciency   Caused by low intake  Usually due to a diet of low bioavailability in combination with 
increased physiological requirements 

 Due to increased physo-
logical requirements 

 Rapid growth in early childhood and in adolescence 

 Due to blood loss  Physiological (e.g., menstruation) 
 Pathological (e.g., gastrointestinal bleeding) 

 Due to malabsorption 
of iron 

 Reduced gastric acid secretion (e.g., after partial gastrectomy) 
 Reduced duodenal absorptive area (e.g., in celiac disease) 

 “Functional” iron 
defi ciency 

 Storage iron is present but cannot be supplied rapidly enough for 
heme synthesis, e.g., during erythropoietin treatment 
in chronic renal failure 

  Redistribution 
of iron  

 Macrophage iron 
accumulation 

 Infl ammatory, infectious or malignant diseases (“anemia 
of chronic disease”) 

  Iron overload   Increased iron absorption  Hereditary hemochromatosis (commonly homozygosity for HFE 
C282Y, but sometimes involving other genes) 

 Ineffective erythropoiesis (e.g., severe thalassemia syndromes, 
sideroblastic anemias) 

 Sub-Saharan iron overload (“Bantu siderosis”) – an unknown 
genetic susceptibility in combination with increased 
dietary iron 

 Other rare inherited disorders (e.g., congenital atransferrinemia) 
 Due to inappropriate iron therapy (rare) 

 Multiple blood transfu-
sions in refractory 
anemias 

 e.g., thalassemia major, sickle-cell anemia, and aplastic 
and myelodysplastic anemias 
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in otherwise healthy subjects in a particular population living under the same environmental 
conditions, and to defi ne iron defi ciency or iron overload as values below or above two standard 
deviations of the distribution median for the analyte. This has been used for many of the analytes 
being considered here. 

   2.1 Hemoglobin 

 The measurement of hemoglobin concentration depends on the conversion of hemoglobin to 
cyanmethemoglobin and determination of the absorbance at 540 nm. An international standard 
is available for calibration (WHO International Standard Hemiglobincyanide, NIBSC code 98/708 
  http://www.nibsc.ac.uk    ), and the measurement is included in the analysis provided by electronic 
blood cell counters. Portable hemoglobin readers are available but should be evaluated against a 
standardized method  [  3  ] . 

 Anemia has been defi ned as a hemoglobin concentration below two standard deviations of the 
distribution mean for hemoglobin in an otherwise healthy population of the same gender and age. 
Cutoff values for age and gender groups are shown in Table  25.2 . The WHO criteria of anemia are 
in widespread use, despite evidence of signifi cant racial differences in normal hemoglobin values 
(Table  25.2 ). Hemoglobin has been widely used to assess iron defi ciency (low iron stores). However, 
the sensitivity of these measurements is poor because anemia associated with nutritional iron defi -
ciency is usually mild, resulting in extensive overlap between healthy and iron-defi cient subjects. In 
developing countries, poverty, malnutrition, and infection are associated with a high prevalence of 
the anemia of chronic disease, which often exceeds that caused by iron-defi ciency anemia  [  5,   6  ] .   

   2.2 Red Cell Indices 

 Modern automated cell counters provide a rapid and sophisticated way of detecting the changes in 
red cells which accompany a reduced supply of iron to the bone marrow: low mean cell volume 
(MCV) and mean cell hemoglobin (MCH), an increased percentage of hypochromic red cells, and 
an increased red cell distribution width (RDW). In principle, the reticulocyte hemoglobin content 
(CHr) provides an early indication of functional iron defi ciency  [  7  ] . At present, the clinical utility of 
percentage    hypochromic cells and CHr is limited as these measures are only available on the ADVIA 
analyzers (Bayer Diagnostics). However, the corresponding indices provided by the Sysmex XE 
2100 series analyzers, RBC-Y and RET-Y, show good correlations with HYPO and CHr respectively 
 [  8–  10  ] . Further tests are usually necessary to identify iron defi ciency (absence of storage iron) in 
anemia associated with acute or chronic disease (see later).  

 Age or gender group  Hemoglobin (g/L) 

 Children 6 months to 59 months  110 
 Children 5–11 years  115 
 Children 12–14 years  120 
 Nonpregnant women (above 15 years of age)  120 
 Pregnant women  110 
 Men (above 15 years of age)  130 

  Hemoglobin concentrations are infl uenced by smoking and altitude (>1,000 m) 
(see  [  4  ] ). There are also genetic infl uences. In the USA, individuals of 
African extraction with adequate iron stores have Hb values 5–10 g/L lower 
than those of European origin  

 Table 25.2    Hemoglobin cutoff 
values  [  4  ]   
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   2.3 Tissue Iron Stores 

   2.3.1 Quantitative Phlebotomy 

 A direct way of measuring iron stores is by quantitative phlebotomy (removing up to 500 mL blood/
week until anemia develops). If blood is removed at a rate of 450 mL/week (c 220 mg Fe/week), 
most of the iron used to regenerate hemoglobin is obtained from the stores (ferritin and hemosiderin) 
rather than by absorption  [  11  ]  and the total amount removed is the amount of iron available for 
hemoglobin synthesis at the start of phlebotomy. Quantitative phlebotomy has been applied to vali-
date the concept that serum ferritin concentrations in normal subjects refl ect the level of available 
storage iron  [  12  ] . Phlebotomy is used to deplete iron stores in patients with genetic hemochromatosis 
and, if the amount of blood removed is measured accurately, provides a reliable measure of the 
initial iron load  [  13  ] .  

   2.3.2 Tissue Iron Concentrations 

 The liver and bone marrow are quantitatively important, and relatively accessible storage sites and 
the amount of iron present can be estimated either visually, using the Prussian-Blue reaction on tis-
sue sections, or chemically. With the exception of genetic hemochromatosis, there is generally a 
good relationship between iron concentrations in liver and bone marrow  [  14  ] . Methods for chemical 
and histological assessment of tissue iron concentration have been described in detail  [  11  ] . Today, 
liver iron concentration is usually determined on dried needle biopsy samples using atomic absorp-
tion spectrometry (see for example  [  15  ] ). Mean liver nonheme iron concentrations lie between 5 and 
20  μ mol/g dry weight (80 and 300  μ g/g wet weight  [  16  ] ). Chemical determination of liver iron con-
centration is most widely applied for the demonstration of iron overload and allows the important 
distinction to be made between the relatively minor elevations of liver nonheme iron often found in 
patients with liver disease and iron overload associated with inherited hemochromatosis. The hepatic 
iron index is the liver iron concentration in  μ mol/g dry weight divided by the age in years. A value 
>1.9 indicates iron overload  [  17  ] . Note, however, that there is considerable variability when concen-
trations are compared from several sites in the same liver  [  15  ] . 

 Estimation of iron concentration in bone marrow is, by contrast, usually by staining  [  18  ]  and is 
usually applied to the detection of iron defi ciency. In particular, assessing marrow iron in macrophages 
distinguishes between “true” iron defi ciency and other chronic disorders where iron is present within 
reticuloendothelial cells. Although often referred to as the “gold standard,” the semiquantitative esti-
mation of storage iron in the bone marrow is technically demanding  [  19,   20  ]  and is subject to consid-
erable interobserver variation  [  21  ] . Stuart-Smith et al.  [  22  ]  compared the uses of trephine bone marrow 
specimens with aspirates and concluded that “aspirate smears refl ect bone marrow iron stores more 
reliably than formic acid decalcifi ed trephine biopsy sections.” They suggested that the preparation of 
Perls’ stained sections should be confi ned to cases in which aspirate samples are inadequate for iron 
assessment and no obvious hemosiderin is present in an H&E stained section. 

 Noninvasive methods including MRI are increasingly important in detection of overload in the 
liver, heart and spleen.  

   2.3.3 Serum Ferritin 

 Early studies of circulating ferritin were concerned with the role of ferritin as a vasodepressor as deter-
mined with a bioassay. This research into the biological activity of ferritin contributed to understanding 
of the function and metabolism of ferritin  [  23  ] , but there has been little interest in the topic since. 
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 Circulating ferritin iron concentrations were fi rst reported by Reissmann and Dietrich  [  24  ]  who 
measured precipitated iron after incubation of serum with a rabbit antibody to human liver ferritin. 
Ferritin was only found in serum from patients with acute liver disease. Reissmann and Dietrich 
found no evidence of any relationship between the concentration of ferritin and blood pressure, pulse 
rate, or urinary output and concluded that ferritinemia was a symptom of hepatocellular necrosis. 
There was little interest in circulating ferritin until the advent of the immunoradiometric assay 
(below), although other methods for detecting circulating ferritin were described. Circulating ferritin 
has also been called  α  

2
 -H-antigen and  β -fetoprotein (for review of these early studies see  [  25  ] ). 

   Immunoassays for Serum Ferritin 

 The development of a sensitive immunoradiometric assay (IRMA) allowed the detection of ferritin 
protein in normal serum and plasma  [  26  ] . Early assays, both RIA (labeled ferritin) and IRMA 
(labeled antibody), have been described in detail  [  27  ] . Later, these assays were supplanted by 
enzyme-linked immunoassays (ELISA) with colorimetric and fl uorescent substrates or by antibod-
ies with chemiluminescent labels. Serum ferritin is included in the latest batch and random-access 
automated analyzers for immunoassay. 

 The use of a reference ferritin preparation to calibrate the assay is recommended, and most com-
mercial systems have been calibrated against the international standard. The current reference mate-
rial is the third WHO standard (reagent 94/578,   http://www.nibsc.ac.uk/    ).  

   Ferritin Concentrations and Iron Stores 

 Our knowledge of tissue iron concentrations in normal subjects is largely derived from measure-
ments of nonheme iron concentrations in the liver from accident victims. Serum ferritin concentra-
tions refl ect liver iron concentrations  [  28  ]  with relatively high values at birth, low values throughout 
childhood, and an increase after adolescence. Good correlations have been found between serum 
ferritin concentrations and storage iron mobilized by phlebotomy  [  12  ] , stainable iron in the bone 
marrow  [  29  ] , and the concentration of both nonheme iron and ferritin in the bone marrow  [  30  ] . 

 Serum ferritin concentrations are normally within the range 15–300  μ g/L, are lower in children than 
adults, and from puberty to middle age mean concentrations are higher in men than in women. Mean 
concentrations and ranges throughout life are given in Fig.  25.1a . The mother’s iron status appears to 
have relatively little infl uence on cord serum concentrations, mean values for which are in the range 
100–200  μ g/L. A study using stable isotopes of iron showed that transfer of dietary iron to the fetus 
was regulated in response to maternal iron status and suggests that the iron needs of the fetus take prior-
ity over maternal requirements  [  33  ] . In a sample of Australian offi ce workers, blood donation and 
alcohol intake infl uenced serum ferritin concentrations along with diet in women  [  34  ] . A signifi cant 
association with alcohol consumption in both men and women has been confi rmed in the Health Survey 
for England  [  35  ] , and ferritin levels also increased with increasing body mass index. In older men and 
women, mean concentrations are similar. In elderly, unselected patients, high levels of ferritin are often 
associated with disease  [  36  ] . High concentrations of serum ferritin are found in iron overload but infec-
tion, infl ammation and tissue damage also raise ferritin concentrations (see below).   

   Serum Ferritin and Iron Defi ciency 

 A threshold of 15  μ g/L, below which iron stores are absent, was derived by measuring serum ferritin 
concentrations in patients with iron-defi ciency anemia – defi ned as microcytic anemia, with either 
an absence of stainable iron in the bone marrow or a subsequent response to therapeutic iron  [  25  ] . 
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Hallberg et al.  [  37  ]  measured serum ferritin concentrations in healthy women with no stainable iron 
in the bone marrow and also suggested a threshold of 15  μ g/L. Milman et al.  [  29  ]  found that a serum 
ferritin concentration of 20  μ g/L showed the highest diagnostic effi ciency for identifying “reduced” 
(not absent) iron stores. Table  25.3  shows cutoff values for ferritin derived from population data.   

  Fig. 25.1    Median concentrations of ( a ) serum ferritin, ( b ) serum iron, ( c ) TIBC, ( d ) transferrin saturation, and ( e ) 
sTfR, and variation with age. Also shown are 2.5 and 97.5 percentiles. ( a ) Serum ferritin concentrations are similar in 
infants and children for males and females and values are taken from the table in Worwood  [  28  ] . The  left-hand side  of 
the fi gure refers to children. Median values are shown by the  thick  with the 2.5 and 97.5 percentiles by the  thin lines . 
Adult concentrations are shown on the  right-hand side  and are from Custer et al.  [  31  ] . These refer to US subjects with 
normal values for all analytes apart from serum ferritin. The  thick dotted lines  are for men and women with the  thinner 
lines  showing 2.5 and 97.5 percentiles. The highest values are always for men. ( b – d ) Values for serum iron, TIBC, and 
transferrin saturation are taken from NHANES III (  http://www.cdc.gov/nchs/data/series/sr_11/sr11_247.pdf    ) and 
refer to all race/ethnic groups. The  solid lines  refer to men, and the  dotted lines  refer to women. The data for sTfR are 
taken from Choi et al.  [  32  ] . The  lines  refer to both men and women               
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Fig. 25.1 (continued)



506 M. Worwood

   Biochemistry and Physiology of Plasma Ferritin 

 Immunologically, plasma ferritin resembles liver or spleen ferritin and is recognized by antibodies 
raised against these ferritins. Purifi ed serum ferritin from patients with iron overload had a relatively 
low iron content (0.02–0.07  μ g Fe/ μ g)  [  39,   40  ]  and a mean of 0.06  μ g Fe/ μ g protein by immunopre-
cipitation from serum  [  41  ] . In the liver and spleen of iron-overloaded patients, the iron content of 
ferritin is >0.2  μ g Fe/ μ g protein  [  42  ] . However, several authors have claimed that serum ferritin has 
a much higher iron content. Tenkate et al.  [  43  ]  purifi ed ferritin by immunoprecipitation and mea-
sured the iron content by atomic absorption spectrophotometry. They found a mean iron saturation 
of ferritin of 24% (0.13  μ g Fe/ μ g protein) in normal serum and suggested that the extensive purifi ca-
tion used in earlier studies would lead to loss of iron. Herbert et al.  [  44  ]  claimed that measurement 
of serum ferritin iron by a similar procedure provided an accurate assessment of the whole range of 
human body iron status, unconfounded by infl ammation. Later, Nielsen et al.  [  45  ]  determined the 
iron content of serum ferritin from patients with iron overload and tissue damage using the method 
of Tenkate et al.  [  43  ] . The iron saturation found was about 5%, and the assay of ferritin iron was of 
little value in the diagnosis of iron overload. Yamanshi et al.  [  46  ]  found concentrations from 0.02 
to 0.04  μ g Fe/ μ g ferritin protein in serum samples with ferritin concentrations greater than 
2,000  μ g/L. 

 It should be remembered that in 1956, Reissmann and Dietrich only detected ferritin iron in the 
circulation after liver necrosis  [  24  ] . In terms of methodology, specifi c antibodies and effective wash-
ing of the immunoprecipitate are essential if ferritin iron is to be accurately measured.  

   Glycosylation 

 On isoelectric focusing, both native and purifi ed serum ferritin contain a wide range of isoferritins 
covering the pI range found in human tissues  [  39,   47  ] ; yet on anion exchange chromatography, 
serum ferritin is apparently a relatively basic isoferritin  [  39  ] . The reason for this is glycosylation. In 
normal serum, about 60% of ferritin binds to concanavalin A  [  48  ] , whereas tissue ferritins do not 
bind. Incubation with neuraminidase converts the acidic ferritins of serum to the more basic isofer-
ritins, but the pI of acidic heart ferritin is unaffected  [  49  ] . A carbohydrate containing G subunit in 
addition to the H and L subunits has also been identifi ed in purifi ed preparations of serum ferritin 
 [  40,   50  ] .  

   Origin of Serum Ferritin and Clearance from the Circulation 

 These findings suggest that some ferritin may enter the circulation by secretion rather than 
release from damaged cells. In a hepatocyte cell line there was direct evidence of regulated 
secretion of glycosylated ferritin  [  51  ] . In vivo, much of the secreted ferritin may originate 

 NHANES III 1988–1994  [  38  ]   WHO 2001  [  4  ]  

 Age years  Serum ferritin  μ g/L  Age years  Serum ferritin  μ g/L 

 1–2  <10 
 3–5  <10  <5  <12 
 6–11  <12  >5  <15 
 12–15  <12 
 >16  <12 

 Table 25.3    Recommended 
thresholds for detecting iron 
defi ciency (absence of 
storage iron) in adults  
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from phagocytic cells degrading hemoglobin. When there is tissue damage, direct release of 
cytosolic ferritin through damaged cell membranes becomes important. In patients with fer-
ritinemia resulting from necrosis of the liver, the plasma ferritin shows reduced binding to 
concanavalin A. Findings in patients with thalassemia intermedia and in the early stages of 
hemochromatosis confirm the importance of phagocytic cells as the origin of circulating fer-
ritin (see below). 

 Another explanation for the differences between plasma and tissue ferritins may be differential 
clearance from the circulation. [ 131 I]-labeled plasma ferritin was removed only slowly [ T  ½ < 24 h] 
from the plasma after intravenous injection into normal subjects  [  52  ] , but [ 131 I]-labeled spleen fer-
ritin was cleared very rapidly [ T ½ approx 9 min]  [  53  ] . Such rapid clearance may be due to interac-
tion with ferritin receptors on hepatocytes  [  54  ]  which appear to have a higher affi nity for liver 
ferritin than serum ferritin, at least in the rat. Rapid clearance may also be initiated by interaction 
with ferritin-binding proteins in the plasma  [  55–  57  ] . Of the isoferritins released into the plasma, the 
ones which normally accumulate are L 

24
  molecules and glycosylated molecules which are rich in 

L subunits and again contain little iron. The L 
24

  molecules take up iron slowly in vitro and have been 
termed “natural apoferritin”  [  58  ] . The glycosylated protein may have little opportunity to acquire 
iron during secretion. These molecules may accumulate because clearance by receptors or interac-
tion with binding proteins requires at least some H subunits.  

   Serum Ferritin Concentrations Exceeding 10,000  μ g/L 

 The factors controlling plasma ferritin concentrations are: synthesis, release from cells, and the rate 
of clearance from the plasma. There are no instances yet known where very high ferritin concentra-
tions are due to abnormalities in ferritin clearance, although this has been suggested in the case of 
Still’s disease  [  59  ] , but abnormalities in both synthesis and release occur. 

 In iron overload, serum ferritin concentrations are unlikely to exceed 4,000  μ g/L in the absence 
of concomitant liver damage  [  27  ] , but in liver necrosis, there may be ferritin concentrations in 
excess of 50,000  μ g/L  [  60  ] . The stimulation of synthesis by a combination of iron and cytokines 
can lead to ferritin concentrations >20,000  μ g/L in adult onset Still’s disease  [  61  ] . In the reactive 
hemophagocytic syndrome, there is inappropriate activation of monocytes leading to hemophago-
cytosis and cytokine release. Ferritin concentrations of up to 400,000  μ g/L have been reported in 
children  [  62,   63  ]  and adults  [  64  ] . Patients with AIDS may also have the reactive hemophagocytosis 
syndrome, and high concentrations may also occur in AIDS patients with disseminated histo-
plasmosis  [  65  ] . It is likely that the percentage of glycosylated ferritin will always be low where 
total concentrations exceed 10,000  μ g/L as in iron overload synthesis reaches a maximum of 4,000  μ g/L 
 [  27  ] . These very high ferritin concentrations therefore refl ect release of cytosolic ferritin from dam-
aged cells. However, in adult Still’s disease, the percentage of glycosylated ferritin was low even when 
the disease was in remission, and it has been suggested that percentage glycosylated ferritin may be 
a useful diagnostic tool in this condition  [  59  ] .  

   High Serum Ferritin Concentrations and Congenital Cataract 

 An interesting cause of elevated ferritin concentration in the absence of iron overload is that associ-
ated with inherited cataract formation. It has now been demonstrated that mutations in the “stem 
loop” structure of the ferritin L subunit may lead to synthesis of the “L” subunit of ferritin that is no 
longer regulated by iron concentration (Chap.   21    ). This causes elevated serum ferritin concentrations 
(c 1,000  μ g/L) in the absence of iron overload.    
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   2.4 Serum Iron/Total Iron-Binding Capacity and Percentage Saturation 

 Iron exchange in the body is mediated by transferrin (Chap.   7    ), and transferrin iron has been measured 
for many years for diagnosis of iron defi ciency and overload. The International Committee for 
Standardization in Hematology (Expert Panel on Iron) has recommended a reference method for 
serum iron  [  66  ] , and a similar method was recommended by the NCCLS (USA)  [  67  ] . The simultane-
ous precipitation of serum proteins and the release of iron from transferrin in the presence of a reduc-
ing agent are followed by centrifugation to remove denatured protein and detection of the ferrous 
iron in the supernatant with a chromogen. The method minimizes nonspecifi c absorbance caused by 
interference with serum proteins and interference from heme iron or copper. Methods in which iron 
is released from transferrin without precipitating serum proteins have obvious advantages in terms 
of automation  [  68  ] . Procedures for measuring serum iron are available for most clinical chemistry 
autoanalyzers. 

 Measurement of the serum iron concentration alone provides little useful clinical information 
because of the considerable variation from hour to hour and day to day in normal individuals (see 
below). Transferrin iron is only 0.1% of the total body iron, and the transferrin iron pool turns over 
10–20 times each day. Changes in supply and demand due to infection, infl ammation, or surgery 
therefore cause rapid changes in serum iron concentration. Normal ranges for serum iron concentra-
tion are given in Fig.  25.1b  and change little with age in adult life. Low concentrations are found in 
iron-defi ciency anemia and high concentrations in iron overload. However, many hospital patients 
have a low serum iron concentration which is a response to infl ammation, infection, or surgery, and 
does not necessarily indicate an absence of storage iron. High concentrations are found in liver dis-
ease, hypoplastic conditions, ineffective erythropoiesis, and iron overload  [  69,   70  ] . 

 More information may be obtained by measuring both the serum iron concentration and the total 
iron-binding capacity (TIBC), from which the percentage of transferrin saturation with iron may be 
calculated. The TIBC is a measurement of transferrin concentration and may be estimated by saturat-
ing the transferrin iron-binding capacity with excess iron and removing the excess with solid magne-
sium carbonate, charcoal, or an ion exchange resin. This is followed by determination of the iron 
content of the saturated serum. The unsaturated iron-binding capacity (UIBC) may be determined by 
methods which detect iron remaining and able to bind to chromogen, after adding an excess of iron to 
the serum  [  68  ] . Protocols for clinical chemistry analyzers often include a method for UIBC. An alter-
native approach is to measure transferrin directly by immunological assay. Bandi et al.  [  71  ]  reported 
great variability among a number of immunochemical assays for transferrin. However, others have 
found a good correlation between the chemical and immunological TIBC  [  72,   73  ] , although the latter 
found that when TIBC was calculated as the sFe + UIBC, values were lower than the direct TIBC. 
Transferrin concentrations (g/L) may be converted to TIBC ( μ mol/L) by multiplying by 25. 

 Normal ranges for both TIBC and transferrin saturation are given in Fig.  25.1c, d . A raised TIBC 
is characteristic of a defi ciency of storage iron, and values are low in patients with iron overload. In 
principle, measurement of TIBC or transferrin concentration should be a sensitive and reliable 
method for detecting both iron defi ciency  [  74  ]  and iron overload as transferrin synthesis is tightly 
controlled by iron levels through the IRP/IRE system (Chap.   3    ) and levels are not subject to the rapid 
changes seen for serum iron concentration. However, reliable reference ranges for the several ways 
of measuring TIBC are not available. Furthermore, there is a relatively small amplitude of variation 
in transferrin concentration over the extremes of iron defi ciency and iron overload (c 1–3 g/dL) 
compared with that for serum iron (c 1–40  μ mol/L) and serum ferritin (c 5–1,000  μ g/L). 

 The most widely used indicator of transport iron is the transferrin saturation, and a saturation of 
16% or less is usually considered to indicate an inadequate iron supply for erythropoiesis  [  75  ] . 
Measurements based on serum iron have largely been replaced by the assay of serum ferritin for 
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detecting iron defi ciency, but in diagnosing idiopathic hemochromatosis, it is essential to measure 
both the serum iron concentration and the TIBC or transferrin concentration (see below).  

   2.5 Transferrin Index 

 Beilby et al.  [  76  ]  have recommended that the transferrin saturation is replaced by the “transferrin 
index.” This is the serum iron concentration ( μ mol/L) divided by the transferrin concentration (deter-
mined immunologically and expressed as  μ mol/L). They claimed that the transferrin index had bet-
ter precision than the transferrin saturation and showed greater specifi city for detecting iron overload 
than the transferrin saturation. However, the transferrin index has attracted little use.  

   2.6 Non-Transferrin Bound Iron 

 The measurement of TIBC or transferrin may sometimes lead to an apparent saturation of greater 
than 100% if there is non-transferrin-bound iron (NTBI) present in the serum. Such non-transferrin 
iron may be tissue ferritin if there is signifi cant liver damage which releases ferritin into the blood 
and some of the ferritin iron may be assayed in the determination of serum iron  [  66  ] . Other low-
molecular-weight forms of iron may also be present in iron-overloaded patients. 

 Non-transferrin-bound iron (NTBI) is nonheme iron which is not bound to transferrin in plasma. 
It is present when the transferrin iron-binding capacity is saturated, but may also be detected at lower 
transferrin saturations. Its nature is still unclear, but the term is not usually taken to refer to the small 
amounts of iron in ferritin in the plasma. It is potentially toxic, leading to free radical generation. 
The term “labile plasma iron” (LPI) has been used by Cabantchik  [  77  ]  to refer to the toxic compo-
nent of NTBI. 

 The presence of TBI was fi rst suggested by Hershko  [  78  ]  and later confi rmed by the same group 
 [  79  ] . Initially, work was carried out on serum from patients with thalassemia major  [  80  ] . NTBI was 
later detected in patients with hemochromatosis who may also have saturated transferrin in serum 
 [  81,   82  ] . Somewhat surprisingly, NTBI has been detected in patients with only partially saturated 
transferrin  [  81,   83,   84  ] . 

 A number of assays have been used to measure NTBI. The fi rst assay used EDTA as an iron (III) 
scavenging molecule  [  79  ] , but later, it was clear that nitrilotriacetic acid was a more effective chela-
tor in that it removed less iron from transferrin  [  85  ] . A third method employs bathophenanthroline 
 [  86  ] . Another problem with the use of chelators is that they will also deliver iron to apotransferrin or 
transferrin with one iron-binding site occupied. The chelated NTBI must be separated from serum 
proteins and can then be detected by a range of methods, including colorimetry and HPLC. In order 
to overcome the problem of donation of iron to transferrin, cobalt(III) has been used to block vacant 
iron-binding sites  [  87  ] . 

 The bleomycin method  [  88  ]  depends on the reduction of Fe(III) to Fe(II) which is then chelated 
by bleomycin. This complex generates hydroxyl radicals which damage DNA added as a substrate. 
Damaged DNA is detected by its reaction with thiobarbituric acid and the pink color detected. The 
reduction of Fe(III) to Fe(II) by ascorbic acid is a critical step, and hemolysis must be avoided. 
The technique has been modifi ed for a 96-well microtiter plate format, although this method gives 
low values  [  89  ] . 

 The third general method was introduced by Cabantchik and involves the quenching of fl uorescence 
due to an iron chelator by NTBI iron. In the fi rst assay, NTBI is bound by desferrioxamine coating 
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the wells of a 96-well plate  [  90  ] . Bound iron is detected by adding the metal sensor calcein. It is 
added as the Fe–calcein complex which is nonfl uorescent. During a 2-h incubation, the remaining 
bound desferrioxamine removes iron from the calcein complex and the fl uorescence increases. 
Fluorescence is inversely proportional to the amount of NTBI in the serum. In a later procedure, 
NTBI is released by oxalate and binding to transferrin prevented by the addition of Gallium (III). 
NTBI is detected by the reduction of fl uorescence of fl uorescein-labeled apotransferrin  [  91  ] . 

 These methods probably measure different things as was demonstrated in a recent “round robin” 
study of NTBI  [  92  ] . NTBI has been detected in patients with iron overload (with or without saturated 
transferrin), in subjects heterozygous for hemochromatosis, and also in patients with heart disease 
 [  93  ] , diabetes  [  94,   95  ]  and renal failure  [  96  ] . In the study of Lee et al., the level of NTBI showed a 
strong correlation with severity of diabetes. Despite considerable interest, measurements of NTBI 
are not in routine diagnostic use.  

   2.7 Erythrocyte Protoporphyrin (EP) 

 This assay has been performed for many years as a screening test for lead poisoning. More recently, 
there has been considerable interest in its use in evaluating the iron supply to the bone marrow. The 
“free” protoporphyrin concentration of red blood cells increases in iron defi ciency and is usually 
present as the zinc complex. A widely used technique directly measures the fl uorescence of zinc 
protoporphyrin (ZPP), usually in  μ mol/mol heme, in an instrument called a hematofl uorometer  [  97  ] . 
The small sample size (about 20  μ L of venous or skin-puncture blood), simplicity, rapidity, and 
reproducibility within a laboratory are advantages. Furthermore, the test has an interesting retro-
spective application. Because it takes some weeks for a signifi cant proportion of the circulating red 
blood cells to be replaced with new cells, it is possible to make a diagnosis of iron-defi ciency anemia 
some time after iron therapy has commenced. Chronic diseases that reduce the serum iron concen-
tration, but do not reduce iron stores, also increase protoporphyrin levels  [  98  ] . 

 Evaluation of EP and ZPP levels is complicated by the use of several units of measurement: 
 μ g EP/dL whole blood,  μ g EP/dL red cells,  μ g EP/g Hb, and  μ mol EP/mol Hb. 

 To convert between the various units used to express protoporphyrin levels, the following calcula-
tions apply:

    μ g EP/dL red cell = ( μ g EP/dL whole blood)/hematocrit  
  From  μ g EP/dL red cell to  μ g EP/g Hb multiply by 0.037  
  From  μ g EP/dL red cell to  μ mol EP/mol heme multiply by 0.87    

 These factors are based on an assumed normal mean cell hemoglobin concentration, although this 
may be measured in individual samples and an appropriate factor calculated. 

 In adults, EP levels remain relatively constant with increasing age – median value approximately 
42  μ g/dL red blood cells in males and 47  μ g/dL red blood cells in females (NHANES III   http://www.
cdc.gov/nchs/data/series/sr_11/sr11_247.pdf    ). The threshold for iron-defi cient erythropoiesis is 
approximately 80  μ g/dL red blood cells. For ZPP the normal range in adults is <80  μ mol/mol heme, 
but concentrations are lower if washed red cells are assayed. Mean values in normal women are 
slightly higher than in men. The measurement of erythrocyte protoporphyrin levels as an indicator 
of iron defi ciency has particular advantages in pediatric hematology and in large-scale surveys in 
which the small sample size and simplicity of the test are important. Reference ranges derived from 
large populations of healthy adults are not available, but pediatric reference ranges have been determined 
in 6,478 subjects (0–17 years) by Soldin et al.  [  99  ] . Mean ZPP values declined with age, and a diur-
nal variation was noted with ZPP concentrations being higher between 18.00 and midnight. 

 However, in the general clinical laboratory, ZPP provides less information about iron storage 
levels in anemic patients than the serum ferritin assay  [  100  ] .  
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   2.8 Red Cell Ferritin 

 Erythrocyte ferritin is but a tiny residue of that present in nucleated red cells in the bone marrow. 
Normal erythroblasts contain ferritin which is immunologically more similar to heart than liver fer-
ritin (i.e., ferritin rich in H subunits), and mean concentrations are about 10 fg ferritin protein/cell 
 [  101  ] . Concentrations decline in late erythroblasts, decline further in reticulocytes, and only about 
10 ag/cell (10 −18  g/cell) remains in the erythrocyte (measured with antibodies to L ferritin) again with 
somewhat higher levels detected with antibodies to H-type ferritin  [  102  ] . Red cell ferritin concentra-
tions have been measured in many disorders of iron metabolism, usually with antibodies to L ferritin. 
Red cell ferritin levels refl ect the iron supply to the erythroid marrow and tend to vary inversely with 
red cell protoporphyrin levels  [  102  ] . Thus in patients with rheumatoid arthritis and anemia, low 
values of red cell ferritin are found in those with microcytosis and low serum iron concentrations 
regardless of the serum ferritin levels. Red cell ferritin levels do not therefore necessarily indicate 
levels of storage iron. High levels of red cell ferritin are also found in thalassemia, megaloblastic 
anemia, and myelodysplastic syndromes presumably indicating a disturbance of erythroid iron 
metabolism in these conditions. 

 Despite possible diagnostic advantages such as differentiation between hereditary hemochroma-
tosis and alcoholic liver disease  [  103  ] , the assay of red cell ferritin has seen little routine application. 
This is because it is necessary to have fresh blood in order to prepare red cells free of white cells 
(which have much higher ferritin levels).  

   2.9 Serum Soluble Transferrin Receptor (sTfR) 

 In 1986, Kohgo et al.  [  104  ]  reported that transferrin receptors were detectable in plasma by immu-
noassay. Since then, there has been much investigation of the physiological and diagnostic signifi -
cance of circulating serum transferrin receptors  [  105  ] . The protein is derived by proteolysis at the 
cell membrane and circulates bound to transferrin. Plasma concentrations refl ect the number of cel-
lular receptors and, for patients with adequate iron stores, the number of nucleated red cells in the 
bone marrow. As the number of cellular transferrin receptors per cell increases in iron defi ciency, 
concentrations also rise when erythropoiesis becomes iron limited. 

   2.9.1 Erythropoiesis 

 The function of the TfR in delivering iron to the immature red cell immediately suggested an appli-
cation in the clinical laboratory for the assay of circulating sTfR. The use of the assay to monitor 
changes in the rate of erythropoiesis has been explored by several authors  [  106–  108  ] . When iron 
supply is not limiting, the assay can provide a replacement for ferrokinetic investigations which 
required the injection of radioactive iron  [  109  ] . In reviewing the applications of serum transferrin 
receptor assays, Beguin  [  110  ]  concluded that soluble TfR represents a valuable quantitative assay of 
marrow erythropoietic activity as well as a marker of tissue iron defi ciency  

   2.9.2 Iron Defi ciency 

 When normal subjects are subjected to quantitative phlebotomy, sFn concentrations fall steadily 
as iron stores are depleted, but there is little change in sTfR concentration. As iron stores become 
exhausted (sFn <15  μ g/L), the iron supply to the erythroid marrow becomes limited. Erythroblasts 
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respond with increased surface TfR numbers, and sTfR levels rise and continue rising as hemoglobin 
concentrations fall  [  111  ] . In this study, the increased rate of erythropoeisis during phlebotomy 
had little effect on sTfR levels as long as iron stores were adequate; so most of the increase in 
sTfR level was ascribed to iron defi ciency rather than increased erythropoiesis. Only 250 mL of 
blood was removed per week instead of the 450 mL/week usually removed during treatment 
of hemochromatosis; higher rates may cause an immediate increase in sTfR levels during phle-
botomy. In infants (8–15 months) sTfR concentration increased as the severity of iron defi ciency 
increased  [  112  ] . 

 The ratio of sTfR/sFn gives a linear relationship with storage iron that is of potentially great value 
in assessing iron stores in epidemiological studies. This ratio is defi ned as the logarithm of the con-
centrations in micrograms per liter of serum transferrin receptor/serum ferritin  [  113  ] . Note that 
several other sTfR/ferritin ratios are in use for diagnosing iron defi ciency: transferrin receptor 
(mg/L)/log 

10
  ferritin ( μ g/L)  [  114  ]  and a transferrin/ferritin molar ratio  [  115  ] .  

   2.9.3 Reference Ranges 

 sTfR concentrations are high in neonates and decline until adult concentrations are reached at about 
18 years (Fig.  25.1e ). Concentrations are similar in normal men and women  [  116  ]  unlike serum 
ferritin concentrations, which are lower in women before the menopause (Fig.  25.1a ). sTfR con-
centrations with different assay systems cannot be directly compared as reference ranges differ (see 
below).  

   2.9.4 Assays for the Serum Transferrin Receptor 

 Three enzyme immunoassay kits for the determination of serum transferrin receptor concentrations 
have been evaluated for the Medical Devices Agency  [  117  ] . All have been used in the investigation 
of iron defi ciency – Ramco  [  118  ] , R&D  [  116,   119  ] , and Orion  [  120  ] . All have been approved for 
diagnostic purposes in the USA by the FDA. 

 The different reference ranges in the three commercial assays refl ect the differences in 
preparations of transferrin receptor used to raise antibodies and as a standard in the various assays. 
There was some assay drift but acceptable intra-assay coeffi cient of variation (CV%) values. The 
determined sensitivity was adequate for clinical purposes for the three assay systems. There are 
differences in both units and absolute amounts for serum transferrin receptor concentrations. For 
four kits evaluated  [  117,   121,   122  ] , there were four different units (nmol/L,  μ g/mL, mg/L, kU/L) 
and four different normal ranges (despite the equivalence of  μ g/mL and mg/L). At the present 
time, sTfR is not included in the national external quality control schemes for the UK. Automated 
assays are now available on platforms for immunoassay used in clinical chemistry laboratories. 
Pfeiffer et al.  [  123  ]  found that STfR concentrations determined with an immunoturbidimetric 
assay (Roche Hitachi) showed acceptable correlation with two ELISA assays. Nevertheless, values 
obtained were lower and the Roche Hitachi assay showed superior performance in predicting iron 
defi ciency. 

 A WHO reference reagent for the serum transferrin receptor has now been established, and an 
international collaborative study showed that using this reagent as a standard markedly improved 
agreement between methods. Currently available commercial assays are listed in this report  [  124  ] .   
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   2.10 Serum and Urine Hepcidin Concentrations 

 Hepcidin plays a major role in iron metabolism, particularly in the regulation of iron absorption and 
the release of iron from macrophages (see Chap.   9    ). Not only is synthesis controlled by iron status 
but also by infection and infl ammation. Reliable assays for serum hepcidin are now being developed. 
However, the role of hepcidin in the differential diagnosis of both iron defi ciency and iron overload 
is not yet clear, although a number of useful diagnostic applications are being investigated  [  125  ] . 
An international round robin of urinary and plasma hepcidin assays demonstrated that absolute 
concentrations vary widely. However, analytical variation was generally low and similar for the six 
methods included in the study  [  126  ] .   

   3 Methodological and Biological Variability of Assays 

 These assays vary greatly in methodological and biological stability (see survey in  [  68  ] ). Hemoglobin 
concentrations are stable and a simple and well-standardized method ensures relatively low day-to-
day variation in individuals (2–4%). Automated cell counters analyze at least 10,000 cells, and this 
reduces errors. Immunoassays have higher methodological variation. For ferritin, the coeffi cient of 
variation (CV) is about 5%, and this coupled with some physiological variation gives an overall 
coeffi cient of variation for serum ferritin for an individual over a period of weeks of the order of 
15%. There is, however, little evidence of any signifi cant diurnal variation in serum ferritin concen-
tration  [  127  ] . Cooper and Zlotkin  [  128  ]  found lower variability for serum transferrin receptor than 
for ferritin. The serum iron determination is an example of extremes with low methodological varia-
tion coupled with extreme physiological variability giving an overall “within subject” CV of approx-
imately 30% when venous samples are taken at the same time of day. A diurnal rhythm has been 
reported with higher values in the morning than in late afternoon when the concentration may fall to 
50% of the morning value  [  69  ] . The circadian fl uctuation may be due largely to variation in the 
release of iron from the reticuloendothelial system to the plasma. Higher variability for Hb and fer-
ritin was reported by Borel et al.  [  129  ]  and may be due to their use of capillary blood and plasma. 
   Pootrakul et al.  [  130  ]  found that the mean plasma ferritin concentration was slightly higher in capil-
lary specimens than in venous specimens and that within and between samples, variations were 
approximately three times greater. Variability was less in capillary serum but still greater than venous 
serum. In contrast, Cooper and Zlotkin  [  128  ]  found lower variability for ferritin and transferrin 
receptor in both capillary serum and plasma compared with venous serum and plasma. 

 These results would suggest that for population studies  [  38,   128,   131,   132  ]  or in the assessment 
of patients  [  129  ] , either a multiparameter analysis is required or the assay of several samples. 
However, in special circumstances, single samples may provide adequate information for prospec-
tive epidemiologic studies. Zeleniuch-Jacquotte et al.  [  115  ]  found that serum ferritin, sTfR, and 
prohepcidin levels were stable during a 2-year period in postmenopausal women.  

   4 The Predictive Value of Indicators of Iron Stores 

 The major diagnostic application of the various measures of iron status is in the differential diagno-
sis of hypochromic anemia. The large amount of iron present as hemoglobin means that the degree 
of any anemia must always be considered in assessing iron status. An overall reduction in body iron 
accompanies reduced amounts of hemoglobin in iron-defi ciency anemia. In other anemias, including 
the anemia of chronic disease and the megaloblastic anemias, iron is redistributed from the red cells 
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   Table 25.4    Methods for assessment of body iron stores and confounding factors   

 Measurement 
 Reference 
range (adults)  Diagnostic use  Confounding factors 

 Tissue (liver) 
biopsy iron 
(chemical 
assay) 

 3–33  μ g/g 
dry 
weight 

 Confirmation of iron overload  Potential for sampling error 
on needle biopsy when 
<0.5 mg or liver is nodular 

 Bone marrow 
(Perls’ stain) 

 Grade  Graded as absent, present or increased. 
Most commonly used to differentiate 
ACD from IDA 

 Adequate sample required 
 Considerable observer variation 

 Quantitative 
phlebotomy 

 <2 g Fe  Treatment of genetic hemochromatosis 

 Urine chelatable Fe 
(after IM 
injection of 
desferrioxam-
ine) 

 <2 mg/24 h  Rarely used but may provide confi rmation 
of iron overload 

 Imaging 
 MRI  Becoming available both for hepatic 

and cardiac iron deposition 
 Machines widely available but 

special analysis and software 
required 

 SQUID  a   Quantitation of liver iron overload  Not generally available 
 Serum ferritin (sFn)  15–300  μ /L  Correlated with body iron stores from 

defi ciency to overload 
 Increased: as acute phase protein 

and by release of tissue 
ferritin after organ damage 
(particularly liver disease) 

 Decreased: vitamin C defi ciency 
 Serum iron (sFe)  10–30  μ mol/L  Low values in iron defi ciency, high values 

in iron overload. TS is more sensitive 
and specifi c 

 Labile; use of fasting, morning 
sample 

 reduces normal daily variation 
 Reduced in acute and chronic 

disease 
 Total iron-binding 

capacity (TIBC) 
 47–70  μ mol/L  High values characteristic of tissue iron 

defi ciency. Low values in iron 
overload. May also be calculated from 
transferrin concentration (Tf g/L × 25) 

 Rarely used on its own 

 Transferrin 
saturation (TS) 

 16–50%  Low values in iron defi ciency, high values 
in iron overload. Raised TS is an early 
indicator of iron accumulation in 
genetic hemochromatosis 

 See sFe (above) 

 [sFe/TIBC × 100] 

 Serum transferrin 
receptor (sTfR) 

 2.8–8.5 mg/L b   Increased sTfR indicates impaired iron 
supply to the bone marrow. Useful for 
identifying early iron defi ciency. In 
ACD, sTfR only increases in presence 
of tissue iron defi ciency 

 sTfR concentration related 
to extent of erythroid 
activity as well as iron 
supply to cells 

 Red cell zinc 
protoporphyrin 
(ZPP) 

 <80  μ mol/
mol Hb 

 Increased ZPP indicates impaired iron 
supply to the bone marrow 

 May be affected by other causes 
of impaired iron incorpora-
tion into heme (sideroblastic 
anemias, lead poisoning) 

 Red cell ferritin 
(“L” type) 

 3–40 ag/cell  Reduced red cell ferritin indicates 
impaired iron supply to the 
bone marrow 

 As above – also requires removal 
of white cells before assay 

   a  See text 
  b  Units and reference ranges are specifi c to method (see text)  
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to macrophage iron stores, with a corresponding increase in marrow stainable iron and serum ferritin. 
No single measurement of iron status is ideal for all clinical circumstances since all are affected by 
confounding factors (Table  25.4 ).  

 The anemia of chronic disorders combines normal or increased iron stores (refl ected by an 
increased serum ferritin) and a reduced tissue iron supply (low serum iron and low to normal TIBC 
with a low transferrin saturation). Although serum ferritin is an acute phase reactant, values below 
50  μ g/L are usually associated with absent iron stores in rheumatoid arthritis, renal disease, and 
infl ammatory bowel disease. Serum transferrin receptor levels may also provide valuable diagnostic 
information on iron defi ciency in chronic disease. 

 Despite years of investigations, there is little reliable comparative information. The main reason 
for this is the diffi culty of distinguishing between the presence and absence of storage iron. Most 
investigators have used the grade of storage iron in the bone marrow as a “gold standard.” This is an 
invasive procedure and so limits drastically the number of patients investigated. It is often diffi cult to 
justify bone marrow aspiration to determine a patient’s iron status and even more diffi cult in the case 
of normal volunteers.    Furthermore, bone marrow aspiration followed by staining for iron is not a repro-
ducible procedure. Observer error  [  21  ]  inadequate specimens and lack of correlation with response 
to iron therapy  [  133  ]  have been described. An alternative is to demonstrate a response in hemoglobin 
concentration to oral iron therapy and this has been the method of choice in pediatric practice. 

   4.1 Iron-Defi ciency Anemia in Adults 

 This is anemia due to a decline in the iron content of the body caused by blood loss or inadequate 
iron intake. Menstrual blood loss is the most common cause of IDA in premenopausal women, but 
blood loss from the GI tract or malabsorption are common causes in men and postmenopausal 
women. Colonic cancer, gastric cancer, and celiac disease may present with IDA, and it is essential 
to exclude these conditions as the cause of IDA in men and postmenopausal women  [  134  ] . 

 Almost all the analytes show a high sensitivity and specifi city for distinguishing between subjects 
with iron-defi ciency anemia and those with iron stores and normal hemoglobin levels in the absence 
of any other disease process. Guyatt et al.  [  135  ]  conducted a systematic review of the diagnostic 
value of the various laboratory tests for the diagnosis of iron defi ciency and concluded that serum 
ferritin was the most powerful test for simple iron defi ciency and also for iron defi ciency in hospital 
patients. However, the serum transferrin receptor was not included.  

   4.2 Iron Defi ciency in Infancy and Childhood 

 In infants, diagnostic thresholds for iron-defi ciency and iron defi ciency anemia are not universally 
agreed. There are rapid changes in iron status in the fi rst year of life as fetal hemoglobin is replaced 
by Hb A. The serum ferritin concentration is a less useful guide to iron defi ciency than in adults 
partly because of the rapid decline in concentration in the fi rst 6 months and the low concentrations 
generally found in children over 6 months of age. In a study of healthy breast-fed infants from 
Honduras and Sweden, Domellof et al.  [  136  ]  evaluated the Hb response to oral iron supplementation. 
At 4–6 months, the initial Hb concentration did not predict a response to iron therapy. At 6 months, 
Hb, MCV, and ZPP predicted the response but sFn and sTfr did not. Suggested cutoffs for iron 
defi ciency (two standard deviations for iron replete infants) are given in Table  25.5 .  

 Margolis et al.  [  137  ]  found that the best predictor of response was the initial Hb concentration, 
although sensitivity was only 66% and specifi city 60%. sFn, TS and erythrocyte protoporphyrin 
had even lower effi ciencies, and a combination of the various measures made little improvement. 
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Hershko et al.  [  139  ]  studied children in villages from the Golan Heights (Israel) and concluded that 
erythrocyte protoporphyrin was a more reliable index of iron defi ciency than serum ferritin and serum 
iron. They suggested that a signifi cant incidence of chronic disease affected both ferritin and iron values. 
ZPP provides a useful indicator of iron-defi cient erythropoiesis, although high values may indicate 
lead poisoning rather than iron defi ciency. The small sample volume for ZPP determination is also an 
advantage in pediatric practice. 

 A recent report confi rms the effect of low-level infection on measures of iron status. Abraham et al. 
 [  140  ]  studied 101 healthy 11-month-old infants. On the morning of blood sampling, slight clinical 
signs of airway infection were observed for 42 infants. Extensive blood analyses were done, including 
high-sensitivity CRP. CRP measured by the routine methods gave values of <6 mg/L for all infants, but 
with the high-sensitivity assay, values were higher for many infants with symptoms of airway infection. 
Serum iron concentration was depressed in these children and correlated signifi cantly with CRP level. 
When a further blood sample was taken, serum ferritin concentration was higher for the sample with 
the higher CRP level, serum iron was reduced, but sTfR and transferrin levels were unaffected. 

 Lopez et al.  [  141  ]  studied sTfR, sTfR/ferritin ratio ( μ g/ μ g), and sTfR-log 
10

  ferritin (called the 
TfR-F index by Punnonen et al.  [  114  ] ) in 368 children aged 1–10 years. These included 206 healthy 
children, 60 with iron-defi ciency anemia and 102 with anemia and infectious disease including 58 
meeting the criteria for iron-defi ciency anemia (microcytic anemia with two of three indicators of 
iron defi ciency – ferritin, EP and TS). The iron defi cient children responded to oral iron. Children 
with thalassemia trait were excluded. Ferritin, sTfR, and sTfR log ferritin index were reliable ways 
to identify children with infection who were also iron defi cient but the sTfR/ferritin ratio showed 
very low sensitivity.  

   4.3 Pregnancy 

 In early pregnancy, serum ferritin concentrations usually provide a reliable indication of iron 
defi ciency. Hemodilution in the second and third trimesters of pregnancy reduces the concentrations 
of all measures of iron status and means that the threshold values for iron defi ciency established in 
nonpregnant women are not appropriate. In principle, determination of values as ratios (ZPP umol/
mol heme, transferrin saturation and sTfR/ferritin) should be more reliable, but there is little evi-
dence for this. Although it has been claimed that sTfR measurements provide a sensitive indicator of 
iron defi ciency in pregnancy  [  142  ] , questions remain about decreased erythropoiesis in early 
pregnancy as this may mask iron defi ciency at this time  [  118,   143  ] . Increases in sTfR in later pregnancy 
relate to increased erythropoiesis as well as iron depletion  [  144  ] . In healthy, nonanemic women 
supplemented with iron  [  144  ] , serum iron, TS, and sFn fell from the fi rst to the third trimester and 
increased after delivery; TIBC increased during pregnancy and fell after delivery. sTfR concentrations 
showed a substantial increase (approx. twofold) during pregnancy, and this probably refl ects 

   Table 25.5    Suggested cutoff values for iron defi ciency at 4, 6, and 9 months 
based on iron-replete, breast-fed infants  [  137  ]    

 4 months  6 months  9 months 

 Hb (g/L)  <105  <105  <100 
 MCV (fL)  <73  <71  <71 
 ZPP ( μ mol/mol heme)  >75  >75  >90 
 Ferritin ( μ g/L)  <20  <9  <5 
 TfR (mg/L) a   >11  >11  >11 

   a  Ramco assay (cannot be compared directly with other assays but should relate 
to the assay of Flowers et al.  [  138  ] ). For infants (8–15 months) the upper refer-
ence value (95% CI) for sTfR is 13.5 mg/L  [  112  ]   
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increased erythropoiesis  [  144  ] . In contrast, Carriaga et al.  [  142  ]  had reported that the mean sTfR 
concentration of pregnant women in the third trimester did not differ from that in nonpregnant 
women and that sTfR concentration was not infl uenced by pregnancy per se. Choi et al.  [  144  ]  sug-
gest that different assays and different ages in the control groups may explain this discrepancy. 
Measurement of sTfR did not enhance the sensitivity and specifi city for the detection of iron-defi ciency 
anemia in pregnant women from Malawi where anemia and chronic disease are very prevalent  [  145  ] . 
Milman et al.  [  146  ]  have reported geometric means and reference intervals for many analytes 
for over 400 pregnant women from Denmark. These were relatively prosperous women who were 
healthy and had normal pregnancies and normal deliveries in any previous pregnancy. They all 
received oral iron at several dose levels. In addition to the full blood count, serum ferritin and sTfR 
levels were reported. Ferritin levels declined between 18 and 32 weeks and had increased at 8 week 
after delivery. sTfR levels increased from 18 to 32 weeks and remained high. 

 The Institute of Medicine (USA) has recommended that iron defi ciency in the fi rst and second 
trimester be identifi ed by Hb < 11.0 g/dL and ferritin < 20  μ g/L  [  147  ] . Women with decreased iron 
stores only should receive lower doses of oral iron than those who are also anemic. In the third trimester, 
all women should receive supplemental iron. Other guidelines recommend supplementation for all 
women throughout pregnancy  [  148,   149  ] .  

   4.4  b -Thalassemia Trait 

 A common cause of microcytic anemia is  β -thalassemia trait. Measurement of serum ferritin and 
hemoglobin A 

2
  usually allows a distinction between iron-defi ciency anemia and  β -thalassemia trait. 

A number of red cell “discrimination indices” have been devised to avoid the extra expense of ferritin 
and HbA 

2
 , but, along with measurements of red cell indices including RDW, these have not proved 

to be suffi ciently reliable to replace measurement of ferritin and hemoglobin A 
2
   [  150,   151  ] . RDW 

does not discriminate.  

   4.5 Detection of Iron Defi ciency in Acute or Chronic Disease 

 In clinical practice, there are two different questions (a) Is there a lack of RES storage iron in a 
patient with infl ammation, infection, malignancy, or renal failure? (b) Is here “functional iron defi -
ciency” – an inadequate iron supply to the bone marrow despite the presence of storage iron in 
reticuloendothelial cells? This is often encountered in patients on dialysis for chronic renal failure 
receiving erythropoietin to correct renal anemia. In this setting, the iron demands of the erythropoietin-
driven marrow outstrip the ability of the RES to release storage iron. 

   4.5.1 Lack of Storage Iron 

 A number of studies where stainable iron in the bone marrow has been examined and the sensitivity 
and specifi city of various assays compared are summarized in Table  25.6 . Despite some inconsisten-
cies, some general points may be made from this analysis and studies referred to earlier: 

    1.       Conventional red cell parameters – Hb, MCV, MCH, and reticulocyte count – do not distinguish 
between the presence and absence of bone marrow iron in patients with chronic disease.  

    2.    The serum iron concentration is usually low in chronic disease, and although the TIBC (or transferrin 
concentration) is higher for patients with no storage iron, neither this measurement nor the 
transferrin saturation derived from the serum iron and TIBC provides useful discrimination.  
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    3.    In chronic disease, serum ferritin concentrations refl ect storage iron levels, but concentrations are 
higher than in normal subjects. It is necessary to set a threshold of 30–60  μ g/L in order to distin-
guish between the presence and absence of storage iron. Even with this limit, sensitivity is low.  

    4.    Combinations of serum ferritin, ESR, or CRP either in a discriminant analysis  [  161  ]  or logistic 
regression  [  154  ]  provide only marginal improvement in the ability to detect a lack of storage iron.  

    5.    The serum transferrin receptor level also discriminates between the presence and absence of 
storage iron, although there is disagreement as to whether or not the assay is superior to 
serum ferritin. Several studies show that the sTfR/log 

10
  sFn ratio provides superior discrimi-

nation to either test on its own. The use of Log sFn decreases the infl uence of serum ferritin 
(and thus the acute phase response) on the overall ratio. Although the sTfR/sFn ratio is an 
excellent measure of iron stores in healthy subjects, its use may not be appropriate for clini-
cal applications. When the assay of sTfR is generally available on high-throughput immuno-
analyzers, the sTfR/log sFn ratio may provide a useful discriminator for identifying the 
coexistence of iron defi ciency in chronic disease. However, this will also require standard-
ization of units and ranges for the various sTfR assays if the use of the ratio is to gain wide 
acceptance (see above).  

    6.    Measurements of percentage hypochromic erythrocytes or reticulocyte hemoglobin content also 
provide reasonable sensitivity and specifi city, but few comparative studies have been reported.      

   4.5.2 Functional Iron Defi ciency 

 Here, the diagnostic question is to identify those patients with a functional iron defi ciency who will 
require parenteral iron therapy to respond to erythropoietin with an acceptable rise in Hb concentration. The 
percentage hypochromic erythrocytes is a good predictor of response  [  133,   162  ] . Fishbane et al.  [  163  ]  
concluded that “CHr is a markedly more stable analyte than serum ferritin or transferrin saturation, and 
iron management based on CHr results in similar hematocrit and epoetin dosing while signifi cantly 
reducing IV iron exposure.” They did not include percentage hypochromic cells in their analysis. 
Fernandez-Rodriguez  [  160  ]  assessed the sensitivity and specifi city of sFn, TIBC, TS index, RBC Fn, 
and sTfR in 63 patients with anemia and chronic renal failure undergoing dialysis with anemia. They 
were not being treated with erythropoietin. Storage iron was assessed by bone marrow iron staining. For 
serum ferritin a cutoff value of 121  μ g/L gave a sensitivity and specifi city of 75%. Effi ciency was lower 
for sTfR and RBC ferritin. MCV, TS index, and TIBC showed the lowest values for sensitivity and 
specifi city  [  160  ] . For anemic patients with myeloma and lymphoma, the percentage hypochromic red 
cells proved to be more reliable than transferrin saturation, serum ferritin, and sTfR in recognizing iron-
defi cient erythropoiesis before erythropoietin treatment and in predicting response to treatment  [  164  ] .  

   4.5.3 Treatment of Iron-Defi ciency Anemia 

 Oral iron therapy at conventional doses (ferrous sulfate 200 mg three three times daily provides 
195 mg elemental iron per day) has little immediate effect on serum ferritin levels which rise slowly 
as the hemoglobin concentration increases. However, with twice the dose (120 ng Fe three times 
daily), there was a rapid rise of serum ferritin over a few days, although ferritin levels remain within 
the normal range. This probably does not represent an immediate increase in storage iron  [  165  ] . 
Intravenous iron causes a rapid rise to concentrations that may be above the normal range and ferritin 
concentrations then gradually drop back to the normal range  [  166  ] .   
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   4.6 Genetic Hemochromatosis 

 Iron overload in hemochromatosis starts with enhanced iron absorption, leading to an increase in 
plasma iron concentration and transferrin saturation and increasing iron concentration in liver paren-
chymal cells. As serum ferritin concentrations refl ect iron concentration in macrophages  [  167  ] , and 
macrophages accumulate little iron initially, the serum ferritin concentration might be expected to 
remain normal during the early stages of iron accumulation. Transferrin saturation is therefore 
the most effi cient test for detecting initial iron accumulation in genetic hemochromatosis  [  168  ] . 
An alternative is the unsaturated iron-binding capacity. This is a test that is readily automated and 
provides a similar effi ciency to the transferrin saturation  [  169–  172  ] . In hospital patients, the trans-
ferrin saturation may be depressed by chronic or acute infection or infl ammation leading to false-
negative results  [  173  ] . In the absence of infl ammation, infection, or liver disease, serum ferritin usually 
provides a reasonable indication of the degree of iron loading. 

 A TS >50% will identify over 80% of healthy men homozygous for C282Y, but only a minority 
of women  [  170,   172  ] , although in the HEIRS study, more than half of female homozygotes had TS >45% 
 [  174  ] . Thresholds for diagnosis have varied – in the case of TS from 45% to 62% – in the various guide-
lines on the diagnosis and management of hemochromatosis that have been published. 

 Normal concentrations of sTfR have been reported for patients with genetic hemochromatosis 
(although some had been venesected) and also in African iron overload  [  107,   175  ] . In contrast, lower 
mean values of sTfR were found in subjects with a raised transferrin saturation  [  176,   177  ] . However, 
there was considerable overlap with the normal range of sTfR concentration and measurement of 
sTfR in iron overload is unlikely to be of diagnostic value.  

   4.7 Secondary Iron Overload 

 The major diagnostic aims are the determination of the degree of iron overload and monitoring the 
success of chelation therapy in removing iron. Reliable methods are quantitation of liver iron concen-
tration on biopsy samples (an invasive procedure) and the newly developed MRI and magnetic sus-
ceptibility measurements. In patients with homozygous  β -thalassemia, serum ferritin shows a 
correlation with both liver iron concentration  [  178  ]  and amount of blood transfused  [  27  ] , although 
this does not apply in patients defi cient in ascorbic acid  [  179  ] . However, in general clinical practice, 
serum ferritin has limited value in predicting liver iron concentrations in both thalassemia major  [  180  ]  
and patients with sickle-cell disease on chronic transfusions  [  181  ] . In patients with thalassemia inter-
media who do not require transfusion, serum ferritin concentrations tend to underestimate the liver 
iron concentration, and this may lead to delay in instituting effective iron chelation therapy  [  182  ] . 

 In practice, serum ferritin concentrations provide a combined index of storage iron levels and liver 
damage and give useful information for monitoring progress. The aim of chelation is to reduce both 
tissue iron levels and tissue damage. Reduction of serum ferritin to 1,000  μ g/L is a realistic aim.   

   5  Assessing the Iron Status of Populations and Any Response 
to Iron Supplementation 

 At a meeting held in Geneva in 2004, a WHO and CDC expert consultation evaluated the best methods 
for assessing the iron status of populations and of the response to an intervention such as food 
fortifi cation with iron  [  6  ] . The meeting recommended that blood hemoglobin and serum ferritin are 
the most useful indicators of the impact of programs to control iron defi ciency. The main problem 
with the use of ferritin lies in the fact that it is affected by infl ammation due to infection and chronic 
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disease, so it is less useful to assess the prevalence of iron defi ciency than to estimate a change brought 
about by a program. Because of this, the consultation recommended that to assess iron defi ciency, the 
transferrin receptor, in addition to hemoglobin and ferritin, should be measured (Table  25.7 ). The 
value of this approach has not been confi rmed. Despite many attempts, methods of correcting serum 
ferritin concentrations for the effect of infl ammation or infection have not been successful. C-reactive 
protein (CRP) is commonly used as an indicator of infl ammation, but CRP has a rapid response to an 
acute infl ammatory stimulus compared to ferritin  [  183  ] . Beard et al.  [  184  ]  found that in areas with a 
low prevalence of infl ammation, neither CRP nor  α  

1
 -acid glycoprotein predicted high ferritin concen-

trations accurately. They concluded that where the prevalence of infl ammation is <10%, this has little 
infl uence on the distribution of ferritin. In order to allow for the affect of infection, the WHO has 
recommended a cutoff of 30  μ g/L for the identifi cation of iron defi ciency in children with infection/
infl ammation  [  4  ] . No corresponding adult threshold was suggested.  

 The value of the serum transferrin receptor ratio Log (sTfR in  μ g/L/ferritin  μ g/L) to assess body 
iron in population surveys has been demonstrated in several studies  [  113  ] . The group was unable to 
recommend general application of this until standardization of the assay had been achieved.  

   6 Conclusions 

 The investigation of iron metabolism begins with the measurement of blood hemoglobin concentra-
tion and red cell indices. Anemia, with hypochromic red cells, is a result of a reduced iron supply to 
the bone marrow. If this is a result of a reduction in total body iron in an otherwise healthy subject 
(iron-defi ciency anemia), there will be a low serum ferritin concentration (<15  μ g/L). 

 If total body iron is not reduced, the hypochromic anemia may be due to a disturbance in hemo-
globin synthesis (thalassemia or sideroblastic anemia) or, more commonly, may result from acute or 
chronic disease. In this case, the serum ferritin concentration will be normal or elevated. 

 Ferritin synthesis is also increased by the cytokines released during infection and infl ammation, 
and serum ferritin concentrations up to 60  μ g/L may be found in subjects with acute or chronic dis-
ease and an absence of storage iron. In subjects with ferritin concentrations of around 60–100  μ g/L 
(and a raised level of CRP or a raised ESR), it should be remembered that iron stores may not be 
adequate for hemoglobin regeneration once the infl ammation subsides. 

 In general hematological practice, assay of serum iron and transferrin saturation, ZPP, and sTfR 
are less sensitive and specifi c than the assay of serum ferritin. The use of discriminant analysis, 
algorithms, or logistic regression of ferritin with CRP concentration or ESR does not enhance the 
accuracy of diagnosis signifi cantly. 

 In the detection of early iron accumulation in hemochromatosis, measurement of transferrin satura-
tion is the test of choice. In hospital patients, transferrin saturation may be depressed and the test should 

   Table 25.7    The interpretation of low serum ferritin and high transferrin receptor concentrations during population 
surveys  [  6  ]    

 Percentage of serum ferritin 
values below threshold a  

 Percentage of transferrin 
receptor values above threshold b   Interpretation 

 <20% (low)  <10% (low)  Iron deficiency is not prevalent 
 <30% for pregnant women 
 <20% (low)   ³ 10% (high)  Iron defi ciency is prevalent; infl ammation 

is prevalent 
  ³ 20% (high)   ³ 10% (high)  Iron defi ciency is prevalent 
  ³ 20% (high)  <10% (low)  Mild iron defi ciency may be prevalent 
  ³ 30% for pregnant women 

   a  World Health Organization  [  4  ]  
  b  Use thresholds recommended by manufacturer of assay until an international reference standard is available  
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be repeated once the patient has recovered from surgery, infection, or infl ammation. Serum ferritin 
provides a useful indication of the level of storage iron in genetic hemochromatosis and a useful way 
of monitoring iron stores during chelation therapy for iron removal after multiple blood transfusions.      
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   1 Introduction 

 Iron homeostasis in health is maintained by the controlled absorption of iron from the small intestine 
that equals daily iron losses and meets iron requirements for erythropoiesis. The susceptibility to 
develop iron overload is increased in persons in whom absorption of dietary iron is increased. 
Deleterious mutations in genes that encode proteins that control or mediate iron absorption, trans-
port, or storage cause diverse primary iron overload syndromes, e.g.,  HFE  hemochromatosis. 
Similarly, heritable and acquired forms of anemia characterized by ineffective erythropoiesis and 
increased production of growth/differentiation factor 15 enhance iron absorption by the small intes-
tine in the absence of other mutations or chronic erythrocyte transfusion, e.g., X-linked sideroblastic 
anemia. Mutations in genes that encode transferrin or matripase-2 may lead to iron-defi cient eryth-
ropoiesis that is refractory to iron therapy. In this chapter, principal methods to detect and evaluate 
mutations associated with heritable disorders of iron homeostasis are reviewed, and deleterious 
mutations of genomic DNA associated with these disorders are tabulated.  

   2 Sample Collection and Preparation 

 All mutation analysis methods require the acquisition and preparation of suitable samples of genomic 
DNA. The clinical evaluation of subjects with iron overload disorders is typically performed by 
extracting DNA from a readily available source such as blood leukocytes (“buffy coat”). Blood 
samples are anticoagulated in EDTA and transported to the laboratory, preferably on wet ice or at 
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room temperature (within one day after venipuncture). Many laboratories use commercially available 
DNA extraction kits; other laboratories employ their own DNA isolation protocols. DNA of the best 
quantity and quality is obtained soon after blood collection; blood can be stored at 4°C, if necessary. 
DNA can be extracted from as little as 200  μ L of whole blood or from leukocyte pellets from using 
commercially available DNA extraction kits. In general, non-column-based methods process larger 
amounts of blood and yield more DNA than column-based methods. In some cases, suffi cient DNA 
suitable for analysis can be obtained from saliva, buccal swabs, or other sources. DNA is quantifi ed 
by measuring the absorbance at 260 nm, using the conversion of one A 

260
  O.D. unit of double-

stranded DNA = 50  μ g/mL. Regardless of the method of collection or subsequent analysis, it is 
usually necessary to amplify the quantity of available DNA using the polymerase chain reaction 
(PCR) and suitable oligonucleotide primers. Mutation analysis of clinical specimens also requires 
selection of a gene(s) of interest, based on the clinical and iron phenotype of the subject and his/her 
fi rst-degree family members, and the availability of suitable DNA oligonucleotide probes.  

   3 Methods of Mutation Analysis 

   3.1 Allele-Specifi c Oligonucleotide Hybridization (ASOH) 

 This is an economical, effi cient method for genotyping a large number of subjects or to examine 
population frequencies of known mutations or polymorphisms. ASOH requires the least amount of 
specialized equipment (water bath, oven that can maintain 42°C, X-ray fi lm developer). ASOH tech-
nique involves amplifi cation of the DNA region containing the reported polymorphism, and spotting 
the amplifi ed product without purifi cation on a nitrocellulose membrane. After denaturation and 
neutralization of the amplifi ed DNA on the membrane, the membrane is hybridized with either 
 32 P-labeled wild-type or mutant 18-bp probes spanning the polymorphism. After hybridizing the 
membrane, the unbound probe is washed to remove the mismatched but not the matched probe. The 
hybridized probe is then visualized by radioautography or phosphorimaging. An alternative to using 
 32 P-labeled probes is the use of biotin-labeled probes. Basic ASOH has been used to detect mutations 
of  HFE   [  1  ] ,  TFR2   [  2  ] , and  SLC40A1   [  3,   4  ] .  

   3.2 Fluorescent Techniques 

 Mutation and SNP analyses can be performed using TaqMan ®  (ABI, Foster City, CA) methods. 
These are useful for large-scale population studies that examine gene frequencies and can be used 
instead of ASOH. TaqMan ®  technology requires a LightCycler ®  and specially designed amplifi ca-
tion primers and probes. The costs of consumables, reagents, and equipment needed for TaqMan ®  
methods are signifi cantly higher than for ASOH. The TaqMan ®  method is useful for genes like  HFE  
in which mutations such as C282Y occur at high frequency  [  5  ] .  

   3.3 Reverse Hybridization Strip-Based Assay 

 This proprietary technique can detect 14 known  HFE  (V53M, V59M, H63D, H63H, S65C, Q127H, 
E168Q, E168X, W169X, C282Y, Q283P) and  TFR2  (E60X, M172K, Y250X) mutations (ViennaLab 
Labordiagnostika GmbH, Austria). A multiplex PCR amplifi cation is performed with biotinylated 
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primers to amplify  HFE  exons 2–4 and  TFR2  exons 2, 4, and 6. The amplifi ed product is then 
hybridized to the test strip with an array of allele-specifi c probes, and mutations are detected with a 
colorimetric enzyme assay  [  6  ] .  

   3.4 Restriction Fragment Length Polymorphism (RFLP) 

 RFLP analysis is suitable for laboratories that do not have ready access to automatic sequencing, and 
only if analysis of specifi c mutations is needed, i.e., family members of affected individuals with 
previously identifi ed common  HFE  mutations or other hemochromatosis-associated alleles, regard-
less of gene. With this technique, restriction enzymes either digest or do not digest the amplifi ed 
product containing the mutant allele(s). Amplifi cation of DNA is performed under standard condi-
tions, restriction digestion is performed as recommended by the manufacturers, and separation and 
staining of the DNA products by size are performed using polyacrylamide/TBE gels with molecular 
weight markers with a separation range of 75 bp–1 kb. RFLP has been used for the genetic analysis 
of common  HFE  mutations  [  7  ]  and to detect previously identifi ed  HJV  mutations  [  8  ] .  

   3.5 Direct Sequencing 

 This method is applicable to all genes of interest. The iron phenotype of the proband and pattern of 
inheritance in the kinship under study usually permit a prudent selection of genes for direct sequencing. 
DNA amplifi cations are performed in a reaction mix containing template DNA, primers, Taq poly-
merase, PCR buffer, and bovine serum albumin. PCR buffers supplied with various Taq  DNA 
polymerases can also be used. Different buffers and conditions may result in vastly different yields 
of amplifi ed DNA product. In our experience, the presence of ammonium sulfate and the absence of 
DMSO are optimal. 

 Amplifi cation conditions are described in detail elsewhere for each gene  [  9  ] . After DNA amplifi -
cation, DNA products are electrophoresed on a polyacrylamide/TBE gel with molecular weight 
markers in the range of 75 bp–1 kb to ensure that the DNA products are of the expected size. The 
remainder of amplifi ed product is purifi ed using QIAquick PCR columns (Qiagen, Inc., Valencia, 
CA) or a similar cleanup product. Direct sequencing is then performed on an automatic DNA 
sequencer utilizing the same and/or internal primers. For the sake of brevity, we defi ne only internal 
primers when needed to obtain complete coverage of the region.  

   3.6 Denaturing High-Performance Liquid Chromatography (dHPLC) 

 These methods are ideal for scanning genes for novel mutations and for analyzing many samples at 
relatively low cost. dHPLC can also be used for genotyping specifi c mutations or polymorphisms. 
The major limitation to dHPLC analyses is that few laboratories are equipped with this specialized, 
expensive equipment. dHPLC identifi es only the presence of a heteroduplex that arises from mis-
matched alleles. Accordingly, dHPLC requires mixing samples with control homozygous wild-type 
DNA in order to identify homozygous and hemizygous mutations. Once the presence of a heterodu-
plex is identifi ed, it may be necessary to sequence the amplifi ed DNA to identify the mutation. 
Amplifi cation of DNA for dHPLC analyses must be performed with a high-fi delity Taq polymerase, 
and buffers that lack carrier protein (i.e., bovine serum albumin) and organic solvents (i.e., DMSO). 
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After DNA amplifi cation, samples must be denatured and cooled slowly in order to generate 
heteroduplex complexes. The dHPLC method described here was established using the Transgenomic 
WAVE dHPLC system with a DNASep™ C 

18
  reverse phase-column  [  9  ] . Other dHPLC protocols 

have been used for large-scale mutation detection in numerous exons of hemochromatosis-associated 
genes  [  10  ] .   

   4 Selection of Genes for Analysis 

 Clinical features of patients with iron overload and the pattern of inheritance of iron overload phenotypes 
within kinships under study should be evaluated to determine the most direct and economical means 
of mutation analysis. Transferrin saturation is usually elevated in patients with  HFE ,  HJV ,  TFR2 , 
 HAMP , or “gain-of-function”  SLC40A1  hemochromatosis. Hyperferritinemia without elevated 
transferrin saturation values is typical of patients with “loss-of-function”  SLC40A1  alleles or muta-
tions in the iron-responsive element of  FTL . Severe iron overload in children, adolescents, or young 
adults is typically caused by  HJV ,  TFR2 , or  HAMP  hemochromatosis, whereas severe iron overload 
in  HFE  hemochromatosis usually occurs in adults of middle age or older. Anemia is sometimes pres-
ent in persons with iron overload associated with “loss-of-function” ferroportin hemochromatosis, 
and in most persons with atransferrinemia,  DMT1  mutations,  GLXR  mutations, X-linked sideroblas-
tic anemia, congenital dyserythropoietic anemias, and pyruvate kinase defi ciency. In geographic 
regions where thalassemia is common, persons with iron overload may co-inherit thalassemia alleles 
and mutations that directly affect iron absorption. Neurologic abnormalities are typical of persons 
with iron overload due to aceruloplasminemia or neuroferritinopathy. 

  HFE ,  HJV ,  TFR2 , and  HAMP  hemochromatosis are transmitted as autosomal recessive disorders; 
heterozygotes usually have little or no evidence of iron overload.  HFE  C282Y homozygosity occurs 
predominantly in Caucasians of European ancestry. Pseudodominant patterns of inheritance some-
times occur in white  HFE  hemochromatosis kinships due to the high prevalence of  HFE  C282Y or 
H63D in the general background populations, or in  HJV ,  TFR2 , and  HAMP  hemochromatosis due to 
consanguinity or founder effects in relatively isolated geographic areas. Dominant patterns of inheri-
tance occur in  SLC40A1  (ferroportin) hemochromatosis, and perturbations in iron and iron protein 
metabolism caused by deleterious mutations in genes that encode ferritin light chain ( FTL , hereditary 
hyperferritinemia-cataract syndrome, neuroferritinopathy) and ferritin heavy chain ( FTH1 , Japanese 
autosomal dominant iron overload). Patterns of inheritance in families with X-linked sideroblastic 
anemia and  ALAS2  mutations may be typical of other X-linked disorders or exhibit pseudodominance 
due to disease expression in females with skewed X-inactivation. In unusual cases, it may be desirable 
to sequence all iron-related genes for which analyses are feasible, especially if initial analyses reveal 
that the most likely genes do not have a mutation(s) that would explain the clinical phenotype.  

   5 Pathogenicity of Mutations 

 Several criteria should be used to establish the pathogenicity of a previously undescribed mutation 
as a causative agent of or contributor to chronically increased iron absorption and consequent iron 
overload. Firstly, the mutation(s) should segregate with iron overload phenotypes in kinships, and 
the pattern of inheritance of iron phenotypes should be consistent with that previously described for 
mutations in the corresponding gene(s). Secondly, the mutation should signifi cantly alter a highly 
conserved amino acid in the encoded protein. Determinations of amino acid conservation can be 
made by comparing orthologous sequences in man with those readily available in other mammals, 
lower vertebrates such as  Xenopus  or zebrafi sh, or with invertebrates such as  Caenorhabditis elegans . 
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Thirdly, most highly conserved amino acids lie in intracellular or extracellular domains known to be 
crucial for normal function of corresponding proteins. In many cases, deleterious mutations encode 
a protein that has less functional capacity than the wild-type homologue (although “gain-of-function” 
mutations also occur). Accordingly, point mutations may result in qualitative changes of amino acid 
charge or sulfhydryl linkages in the encoded protein resulting in conformational changes in the pro-
tein structure. Deletions, insertions, or premature stop-codon triplets may cause frameshifts that 
affect protein stability or cellular localization. Mutations in iron-responsive elements or promoter 
regions alter expression levels of qualitatively normal protein. Synonymous mutations do not result 
in qualitative or quantitative changes in protein expression, although some synonymous mutations 
may be linked to mutations that produce a clinically detectable phenotype. 

 Fourthly, most deleterious mutations have been detected only in single kinships and are rare in the 
corresponding general population. Therefore, the allele frequency of newly discovered mutations 
should be determined in a sample of 50 or more population control subjects and compared to that in 
persons with iron overload phenotypes unexplained by previously reported mutations. Fifthly, some 
missense mutations occur as polymorphisms (e.g . ,  HFE  C282Y in European Caucasians,  SLC40A1  
Q248H in Native Africans and African Americans) but have very low penetrance. Therefore, it is 
necessary to compare iron phenotypes in large cohorts of persons with and without these mutations 
from appropriate population samples to ascertain their effects on iron phenotypes. Finally, in vitro 
expression of the mutated gene and its wild-type counterpart permit functional assessments of the 
encoded mutant protein. Functional studies can be performed in vivo by creating mouse, zebrafi sh, 
or other animal models in which the mutation is simulated. 

 Mutations in some genes that are almost certainly pathogenic have been discovered in screening 
venues, often in persons whose iron phenotype is normal. Accordingly, it should not be asserted that 
the mutations are deleterious until they are discovered to segregate with iron overload in families or 
until they are demonstrated to alter protein function in laboratory expression models. It is widely 
acknowledged that other genes and mutations that affect iron overload phenotypes await discovery.  

   6 Inheritance of Mutations in Two or More Iron-Related Genes 

 This circumstance has been reported most frequently in persons with both a deleterious mutation(s) 
in a non- HFE  iron-related gene, and heterozygosity or homozygosity for a  HFE  polymorphism such 
as C282Y or H63D. Most individuals have been described in the context of case and family reports or 
small case series. Some persuasive cases have been labeled as “digenic” hemochromatosis involving 
 HFE  C282Y homozygosity or heterozygosity and a  HAMP  mutation  [  11  ] .  ALAS2  P520L appears to 
enhance iron phenotype in C282Y homozygotes and in patients with other iron overload disorders 
 [  12  ] . In an exceptional man heterozygous for a  SLC40A1  mutation and hemizygous for a  ALAS2  
mutation, iron overload due to the respective mutations may have been additive  [  13  ] . Nonetheless, 
analyses of population data or laboratory models that provide rigorous proof that mutations in the two 
genes account for additive or multiplicative effects on iron absorption in the same individual are usu-
ally lacking. Overall, it seems unlikely that heterozygosity for  HFE  C282Y or H63D has suffi cient 
penetrance to induce or alter phenotypes reasonably attributable to mutations in non- HFE  genes.  

   7 Modifi er Mutations in  HFE  C282Y Homozygotes 

  HFE  C282Y is the most common mutation that has a signifi cant effect on iron absorption and 
metabolism, yet its penetrance in C282Y homozygotes to cause an iron overload phenotype is rela-
tively low. Putative “modifi er” genes have been reported in various case and family studies of C282Y 
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homozygotes, but the strength of the conclusions have necessarily been limited by the small numbers 
of subjects available for analysis. Other studies have sought to identify mutations in iron-related genes 
that could explain iron phenotype heterogeneity in adults with C282Y homozygosity in a broader 
scope: cohorts of C282Y homozygotes diagnosed in medical care or ascertained in screening pro-
grams. Few mutations in non- HFE  genes that represent plausible explanations of phenotype hetero-
geneity have been demonstrated in the latter studies. The results of analyses of tumor necrosis 
factor-alpha and mitochondrial DNA alleles as possible “modifi ers” of C282Y homozygosity pheno-
types are inconsistent. Genome-wide association scans and quantitative trait loci heritability analyses 
nonetheless provide substantial evidence that genetic regions (other than those generally recognized) 
have signifi cant infl uences on iron phenotypes. It is also likely that diverse acquired disorders, dietary 
factors, and environmental conditions also act as “modifi ers” of C282Y homozygosity, although the 
relationship of most of these to the expression of  HFE  hemochromatosis is poorly understood.  

   8 Ethical, Legal, and Social Issues 

 Some clinicians rely on DNA analyses to assess the risk of single-mutation disorders such as familial 
breast and colon cancer, hemochromatosis, and Huntington disease. In  HFE  hemochromatosis, the 
capability to prevent disease due to iron overload is great, but the risk that subjects with a “positive” 
genetic test will develop severe iron overload is relatively low. Many patients and their physicians 
are concerned about the possibility that employment and insurance discrimination will occur as a 
consequence of DNA testing. Informal reports of insurance denial and increased premium rates are 
common among individuals with  HFE  hemochromatosis without end organ damage; further inves-
tigation reveals that only some of these incidents are related to hemochromatosis  [  14  ] . The overall 
proportion of hemochromatosis patients with active insurance, their quality of life, and their psycho-
logical well-being were similar to those of siblings without hemochromatosis  [  14  ] . 

 The most contentious circumstance occurs when genetic testing detects a genotype that is associ-
ated with hemochromatosis. Such information is sometimes used by both health and life insurance 
carriers to exclude individuals from coverage or to increase their insurance premiums based on the 
theoretical increased risk of medical care needs or disease-related complications. Thus, legislation 
to protect individuals against “labeling” and genetic discrimination has been advocated  [  15  ] . The 
need for such legislation is predicated on the perceived discrimination associated with early diagno-
sis. During counseling, adult patients should be informed that discrimination with respect to obtain-
ing health, life, and disability income insurance, and employment is possible  [  16  ] . In the USA, some 
states require written informed consent before any type of genetic testing can be performed. In the 
USA, the Genetic Information Nondiscrimination Act (“GINA”) of 2009 expands protections for 
Americans from being treated unfairly by insurers or employers due to differences in their DNA. 

 Identifi cation of a hemochromatosis-associated genotype permits monitoring of iron stores and 
institution of therapy to reduce body iron before organ dysfunction occurs. Genetic testing in the 
course of work-up for suspected hemochromatosis can be a useful adjunct to confi rm the diagnosis, 
often abrogating the need for invasive testing such as liver biopsy. Although at least one negative 
emotional impact was seen in individuals undergoing  HFE  mutation analysis during screening in the 
HEIRS Study, there was no signifi cant overall physical or mental harm  [  17,   18  ] . 

 It is generally recommended that minors not be tested for adult-onset heritable disorders. In  HFE  
hemochromatosis, disease manifestations rarely occur before the age of 30 years in subjects identi-
fi ed in medical care or in population screening  [  19,   20  ] , and the rate of penetrance of severe iron 
overload is low in adults of middle age. Testing minors for iron-related mutations, particularly those 
of  HFE , is not justifi ed unless phenotyping reveals substantive abnormalities that need further 
understanding or management. If early age-of-onset hemochromatosis were detected in a child or 
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his/her sibling(s), especially that possibly related to  HJV ,  TFR2 ,  HAMP , or  SLC40A1  mutations, 
testing should be performed and interpreted by qualifi ed persons. In other cases, testing can usually 
be postponed until the individual is an adult and can make his/her informed decision. In routine care 
delivery, the concerns of testing of cord blood samples or neonates to detect subjects with at-risk 
hemochromatosis and iron overload genotypes are similar to those for testing minors.  

   9 Deleterious Mutations in Iron-Related Genes 

 This section comprises a compilation of data on pathogenic and some non-pathogenic mutations in 
genes associated with iron overload disorders. Mutations that cause X-linked sideroblastic anemia 
are also included. 

   9.1 HFE Hemochromatosis 

 The  HFE  gene (OMIM +235200, chromosome 6p21.3) comprises six exons. Human HFE protein 
predicted from the cDNA sequence is composed of 343 amino acids and has a molecular weight of 
~48 kDa; multiple splice variants have been described. HFE is a human leukocyte antigen (HLA)-
like protein that associates with  β  

2
 -microglobulin, modulates transferrin binding to transferrin recep-

tor, and positively modulates hepatic expression of hepcidin through interaction with transferrin 
receptor-2. (Table  26.1 ).  HFE  hemochromatosis is an autosomal recessive disorder with low pene-
trance. Many non-synonymous mutations of the  HFE  gene have been reported.  HFE  C282Y is the 
most common known mutation that signifi cantly affects iron metabolism. Two other common  HFE  
mutations (H63D, S65C) are sometimes associated with iron overload, usually mild. The  HFE  
C282Y and H63D mutations most often occur in trans (different chromosomes), but there are few 
reports in which they were detected in  cis  (on a single chromosome)  [  42,   43  ] . An  Alu -mediated dele-
tion of  HFE  may be relatively common in Sardinia  [  40,   41  ] . Most other deleterious  HFE  mutations 
are rare, occur only in specifi c families, and are not detected by routine allele-specifi c mutation 
analyses available through most reference laboratories. It is likely that additional pathogenic  HFE  
mutations will be found in the future, but they will almost certainly be uncommon.   

   9.2 Hemojuvelin (HJV) Hemochromatosis 

 The term “juvenile hemochromatosis” (JH) (OMIM #602390) is used to describe rare forms of 
hereditary hemochromatosis characterized by severe iron overload, heart failure, and hypogonado-
trophic hypogonadism in children, adolescents, or adults less than 30 years of age. JH is associated 
with an autosomal recessive pattern of inheritance in most kinships. Most persons with JH have two 
mutations of the hemojuvelin gene ( HJV ) on chromosome 1q (OMIM *608374). Hemojuvelin is 
homologous to the repulsive guidance molecule (RGM) family of proteins, and is highly expressed 
in heart, liver, and skeletal muscle. The major hemojuvelin isoform is predicted to encode a 426-
amino acid membrane-localized protein characterized by a RGD motif and a von Willebrand type D 
domain; this glycosylphosphatidylinositol-linked membrane protein (GPI-hemojuvelin) is an essen-
tial upstream regulator of hepcidin. Hemojuvelin cleavage is essential for its membrane localization, 
and the loss of hemojuvelin membrane localization is central to the pathogenesis of JH.  HJV  may 
regulate hepcidin synthesis through signaling pathways that involve bone morphogenetic proteins 
and their subsequent effects on receptor SMADs and co-SMAD4  [  44  ] . All  HJV  mutations discovered 
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in patients with iron overload phenotypes and two  HJV  mutations encode ineffective forms of mutant 
hemojuvelin (“loss-of-function” mutations). Juvenile hemochromatosis associated with mutations 
in hemojuvelin is inherited in an autosomal recessive manner and is highly penetrant. 

 The most common pathogenic  HJV  mutation is G320V; this allele accounted for two-thirds of 
 HJV  mutations in French, Greek, and Italian JH patients and their families, and has been reported in 
many other populations  [  8,   45–  48  ] . Many other  HJV  mutations have been detected only in single 
families (Table  26.2 ). Many persons with JH phenotypes occur in consanguineous marriages, or 

   Table 26.1    Mutations of the hemochromatosis gene ( HFE ) a    

 Exon  cDNA alteration  Protein alteration  Phenotype b   References 

 2  88C → T  L30L  0   [  21  ]  
 2  128G → A + 187C → G  G43D + H63D  1   [  22  ]  
 2  138T → G  L46W  1   [  23  ]  
 2  157G → A  V53M  0   [  24  ]  
 2  175G → A  V59M  0   [  24  ]  
 2  187C → G  H63D  1   [  25  ]  
 2  189T → C  H63H  0   [  24  ]  
 2  193A → T  S65C  1   [  26  ]  
 2  196 C → T  R66C  2   [  21  ]  
 2  211C → T  R74X  2   [  27  ]  
 2  277G → C  G93R  1   [  28  ]  
 2  277del  G93fs  2   [  29  ]  
 2  314T → C  I105T  1   [  28  ]  

 IVS2(+4)T → C  –  0   [  30  ]  
 3  381A → C  Q127H  0   [  24  ]  
 3  385G → A  D129N  0   [  23  ]  
 3  414T → G  Y138X  2   [  23  ]  
 3  471del  A158fs  2   [  31  ]  
 3  478del  P160fs  2   [  32  ]  
 3  502G → C  E168Q  1   [  6  ]  
 3  502G → T  E168X  2   [  33  ]  
 3  506G → A  W169X  2   [  33  ]  

 IVS3(+1)G → T  (Null allele)  2   [  34  ]  
 IVS3(+21)T → C  –  0   [  21  ]  

 4  636G → C  V212V  0   [  35  ]  
 4  671G → A  R224G  2   [  21  ]  
 4  689A → T  Y230F  2   [  23  ]  
 4  696C → T  P232P  0   [  21  ]  
 4  814G → T  V272L  0   [  36  ]  
 4  829G → A  E277K  0   [  35  ]  
 4  845G → A  C282Y  2   [  25  ]  
 4  845G → C  C282S  2   [  37  ]  
 4  848A → C  Q283P  2   [  38  ]  
 4  867C → G  L289L  0   [  21  ]  

 IVS4(+37)A → G  –  0   [  24  ]  
 IVS4(+109)A → G  –  0  – 
 IVS4(+115)T → C  –  0   [  24  ]  

 5  989G → T  R330M  2   [  24  ]  
 IVS5(+1)G → A  –  0   [  39  ]  

   a Deletion of  HFE  (Chr6 g.(26 175 442)_g.(26 208 186)del) in subject of Sardinian ancestry was 
associated with a phenotype that is similar to that of  HFE  C282Y homozygotes  [  40,   41  ]  
  b Phenotype: 0 = none known, 1 = probably weak effect on iron homeostasis, 2 = probably strong 
effect on iron homeostasis  
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reside in isolated communities or populations in which the prospect of marriages among distant relatives 
is relatively great. JH has been described in identical twins  [  46  ] . Most JH cases have been described 
in whites from European populations  [  23,   45–  48  ] , but few patients in different kinships appear to be 
closely related by geography or ethnicity.  HJV  mutations and JH phenotypes have also been described 
in families of sub-Saharan African descent  [  51,   53  ] , in Japanese kinships  [  61  ] , and in other Asian 
populations  [  65  ] .   

   Table 26.2     HJV  mutations associated with juvenile hemochromatosis phenotypes a    

 Exon  cDNA alteration  Protein alteration 
 Race/ethnicity, other 
comments  References 

 2  18G → C  Q6H b    [  49  ]  
 2  81Gdel  L27fsX51  English/Irish   [  50  ]  
 3  160A → T  R54X  African American   [  51  ]  
 3  196G → T  G66X   [  52  ]  
 3  205insGGA  insG70   [  53  ]  
 3  220del G  V74fsX113  European   [  54  ]  
 3  238T → C  C80R  European   [  53  ]  
 3  253T → C  S85P  European   [  54  ]  
 3  295G → A  G99R  European   [  54  ]  
 3  296G → T  G99V  European   [  48  ]  
 3  302T → C  L101P  European   [  53,   54  ]  
 3  314C → T  S105L   [  55  ]  
 3  346C → T  Q116X   [  56  ]  
 3  356G → T  C119F  European   [  57  ]  
 3  391–403del  R131fsX245   [  54  ]  
 3  445del G  D149fsX245   [  54  ]  
 3  503C → A  A168D   [  54  ]  
 3  509T → C  F170S   [  54  ]  
 3  516C → G  D172E   [  54  ]  
 3  526C → T  R176C  European   [  58  ]  
 3  573G → T  W191C   [  54  ]  
 3  588T → G  N196K   [  59  ]  
 3  615C → G  S205R   [  54  ]  
 4  665T → A  I222N   [  48,   60  ]  
 4  700-703AAGdel  K234del  European   [  9  ]  
 4  745G → C  D249H  Asian   [  61  ]  
 4  749G → T  G250V   [  54  ]  
 4  806–807ins A  N269fsX311   [  54  ]  
 4  842T → C  I281T  European   [  48  ]  
 4  862C → T  R288W   [  54,   62  ]  
 4  904G → A  E302K   [  55  ]  
 4  934C → T  Q312X  Asian   [  61  ]  
 4  954–955ins G  G319fsX341   [  54  ]  
 4  959G → T  G320V  European   [  48,   54  ]  
 4  963C → G  C321W  European   [  53  ]  
 4  963C → A  C321X b   Asian   [  49  ]  
 4  976C → T  R326X   [  48  ]  
 4  980–983 delTCTC  S328fsX337  Slovakian   [  57  ]  
 4  1004G → A  R335Q   [  55  ]  
 4  1080delC  C361fsX366  European   [  48  ]  
 4  1114A → G  N372D   [  55  ]  
 4  1153C → T  R385X  European   [  54  ]  

   a Data adapted in part from Beutler and Beutler 2002  [  63  ]  and Wallace and Subramaniam  [  64  ]  
  b  HJV  Q6H and C321X were detected on the same chromosome  
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   9.3 Transferrin Receptor-2 (TFR2) Hemochromatosis 

  TFR2  hemochromatosis (OMIM #604250) is a rare autosomal recessive disorder characterized by 
elevated serum iron measures, parenchymal iron deposition, and complications of iron overload. In 
individual cases, the  TFR2  hemochromatosis phenotype may resemble that of  HFE  hemochromato-
sis or  HJV  hemochromatosis. The TFR2-alpha transcript contains 18 exons, including a cytosolic 
domain, a transmembrane domain, a protease-associated domain, and a transferrin receptor-like 
dimerization region. Pathogenic mutations that occur in each of these regions have been described 
(Table  26.3 ). The beta transcript lacks exons 1 through 3 and has an additional 142 bases at the 

   Table 26.3    Pathogenic mutations of the transferrin receptor-2 gene  TFR2  a,b    

 Exon/intron  cDNA alteration  Protein alteration  Race/ethnicity, other comments  References 

 2  64G → A  V22I  Italian subject with “altered 
iron status”; may be 
polymorphism 

  [  21  ]  

 2  88-89insC  E60X c   Italian, including one with 
beta-thalassemia trait 

  [  66,   67  ]  

 3  313C → T  R105X  North French   [  68  ]  
 4  515T → A  M172K  Italian   [  66,   69  ]  
 6  750C → G  Y250X  Several Sicilian, Italian families   [  70,   71  ]  
 7  (Not reported)  Q317X  Italian   [  72  ]  
 7  1186C → T  R396X  Scotch-Irish American; in  cis  with 

G792R 
  [  73  ]  

 9  1231–3 del  del411H  Italian   [  74  ]  
 10  1330G → A  A444T  Italian   [  74  ]  
 10  1364G → A  R455Q  Asian; Scotch-Irish American; 

may be polymorphism 
  [  73,   75  ]  

 11  1403G → A  R468H  Taiwanese   [  76,   86  ]  
 11  1469T → G  L490R  Japanese   [  77  ]  
 14  1665delC  V561X 

(P555fsX561; 
S556AfsX6) 

 Japanese   [  77  ]  

 16  del1861-1872  delAVAQ594-597 d   Italian; Japanese   [  78,   79  ]  
 17  2069A → C  Q690P  Portuguese   [  80  ]  
 IVS17 + 5636G → A  IVS17 + 5636G → A  –  Italian   [  74  ]  
 18  2374G → A  G792R  Scotch-Irish American, in  cis  

with R396X; French, not 
in  cis  with another mutation 

  [  73,   81  ]  

   a  All mutations were reported to cause or were associated with iron overload phenotypes as homozygosity or compound 
heterozygosity with other deleterious  TFR2  alleles 
  b  Some  TFR2  mutations are unproven to cause iron overload. These include H33N (exon 2; Italian)  [  74  ] ; A75V (exon 
2; Italian)  [  21  ] ; IVS3 + 49C → A (Italian; polymorphism)  [  74  ] ; D189N (exon 4; Native American/white with hemo-
chromatosis and  HAMP  promoter mutation −443C → T)  [  82  ] ; I238M (exon 5; white, Chinese, Japanese subjects with, 
without iron overload; polymorphism in Asian population at a frequency of 0.0192; not associated with increased 
transferrin saturation or ferritin levels in heterozygotes or an I238M homozygote)  [  2,   23,   77,   83  ] ; F280L (exon 6; 
Portuguese)  [  23  ] ; IVS–9T → A (Portuguese)  [  23  ] ; I449V (exon 10; heterozygosity in white American without iron 
overload)  [  84  ] ; R455G (exon 10; heterozygosity in American with  HFE  C282Y homozygosity)  [  75  ] ; D590D (exon 
16; polymorphism in white American population at a frequency of 0.037; not associated with increased transferrin 
saturation or ferritin levels in heterozygotes); A617A (exon 16; white Americans; polymorphism in Asians (allele 
frequency 0.33); not associated with increased transferrin saturation or ferritin levels in heterozygotes; in Italians, 
allele frequencies were 0.11 in controls and 0.14 in hemochromatosis patients)  [  2,   85  ] ; R678P (exon 17; French)  [  81  ] ; 
and M705HfsX87 (exon 18; French)  [  81  ]  
  c  There are reports of two corresponding mutations: c.ins88C (p.R30PfsX31)  [  66  ] ; and c.313C → T (p.R105X)  [  68  ]  
The former was subsequently reported by Wallace and Subramaniam as R30fsX60  [  64  ]  
  d  Identifi ed by Beutler as A621–Q624  [  63  ] , and by Camaschella as 1902–1213del (AVAQ621–624del)  [  86  ]   
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5-prime end of exon 4. Experiments in mice demonstrated that transferrin receptor-2 continues to 
mediate uptake of transferrin-bound iron by the liver after the classical transferrin receptor is down-
regulated by iron overload  [  87  ] . Although TFR2    binds to holo-transferrin, it does so at much lower 
affi nity than transferrin receptor-1. HFE binds to TFR2 in a region that does not overlap with the 
holo-transferrrin binding site. A complex of TFR2 and HFE promotes expression of hepcidin.  

 In 2000, Camaschella and colleagues described persons with hemochromatosis phenotypes in 
two unrelated Sicilian families who had mutations in  TFR2   [  70  ] . The typical pattern of genetic trans-
mission is autosomal recessive with moderate or complete penetrance. Many pathogenic mutations 
have been detected only in single kinships. Some mutations have been detected in consanguineous 
kinships. Some deleterious mutations, especially  TFR2  Y250X and R455Q, have appeared in indi-
viduals or kindreds who were not closely related (Table  26.3 ), suggesting that these mutations may 
have arisen more than once or may occur at low frequency in some populations. In one man,  TFR2  
R396X and G792R probably occurred on the same haplotype  [  73  ] . 

  TFR2  hemochromatosis has been reported in subjects of European and Asian ancestry (Table  26.3 ). 
 TFR2  Y250X was not identifi ed in large samples of persons of various race/ethnicity (including African 
Americans), with or without iron overload and related conditions  [  2,   88,   89  ] .  TFR2  AVAQ594-597del 
was not detected in 100 healthy Italian controls  [  78  ] . Other population testing programs have detected 
few pathologic or other  TFR2  alleles  [  21,   90,   91  ] . Sequencing  TFR2  in persons who reported having or 
were proven to have hemochromatosis or iron overload confi rms that pathologic  TFR2  mutations are 
rare  [  2,   75,   82  ] .  TFR2  I238M is a polymorphism detected in an Asian population sample at a frequency 
of ~0.0192. The prevalence of  TFR2  I238M in Asian subjects with and without iron overload pheno-
types is similar, and simple heterozygosity for I238M was not associated with an increase in transferrin 
saturation or ferritin levels in control subjects  [  2  ] . To date, other  TFR2  mutations have not been 
associated with a hemochromatosis or iron overload phenotype (Table  26.4 ).   

   Table 26.4     TFR2  mutations not proven to cause iron overload   

 Exon or intervening 
sequence 

 Amino acid 
substitution  Race/ethnicity, other comments  References 

 2  H33N  Italian; not expected to be pathologic   [  74  ]  
 2  A75V  Italian   [  21  ]  
 IVS3 + 49C → A  –  Italian; polymorphism   [  74  ]  
 4  D189N  Native American/white reported having hemochroma-

tosis; also had  HAMP  promoter mutation 
–443C → T 

  [  82  ]  

 5  I238Ma  White, Chinese, Japanese subjects with, without iron 
overload; polymorphism 

  [  2,   23,   77,   83  ]  

 6  F280L  Portuguese   [  23  ]  
 IVS–9T → A  –  Portuguese   [  23  ]  
 10  I449V  heterozygosity in white American without iron 

overload 
  [  92  ]  

 10  R455G  Heterozygosity in American with  HFE  C282Y 
homozygosity 

  [  75  ]  

 15  V583I  Heterozygosity in white American without iron 
overload 

  [  84  ]  

 16  D590D b   White American   [  2  ]  

   a  Polymorphism in Asian population at a frequency of 0.0192; not associated with increased transferrin saturation or 
ferritin levels in heterozygotes or an I238M homozygote  [  2  ]  
  b  Polymorphism in white American population at a frequency of 0.037; not associated with increased transferrin satu-
ration or ferritin levels in heterozygotes  [  2  ]  
  c  Polymorphism in Asian population (allele frequency 0.33); not associated with increased transferrin saturation or 
ferritin levels in heterozygotes  [  2  ] . In Italian subjects, allele frequencies were 0.11 in controls and 0.14 in hemochromatosis 
patients  [  83  ]   
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   9.4 Hepcidin ( HAMP ) Hemochromatosis 

 Hepcidin, an antimicrobial peptide produced by hepatocytes, is a central negative regulator of iron 
absorption that is encoded by the  HAMP  gene on chromosome 19q13. The precursor of hepcidin 
comprises 84 amino acids, from which three active peptides of 25, 22, and 20 amino acids, respec-
tively, are produced by protease cleavage  [  93,   94  ] . The 25- and 20-amino acid peptides represent the 
major forms  [  93  ] . Eight highly conserved cysteine residues form four disulfi de bonds, the critical 
basis for a rigid structure of the fi nal peptide  [  95  ] . The  HAMP  promoter contains consensus sequences 
for the transcription factor CCAAT/enhancer binding protein- α  (CEBP/ α ) that confers liver tissue 
specifi city  [  96  ] . The  HAMP  promoter also responds to interleukin-6 (IL-6), and has two bone mor-
phogenetic protein-responsive elements (BMP-RE) that bind a receptor SMADs1/5/8 and co-
SMAD4 protein complex  [  9,   97–  99  ] . Hepcidin expression is decreased in  HFE ,  TFR2 , and 
“gain-of-function”  SLC40A1  hemochromatosis and increased in “loss-of-function”  SLC40A1  
hemochromatosis in the absence of  HAMP  mutations  [  100–  105  ] . 

  HAMP  hemochromatosis occurs in at least two defi ned patterns of inheritance. The fi rst pattern 
is an autosomal recessive disorder (OMIM #602390) that often resembles  HJV  hemochromatosis. 
These deleterious  HAMP  mutations are rare and have been reported in consanguineous kinships  [  65, 
  106–  109  ]  (Table  26.5 ).  HAMP  –25G → A has been reported in apparently unrelated Portuguese kin-
ships  [  108,   111  ] . In a consanguineous Australian kinship, both a father and his daughter were  HAMP  
C78T homozygotes, resulting in a pseudodominant pattern of inheritance  [  107  ] .  

 The second pattern of inheritance is “digenic” hemochromatosis associated with co-inheritance of 
a pathogenic  HAMP  mutation and  HFE  C282Y. Such confi gurations were fi rst reported in  HFE  C282Y 
homozygotes who were tested for  HAMP  alleles  [  11  ] . In a cohort of 392 French  HFE  homozygotes 
with hemochromatosis phenotypes, Jacolot and colleagues found that fi ve were also heterozygous for 
a  HAMP  mutation (R59G, G71D, or R56X) [  112  ] . Biasiotto et al .  tested 136 C282Y homozygous, 43 
heterozygous, 42 C282Y/H63D compound heterozygous, and 62 control Italian subjects for  HAMP  
mutations using denaturing high-performance liquid chromatography (dHPLC   ). Abnormally high 
indices of iron status were found in a C282Y/H63D heterozygote who also had  HAMP  −72C → T; the 
iron phenotype of another C282Y/H63D compound heterozygote who also had  HAMP  G71D was 
normal  [  21  ] . In the HEIRS Study, dHPLC analysis of 191 C282Y homozygotes identifi ed in screening 
was performed; two were heterozygous for  HAMP  mutations. One had the  HAMP  promoter mutation 
−72C → T and the other had  HAMP  R59G; both study participants had high transferrin saturation and 
serum ferritin values  [  110  ] . In the same study,  HAMP  –153C → T was not detected in any of 191  HFE  
C282Y homozygotes  [  10  ] .  HAMP  mutations that would account for iron overload were not detected in 
a group of white, Asian, and African-American subjects with and without iron overload  [  116  ] . 

  HAMP  G71D was detected in the general English population at an allele frequency of 0.3%  [  11  ] . 
In the HEIRS Study, the allele frequencies of  HAMP  R59G in white controls and  HAMP  G71D in 
Hispanic controls were 0.7% and 0.6%, respectively.  HAMP  −153C →  T was not detected in 100 
French subjects with normal serum iron and hemoglobin measures  [  98  ] . In the HEIRS Study,  HAMP  
−153C → T occurred in a single Hispanic participant, but was not detected in large cohorts of white, 
African American, or Asian study participants  [  110  ] . Taken together, these observations indicate 
 HAMP  mutations are uncommon in general populations and account for little of the iron phenotype 
heterogeneity in persons with or without  HFE  C282Y  [  10  ] .  

   9.5 Ferroportin (SLC40A1) Hemochromatosis 

 Mutations in the  SLC40A1  gene that encodes ferroportin (OMIM *604653) cause an uncommon, 
heterogeneous group of iron overload disorders characterized by an autosomal dominant pattern of 
inheritance (OMIM #606069).  SLC40A1  mutations cause two major iron overload phenotype patterns, 
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   Table 26.5    Pathogenic mutations of the hepcidin gene ( HAMP )   

 Promoter/exon  cDNA alteration  Protein alteration 
 Genotypes with high 
iron phenotypes  Region/Ethnicity  References 

 –  c.−153C → T  a   –  Digenic with C282Y  French, US 
Hispanic 

  [  98,   110  ]  

 –  −72C → T  –  Digenic with C282Y b   Italian, US whites   [  10,   59  ]  
 –  −25G → A 

(+14G → A, 5’ 
UTR) c  

 –  Homozygosity  Portuguese   [  108,   111  ]  

 1  93delG  G32fs 
(T31fsX180) d  

 Homozygosity  Italian/Greek   [  106  ]  

 2  148-IVS2(+1)
delATGG  e  

 M50fs  Digenic with C282Y  English   [  11  ]  

 2  126–127delAG  R42Sfs  f   Homozygosity  Pakistani   [  65  ]  
 3  166C → T g   R56X  Homozygosity; digenic 

with C282Y 
 Italian/Greek   [  106,   112  ]  

 3  175C → G  R59G  Digenic with C282Y  French, US white   [  10,   112  ]  
 3  208T → C  C70R h   Homozygosity; digenic 

with C282Y 
 Italian   [  109,   113  ]  

 3  212G → A  G71D  Digenic with C282Y  English, Italian, 
US Hispanic 

  [  10,   11,   59  ]  

 3  233G → A  C78T  f, h   Homozygosity  Australian   [  107  ]  

   a  In vitro,  HAMP  –153C → T decreased transcriptional activity of the promoter, altered its IL-6 responsiveness, and 
prevented binding of SMAD1/5/8/4 protein complex to the bone morphogenetic protein-responsive element (BMP-RE) 
of  HAMP   [  98  ]  
  b  Two Italian subjects with this mutation also had beta-thalassemia trait, hepatitis C, and iron overload  [  114  ]  
  c  This mutation creates a new initiation codon at position +14 of the 5   UTR, which induces a shift of the reading frame 
and the generation of an abnormal protein. In one patient, this protein was probably unstable or otherwise degraded, 
as it was not found on bidirectional protein gel electrophoresis  [  108,   115  ] . In another patient, there was detectable 
hepcidin, suggesting that the start of translation was maintained at the original ATG with some normal protein produc-
tion  [  111  ]  
  d  This deletion resulted in a frameshift and, if mutated RNA achieved translation, generated an abnormal elongated 
prohepcidin peptide of 179 amino acids, in contrast to the normal hepcidin propeptide of 84 amino acids  [  106  ]  
  e  This four-nucleotide ATGG deletion (last codon of exon 2 (M50)) and fi rst base of the splice donor site of intron 2 
(IVS + 1(-G)) causes a 4-bp frameshift. The mutation was predicted to result in retention of the splice consensus site 
but alteration of the reading frame, extending it beyond the end of the normal transcript  [  11  ]  
  f  Homozygosity for  HAMP  R42Sfs or C78T abrogates production of normally functional hepcidin  [  107  ]  
  g  This mutation affects a propeptide cleavage site 
  h  This mutation affects a highly conserved cysteine residues that form disulfi de bonds crucial for normal structure and 
function of mature hepcidin  

each depending on the particular mutation and its effect on the function of the transcribed ferroportin 
protein (Table  26.6 ). The pattern of inheritance of ferroportin hemochromatosis is due to a dominant 
negative effect of the mutant ferroportin that prevents the normal function of wild-type (normal) fer-
roportin and is not due to haploinsuffi ciency  [  117  ] . Most reported ferroportin mutations are restricted 
to single families, and are relatively uncommon (Table  26.7 ). Although the geographic extent of the 
various reported mutations is worldwide, only a few specifi c mutations have been identifi ed in 
diverse populations. The most prevalent of these is V162del; this mutation has been reported in kin-
ships from Australia, UK, Italy, Greece, Sri Lanka, and Austria  [  102,   133–  137  ] . It has been proposed 
that this mutation has occurred independently, several times, due to slippage mispairing in a repeat 
sequence  [  64  ] . The A77D mutation has been described in iron overload patients from Italy, Australia, 
and India  [  121–  123  ] . The common Q248H allele occurs as a polymorphism in persons who reside 
in diverse areas of sub-Saharan Africa and in African Americans (Table  26.6 ), but increased risk of 
iron overload in Q248H heterozygotes, if any, is minimal  [  3,   4,   147,   149,   150  ] .    
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   9.6  Hereditary Hyperferritinemia-Cataract Syndrome (HHCS) due to IRE 
Mutations of Ferritin Light Chain Gene (FTL) 

 HHCS is an autosomal dominant disorder characterized by increased serum L-ferritin levels and 
bilateral cataracts, in the absence of iron overload (OMIM #600886). Binding of iron-responsive 
proteins (IRPs) to iron-responsive elements (IREs) normally represses translation of their corre-
sponding  cis  genes. Heterogeneous mutations in the IRE of L-ferritin reduce the binding affi nity to 
IRPs and thereby diminish the negative control of L-ferritin synthesis. This leads to the constitutive 
up-regulation of ferritin L-chain synthesis characteristic of HHCS  [  151  ] . 

 More than 35  FTL  mutations have been identifi ed in HHCS kinships (Table  26.8 ). Most persons 
reported to have HHCS have western European ancestry. Most mutations are restricted to single 
kindreds and are not present in members of the general population, although some mutations have 
been detected in multiple geographic areas or in persons of diverse race/ethnicity (Table  26.8 ). There 
are no reports of HHCS or  FTL  mutation analysis in most other race/ethnicity groups, and thus it 
cannot be assumed that HHCS is a disorder that occurs predominantly in European whites. Most 
reported  FTL  mutations associated with HHCS are single nucleotide substitutions. Point mutations 
or deletions in the CAGUGU RNA sequence of the apical loop greatly decrease binding of the 
mutant IRE with IRPs. The deletion del22-27 is predicted to introduce a novel loop in the upper stem 
of the IRE structure very close to the lateral bulge that would markedly reduce binding to IRPs 
 [  158  ] . Clusters of mutations affect nucleotides 22, 32–33, and 36–42  [  156  ] .  

 The estimated prevalence of HHCS in southeast Australia is approximately 1/200,000  [  161  ] . This 
estimate is probably conservative, because serum ferritin is not routinely measured by ophthalmolo-
gists investigating cataracts (including congenital cataracts)  [  161  ] . Some  FTL  IRE mutations result 
in mild hyperferritinemia and clinically insignifi cant cataract  [  186  ] . HHCS was not detected in 135 
Swiss persons whose cataracts required excision and lens implants on or before age 51 years  [  187  ] . 
Three of 52 DNA samples from French patients referred for molecular diagnosis of HHCS revealed 
ferroportin mutations  [  132  ] . The results of three studies of highly selected subjects also suggest that 
L-ferritin IRE mutations typical of HHCS are collectively rare  [  155,   188  ] . Testing “at-risk” subjects 
is probably much more productive than general population screening.  

   Table 26.6    Characteristics of two major hemochromatosis phenotypes due to altered ferroportin protein activity   

 Characteristic  “Loss of function”  “Gain of function” 

 Representative mutations  A77D, V162del, G490D  Y64N, C326Y, N144D, N144H 
 Mechanism of action of abnormal 

ferroportin 
 Abnormal ferroportin 

traffi cking 
 Hepcidin resistance 

 Location of altered portion of ferroportin a   Mostly intracellular  Mostly extracellular 
 Hepcidin levels  Elevated  Normal but disproportionately low 

for degree of iron loading 
 Iron absorption  Secondarily increased  Increased due resistance of ferroportin 

to hepcidin binding 
 Transferrin saturation  Normal or mildly 

subnormal 
 Elevated 

 Serum ferritin level  Normal to very elevated  Elevated 
 Iron-limited erythropoiesis  In some cases  No 
 Predominant sites of iron retention or 

deposition 
 Macrophages  Hepatocytes, other parenchymal cells 

   a  The mutation  SLC40A1  A77D affects a transmembrane portion of the ferroportin molecule, and is associated with a 
“mixed” phenotype. Other  SLC40A1  mutations reported to be associated with “mixed” or both iron phenotypes (“gain 
of function” and “loss of function”) include R88T, N144H, N174I, R178G, N185D, R489S, G490S, and G490D  
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   Table 26.7    Geographic distribution and race/ethnicity of persons with ferroportin gene ( SLC40A1 ) mutations a    

 Promoter/exon  cDNA alteration  Protein alteration  Location or race/ethnicity  References 

 −59−45del  –  French   [  58  ]  
 −188A → G  –  Japanese   [  118  ]  

 3  190T → C  Y64N  Japanese   [  119  ]  
 3  214G → T  V72F  Italian   [  120  ]  
 3  230C → A  A77D  Italian; Indian; Australia   [  121–  123  ]  
 3  238G → A  G80S  Italian   [  124,   125  ]  
 3  239G → T  G80V  Italian   [  126  ]  
 3  262A → G  R88G  French   [  58  ]  
 3  263G → C  R88T  Spanish   [  127  ]  
 5  430A → C  N144H  Dutch   [  128  ]  
 5  430A → G  N144D  Australian   [  129  ]  
 5  431A → C  N144T  Solomon Islander   [  130  ]  
 5  “758A → T”  I152F  Italian   [  131  ]  
 5  “744A → G”  D157G  French   [  132  ]  
 5  469G → A  D157N  Italian   [  120  ]  
 5  484–486delGTT  V162del  Australia, UK, Italy, Greece, 

Sri Lanka, Austria 
  [  102,   133–  137  ]  

 6  521A → T  N174I  Italian   [  124,   125  ]  
 6  532C → A  R178G  Greek   [  138  ]  
 6  539T → C  I180T  Spanish   [  127  ]  
 6  “846A → T”  D181V  Italian   [  126  ]  
 6  546G → T  Q182H  French   [  132  ]  
 6  533G → A  R178Q  French   [  58  ]  
 6  553A → G  N185D  Scandinavian   [  139  ]  
 6  698T → C  L233P  Italian   [  131  ]  
 7  “1104G → A”  G267D  Chinese   [  126  ]  
 7  809A → T  D270V  Black South African   [  140  ]  
 7  968G → T  G323V  French   [  132  ]  
 7  977G → C  C326S  USA   [  141  ]  
 7  977G → A  C326Y  Thailand   [  65,   142  ]  
 7  1014T → G  S338R  New Zealand   [  64  ]  
 7  1402G → A  G468S b   Scottish-Irish (USA) a    [  143  ]  
 8  1466G → A  R489K  English   [  144  ]  
 8  1467A → C  R489S  Japanese   [  119  ]  
 8  1468G → A  G490S c   French 
 8  1469G → A  G490D c   Caucasian-Asian   [  145  ]  
 8  1502A → G  Y501C  Italian   [  146  ]  

   a   SLC40A1  Q248H (c.744G → T) occurs as a polymorphism in Native Africans and in African Americans; persons 
with this allele may have slightly higher serum ferritin levels than those without Q248H  [  3,   4,   147  ] .  SLC40A1  G339D 
(c.1016G → A), L384M (c.1148T → A), and L384B (c.1149T → G) are also common in African Americans, but have 
no defi ned association with abnormal iron measures  [  4  ] .  SLC40A1  L384M (c.1149T → A) and L384V (c.1149T → G) 
were detected in Italian blood donors at frequencies of 10% and 5%, respectively  [  148  ] . Pathogenicities of  SLC40A1  
F405S (c.1214T → C) (ENSEMBL database), M432V (c.1294A → G), P443L (c.1328C → T), and R561G 
(c.1681A → G)(NCBI SNP database) are unreported 
  b  This allele, a splice site mutation, caused premature truncation of ferroportin transcription at amino acid 330 and, 
thus, is the functional equivalent of G330X  [  143  ] 
c Identical cDNA alterations were reported for these different protein alterations  
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   Table 26.8     FTL  IRE mutations associated with hereditary hyperferritinemia-cataract syndrome a    

 Mutation  Race/ethnicity b   References 

 c.-220_-196del25 c   Australian   [  152  ]  
 10C → G  Italian   [  153  ]  
 10_38del29  Italian   [  154  ]  
 14G → C  Italian   [  155  ]  
 16C → U  Italian   [  153  ]  
 18C → T  Italian   [  156  ]  
 [18C → T] + [22T → G]  Italian   [  157  ]  
 22T → G  Italian   [  157  ]  
 22_27del6  Italian   [  158  ]  
 29C → G  Italian   [  159  ]  
 32G → A  Italian, French, Indian   [  132,   157,   160  ]  
 32G → C  French, Australian   [  132,   161–  163  ]  
 32G → T  French, Canadian, Italian   [  132,   164,   165  ]  
 32G → U  Australian   [  161  ]  
 33C → A  French   [  132  ]  
 33C → T  American, French, Spanish   [  132,   166–  168  ]  
 33C → U  Spanish   [  169  ]  
 34T → C  French   [  132  ]  
 36C → A  English, French   [  132,   170  ]  
 36C → G  Italian   [  153  ]  
 37A → C  Italian   [  156  ]  
 37A → G  Italian   [  153  ]  
 37A → T  Spanish   [  168  ]  
 38_39delAC  French   [  132  ]  
 39C → A  Australian   [  161  ]  
 39C → G  French, Greek   [  171,   172  ]  
 39C → T  Italian, French   [  132,   173  ]  
 39C → U  English, Italian   [  170,   174  ]  
 40A → G  French, Basque, American, 

Australian, Spanish 
  [  132,   161,   175–  179  ]  

 [40A → C] + [41G → C]  Italian   [  155  ]  
 41G → C  Italian   [  180  ]  
 42_57del16  French   [  132,   181  ]  
 43G → A  American   [  182  ]  
 47G → A  French   [  132  ]  
 51G → C  American, Italian   [  183,   184  ]  
 56A → T  French   [  156  ]  
 56del1  Italian   [  153  ]  
 90C → U  Italian   [  153  ]  

   a  Names of mutations are those previously reported in the literature. Numbering is from the fi rst 
transcripted nucleotide 
  b  Mutations are informally denoted by names of cities in which they were fi rst identifi ed and char-
acterized include 10_38del29, Verona-2; [18C → T] + [22T → G], Pavia-2; 32G → A, Pavia-1; 
32G → U, Paris-2; 36C → A, London-2; 37A → T, Zaragoza; 39C → U, London-1; 40A → G, 
Paris-1; and 41G → C, Verona-1 
  c  This mutation consists of a 25-bp deletion encompassing the transcription start site designated 
c.-220_-196del25, where nucleotide +1 is the A of the ATG translation initiation start site 
(Genbank accession NM_000146.3)  [  152  ] . An Italian subject with a mutation in the ATG start 
codon of L-ferritin had no hematological or neurological symptoms  [  185  ]   
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   9.7 Neuroferritinopathies 

 Neuroferritinopathy (OMIM #606159), also known as adult-onset basal ganglia disease, is an adult-onset, 
progressive movement disorder caused by mutations in the coding region of the ferritin light chain 
gene ( FTL , chromosome 19q13.3–q13.4). Persons with neuroferritinopathy have abnormal ferritin 
light chain polypeptide, decreased serum ferritin concentrations, and accumulation of iron in the 
basal ganglia. Curtis and colleagues fi rst described this syndrome in an English kinship in 2001. 
They also coined the commonly used term “neuroferritinopathy”  [  189  ] . Subsequent identifi cation 
and study of other subjects have revealed further data on the genotypes, phenotypes, and epidemiol-
ogy associated with neuroferritinopathy. 

 All reported pathogenic  FTL  mutations associated with neuroferritinopathy are rare  [  189–  197  ]  
(Table  26.9 ).  FTL  460InsA was the fi rst mutation reported and has been described in the greatest 
number of cases. Most of these cases occurred in a geographic cluster in Cumbria that was traced to 
a common ancestor  [  189–  191  ] .  FTL  460InsA has also been identifi ed in other English  [  200  ]  and 
French  [  190  ]  patients. All reported pathogenic  FTL  mutations associated with neuroferritinopathy 
involve exon 4. Most mutations are insertions in exon 4 that result in frameshifts. These mutations 
alter the reading frame, lengthen the C-terminus of ferritin light chain polypeptide, and disrupt pro-
tein folding and stability. As a consequence, ferritin dodecahedron structure is altered, causing accu-
mulation of ferritin and iron  [  200  ] , primarily in central neurons. L-ferritin probably has no effect on 
systemic iron metabolism and neuroferritinopathy is probably not a consequence of haploinsuffi -
ciency of L-ferritin, but likely results from gain-of-function mutations in the  FTL  gene  [  185,   200  ] .   

   9.8 Another FTL Coding Region Mutation Syndrome 

 Persons heterozygous for the coding region mutation  FTL  T301I have elevated serum levels of gly-
cosylated ferritin, report no specifi c symptoms, and lack iron overload, ocular cataracts, and neuro-
logic abnormality  [  202  ] . It has been postulated that  FTL  T301I increases the effi cacy of L-ferritin 
secretion by increasing the hydrophobicity of the N-terminal “A” alpha helix  [  202  ] .  

   9.9  Iron Overload due to IRE Mutations of Ferritin 
Heavy Chain Gene (FTH1) 

 Ferritin H- and L-chains form a shell of 24 subunits that stores iron. Each type of chain has a distinct 
role in iron storage  [  203  ] . The H-chain is encoded by the  FTH1  gene (chromosome 11q12-q13) and 
the L-chain by the  FTL  gene (19q13.13-13.4)  [  204,   205  ] . Ferritin H-subunits generate ferroxidase 

   Table 26.9    Pathogenic  FTL  mutations in neuroferritinopathy   

 cDNA alteration  a   Race/ethnicity  References 

 458dupA  French   [  198  ]  
 460insA  English/Cumbrian, French   [  189,   190,   199  ]  
 469_484dup16nt  Japanese   [  196  ]  
 474G → A  Portuguese/Gypsy   [  194  ]  
 498insTC  French   [  200  ]  
 641_642dup4nt  Japanese   [  201  ]  
 646insC  French-Canadian/Dutch   [  195  ]  

   a  Each mutation occurs in exon 4 of  FTL   
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activity essential for incorporation of iron into the protein shell, whereas L-subunits facilitate iron 
core formation  [  203  ] . A common cytosolic protein, iron regulatory protein (IRP), binds to the iron-
responsive element (IRE) of the 5’ untranslated regions (UTRs) of the H- and L-subunit RNAs, and 
thus controls the synthesis of both proteins  [  206–  210  ] . 

 In 2001, Kato and colleagues described a unique Japanese family in which a mutation in the 
H-ferritin IRE caused hyperferritinemia and autosomal dominant iron overload (OMIM + 134770) 
 [  211  ] . The mutation was a single A → U conversion at position 49 (A49U) in the second residue of 
the fi ve-base IRE loop sequence (CAGUG) of the H-ferritin subunit. This mutation was not detected 
in the genomic DNA of 42 unrelated control subjects  [  211  ] . In vitro studies revealed that the mutated 
IRE had a higher binding affi nity to IRP than did the wild-type probe  [  212  ] . The novel A49U 
mutation accounts for hereditary iron overload, presumably related to impairment of the ferroxidase 
activity generated by the H-ferritin subunit. It is probable that other families will eventually be iden-
tifi ed who have autosomal dominant iron overload caused by the same or other IRE mutations of 
H-ferritin.  

   9.10 Hereditary Aceruloplasminemia 

 Hereditary aceruloplasminemia (OMIM #604290) is a rare autosomal recessive disorder due to 
mutations of  Cp , the gene that encodes the copper-binding protein ceruloplasmin (Cp). The  Cp  gene 
is located on the long arm of chromosome 3 (3q23–q24) and comprises 20 exons. Cp is a plasma 
metalloprotein, an alpha-2 glycoprotein polypeptide of 1,046 amino acids. A member of the multi-
copper oxidase enzyme family, Cp, the principal copper transport protein in plasma, is synthesized 
in hepatocytes and functions as a ferroxidase. In Cp defi ciency, ferrous iron is not oxidized, so iron 
is not transported from storage cells into plasma. This causes iron accumulation within storage cells. 
Aceruloplasminemia is associated with the accumulation of excessive storage iron in most tissues, 
including the occurrence of heavy iron deposits in the retina, liver, pancreas, and basal ganglia. The 
fi rst report of hereditary aceruloplasminemia was published in 1987 in Japan  [  213  ] . 

 The frequency of homozygosity for deleterious  Cp  mutations in non-consanguineous marriages 
in Japan was estimated to be one per 2,000,000 population  [  214  ] . Aceruloplasminemia has been 
reported in several countries including Japan, China, Ireland, Belgium, France, Italy, and the USA 
 [  215  ] . More Japanese patients have been reported than any other nationality. Altogether, about 60 
patients with hereditary aceruloplasminemia have been described  [  215  ] . 

 About 40  Cp  mutations have been reported in 60 patients in 46 families with aceruloplasminemia 
worldwide  [  215,   216  ] . Many of the reported  Cp  mutations occur in single kinships  [  214  ] . In Japan, 
4,990 healthy adults were screened using serum Cp measurements. Subsequent  Cp  sequencing in 
subjects with subnormal serum Cp detected three mutations (5-bp insertion in exon 7, one heterozy-
gote; one-bp deletion in exon 14, two heterozygotes; nonsense mutation in exon 15, one homozygote 
and two heterozygotes). The estimated frequency of these mutations was 70 per 100,000  [  217  ] . The 
mutations in aceruloplasminemia kindreds include nonsense, missense, base-pair insertions, base-
pair deletions, and splice site, frameshift, and truncation stop-codon mutations involving different 
 Cp  exons and introns  [  215  ] . In a tabulation of 21  Cp  mutations, abnormal variants were detected in 
eleven exons and one intron  [  215  ] . 

  Cp  mutations in patients with aceruloplasminemia are diverse. Consequently, the only feasible 
way to substantiate a genetic diagnosis in newly diagnosed individuals is to sequence the  Cp  gene. 
This is neither commercially available nor practical for routine patient care. In contrast, most per-
sons with  HFE  hemochromatosis with iron overload in many countries have the C282Y missense 
mutation, and thus a single, inexpensive mutation analysis will identify a high proportion of patients. 
Many different  Cp  mutations cause a similar neurologic phenotype, and siblings with the same geno-
type may have a different neurologic phenotype  [  215  ] .  



54726 Genetic Tests for Iron Disorders 

   9.11 ALAS2 Sideroblastic Anemia 

 X-linked sideroblastic anemias (XLSA) are characterized by impaired mitochondrial iron metabolism, 
“ringed” sideroblasts and increased erythropoiesis. In some cases, these disorders cause parenchy-
mal iron overload similar to that of hemochromatosis  [  218  ] . Mutations in the  ALAS2  gene that 
encodes erythroid-specifi c 5-aminolevulinate synthase (ALA synthase) account for the most com-
mon group of these disorders (OMIM #300751).  ALAS2  missense mutations result in single amino 
acid changes in ALA synthase, the fi rst enzyme of the heme biosynthesis pathway that catalyzes the 
pyridoxal 5’-phosphate-dependent condensation of glycine and succinyl-CoA to yield 5-aminolevu-
linic acid (Table  26.10 ). The same  ALAS2  promoter region mutation was detected in two unrelated 
kinships, and premature stop-codon and  de novo  frameshift mutations, respectively, were identifi ed 
in two other families (Table  26.10 ). Approximately two-thirds of probands are hemizygous men 
 [  227  ] . In apparently rare cases, hemizygous males do not have a XLSA phenotype  [  249  ] . The 
remaining third of patients comprise heterozygous women who have variable degrees of unbalanced 
inactivation of chromosome X  [  227,   240  ] . In some kinships, men and women are affected, and pedi-
gree analysis may suggest autosomal dominant transmission  [  227  ] . In other kinships, only heterozy-
gous women are affected, hinting that the mutation is fatal  in utero  or in early life to male hemizygotes 
 [  250–  253  ] . In kindreds with X-linked anemia without identifi able  ALAS2  mutations, another chro-
mosome X locus is implicated  [  254,   255  ] .  

  ALAS2  mutations are uncommon, and most XLSA kinships are not consanguineous. Most muta-
tions occur in single kinships. A possible exception is  ALAS2  P520L, an allele detected in several 
iron overload kinships, some with anemia and others without  [  12  ] . P520L alone has no anemia- or 
iron-associated phenotype, but it acts by an unknown mechanism to modify the severity of other 
heritable iron overload disorders  [  12  ] . In one family,  ALAS2  P520L occurred on the same haplotype 
as  ALAS2  R560H  [  12  ] . Mutations in the triplet codon for the arginine 452  residue of ALA synthase 
and a promoter mutation appear to have arisen independently in unrelated kindreds (Table  26.10 ). 
Many reported kinships have been Caucasian, although this disorder has also been described in 
Japanese  [  232,   236,   241  ] , Chinese  [  247  ] , and African Americans  [  219,   256,   257  ] .  ALAS2  mutation 
analysis or gene sequencing is not available commercially, although some research laboratories will 
perform this testing. Routine clinical laboratory methods and pedigree analysis are suffi cient for 
diagnosis and management in most kinships.  

   9.12 ABCB7 Sideroblastic Anemia 

 Hereditary sideroblastic anemia with ataxia (XLSA/A) is characterized by hypochromic, microcytic 
anemia; non-progressive cerebellar ataxia manifest in infancy or early childhood; and lack of sys-
temic iron overload. This rare disorder is due to mutations in the gene  ABCB7  on chromosome X that 
encodes ATP-binding cassette, subfamily B, member 7. The family of ABC transporters consists of 
a large group of adenosine triphosphate-dependent transmembrane proteins that specifi cally trans-
port a wide variety of substrates across cell and organelle membranes  [  258–  260  ] .  ABCB7  is an 
ortholog of the yeast  ATM1  gene, the product of which localizes to the mitochondrial inner mem-
brane and is involved in iron homeostasis. ABCB7 functions as a mitochondrial iron–sulfur (Fe/S) 
cluster transporter.  ABCB7  positively regulates the expression of extramitochondrial thioredoxin and 
the intramitochondrial iron–sulfur-containing protein, ferrochelatase, in erythroid precursors, and 
thus infl uences normal heme synthesis  [  261,   262  ] . The precise mechanism by which  ABCB7  muta-
tions impair neurologic development or lead to neurologic injury is unknown. 

 There are three Caucasian families with documented pathogenic  ABCB7  mutations; there was no 
consanguinity in these kindreds  [  255,   263,   264  ] . The kinships show typical disease manifestations 
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   Table 26.10     ALAS2  mutations associated with X-linked sideroblastic anemia a    

 Exon  cDNA alteration  Protein alteration  Anemia 
 Pyridoxine 
responsiveness  References 

 (promoter)  −206C → G b   Mild  None/Partial   [  219,   220  ]  
 5  CD506–507(−C) c   del169Cfs  Severe  None   [  221  ]  
 5  514G → A  M154I  ?  ?   [  222  ]  
 5  527G → T  D159Y  Severe  Partial   [  223  ]  
 5  527G → A  D159N  ?  Partial?   [  224  ]  
 5  533A → G  T161A  ?  ?   [  225  ]  
 5  547C → A  F165L  Severe  Partial   [  226  ]  
 5  560C → A  R170S  Severe  Partial   [  227  ]  
 5  560C → T  R170C  ?  Partial   [  228  ]  
 5  561G → A  R170H  Mild  None   [  229  ]  
 5  561G → T  R170L  Severe  Partial   [  230  ]  
 5  566G → A  A172T  Severe  Complete   [  231  ]  
 5  621A → T  D190V  Moderate  None   [  232  ]  
 5  647T → C  Y199H  Moderate  Partial   [  233  ]  
 5  662C → T  R204term  Severe  None   [  234,   235  ]  
 5  663G → A  R204Q  Severe  Partial   [  236  ]  
 6  731C → T  R227C  Moderate  None   [  234  ]  
 6  802T → C  S251P  Severe  ?   [  237  ]  
 6  839G → A  D263N  Severe  Probable   [  227  ]  
 7  880C → G  C276W  Severe  None   [  234  ]  
 7  918T → C  I289T  Severe  Responsive   [  238  ]  
 7  923G → A  G291S  Severe  Complete   [  239  ]  
 7  947A → C  K299Q  Severe  Complete   [  231  ]  
 8  1103G → A  G351R  Moderate  Complete   [  227  ]  
 8  1215C → G  T388S  Severe  Complete   [  239  ]  
 9  1236G → A  C395Y  Severe  Complete   [  240  ]  
 9  1245G → A  G398D  Severe  None   [  234  ]  
 9  1283C → T  R411C  Severe  Partial   [  233,   241,   242  ]  
 9  1284G → A  R411H  Moderate  Partial   [  234  ]  
 9  1299G → A  G416D  Moderate  Partial   [  243  ]  
 9  1331A → G  M426V  Severe  Complete   [  232  ]  
 9  1358C → T  R436W  Severe  None   [  234,   244  ]  
 9  1395G → A  R448Q  Mild-moderate  None/Partial   [  228,   233,   243  ]  
 9  1406C → A  R452S  Moderate  Partial   [  243  ]  
 9  1407C → T  R452C  Mild  Partial   [  228,   233,   243  ]  
 9  1407C → A  R452H  Mild-severe  None/Partial   [  227,   228,   245, 

  246  ]  
 9  1479T → A  I476N  Severe  Complete   [  247  ]  
 10  1574A → T  T508S  Moderate  ?   [  227  ]  
 10  1601C → T  R517C  Severe  None   [  234  ]  
 10  P520L d   Anemia absent  Anemia absent   [  12  ]  
 10  1622C → G  H524D  Severe  Partial   [  248  ]  
 11  1731G → A  R560H  Severe  Partial   [  12  ]  
 11  1754A → G  S568G  Moderate to 

severe 
 Partial   [  236  ]  

   a  Adapted in part from Bottomley  [  227  ]  
  b  This promoter mutation was associated with sideroblastic anemia and iron overload in Welsh and African American 
kinships. In the former, ALAS2 mRNA levels in the proband’s erythroid precursors were reduced 87%. The mutation 
occurred in or near three different putative transcription factor binding sites of unknown importance; the region 
affected by the mutation may be a receptor for an erythroid regulatory element 
  c  Predicted to cause premature truncation 60 amino acids distal 
  d  P520L alone has no phenotype but modifi es the severity of other heritable iron overload disorders. In one family, 
P520L occurred on the same haplotype as  ALAS2  R560H  [  12  ]   
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in males hemizygous for  ABCB7  mutations, no abnormalities in their siblings without  ABCB7  mutations, 
and mild erythrocyte abnormalities in their heterozygous mothers. No heterozygous women with 
neurologic manifestations due to skewed X-inactivation have been reported, but differences in lyon-
ization could account for anemia phenotype disparities in hemizygous women in two kinships  [  220, 
  265  ] . Each novel  ABCB7  missense mutation occurred in exon 10 and each changed a highly con-
served amino acid. The resulting protein alterations are I400M  [  255  ] , V411L  [  263  ] , and E433K 
 [  264  ] . Each mutation affected a relatively short span of 34 consecutive amino acids in a region of the 
protein involved in binding and transport of substrate. These respective  ABCB7  mutations were not 
detected in population control subjects  [  255,   263,   264  ] .  

   9.13 GLRX Sideroblastic Anemia 

 Normal erythropoiesis depends on iron-reactive protein (IRP) function and production of iron–
sulfur (Fe/S) clusters. Located on chromosome 5q14  [  266  ] ,  GLRX5  encodes glutaredoxin, a glu-
tathione (GSH)-dependent hydrogen donor for ribonucleotide reductase that also catalyzes 
glutathione-disulfi de oxidoreduction reactions in the presence of NADPH and glutathione 
reductase  [  267  ] . In 2007, Camaschella and colleagues described a man in his 60s who had sidero-
blastic anemia, severe iron overload, cirrhosis, diabetes mellitus, and hyperpigmentation. He had 
an explanatory, pathogenic mutation in the  GLRX5  gene. This patient’s kinship was consanguine-
ous. This suggested that he had an autosomal recessive disorder. Sequencing of his  GLRX5  gene 
using genomic DNA revealed that he was homozygous for an A → G transition at position 294 in 
the third nucleotide of the last codon of  GLRX5  exon 1. The CAA → CAG substitution does not 
change the encoded glutamine at position 98. The change affects the penultimate nucleotide of 
exon 1, and therefore, it was predicted that the mutation would interfere with correct RNA splic-
ing  [  268  ] . Amplifi cation products of  GLRX5  cDNA from the patient’s blood mononuclear cells 
were much lower than in controls. Analysis of  GLRX  expression by quantitative RT-PCR showed 
signifi cantly decreased levels in the proband than in healthy subjects. Compatible with a splicing 
defect, unspliced fragments encompassing the exon–intron junctions were amplifi ed from the 
patient’s cDNA  [  268  ] . Based on the biochemical and clinical phenotype, it was hypothesized that 
IRP2, less degraded by low levels of heme, contributed to the repression of erythroblast ferritin 
and ALA synthase and thereby increased mitochondrial iron deposition. It was also hypothesized 
that iron chelation could redistribute iron to erythroblast cytosol, decrease IRP2 excess, and 
improve heme synthesis and anemia  [  268  ] .  

   9.14 Thiamine-Responsive Megaloblastic Anemia Syndrome (TRMA) 

 This disorder, also known as Rogers syndrome  [  269  ] , is an early-onset, autosomal recessive disorder 
defi ned by megaloblastic anemia, diabetes mellitus, and sensorineural deafness. Examination of the 
bone marrow reveals megaloblastic anemia with erythroblasts, many of which contain iron-fi lled 
mitochondria (ringed sideroblasts). TRMA is due to mutations in the gene  SLC19A2  (chromosome 
1q23.3) that encodes thiamine transporter protein 1. Diverse  SLC19A2  mutations have been identi-
fi ed in patients with TRMA  [  270,   271  ] . Clinical phenotypes are also heterogeneous. Patients repre-
sent diverse race/ethnicity groups.  
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   9.15 Erythropoietic Protoporphyria 

 Mild hypochromic, microcytic anemia is common in persons with erythropoietic protoporphyria, a 
heterogeneous disorder due to mutations in the  FECH  gene (chromosome 18q21.3) that encodes 
ferrochelatase. Bone marrow examination in a few patients revealed ringed sideroblasts  [  272,   273  ] .  

   9.16 Mitochondrial Myopathy and Sideroblastic Anemia (MLASA) 

 This is a rare autosomal recessive oxidative phosphorylation disorder specifi c to skeletal muscle and 
bone marrow that is due to mutations in the gene  PSU1  (chromosome 12q24.33) that encodes 
pseudouridine synthase-1  [  274–  281  ] . Mitochondrial DNA is normal  [  279  ] . Several MLASA kin-
ships have been consanguineous; the disorder has been reported in several race/ethnicity groups.  

   9.17 Hereditary Atransferrinemia 

 Hereditary atransferrinemia (OMIM #209300) is a rare disorder characterized by severe quantita-
tive or functional defi ciency of transferrin. As a consequence, there is reduced delivery of iron to 
erythroid cells in the marrow, reduced hemoglobin synthesis, increased iron absorption, and severe 
iron overload of parenchymal organs. In 1961, Heilmeyer and colleagues described atransferrine-
mia in a girl who had severe hypochromic anemia at age 3 months and severe, progressive gener-
alized iron overload  [  282  ] . Other patients with similar abnormalities have been reported 
subsequently, and explanatory mutations in the gene that encodes transferrin ( TF;  chromosome 
3q21) have been demonstrated in four cases (Table  26.11 ). Phenotypic heterogeneity in patients 
with hereditary atransferrinemia is due in part to  TF  genotype (Table  26.11 ). Cases of acquired or 

   Table 26.11    Transferrin ( TF ) genotypes in hereditary atransferrinemia a    

 Genotype  Clinical presentation  Country  References 

 Compound heterozygosity for A477P (exon 
12; c.1429G → C) and 188fsX215 (exon 5; 
c.562_571del 572_580dup) b,c  

 20-year-old woman 
with anemia, heavy 
menstrual bleeding 

 USA   [  283  ]  

 Compound heterozygosity for E394K (exon 9; 
c.1180G → A) and inferred maternal null allele d  

 7-year-old boy with pallor  Japan   [  284–  286  ]  

 Homozygosity for D77N (exon 3; c.229G → A) c   2-month-old girl with 
severe anemia 

 Slovakia   [  287–  289  ]  

 Homozygosity for C137Y (exon 4; c.410A → G) c   4-month-old girl with 
severe anemia 

 Turkey   [  290  ]  

   a  Mutations are indicated as cDNA nucleotide substitutions (or other alterations). We used the recommended nomen-
clature  [  291,   292  ]  in which the A of the upstream ATG is counted as nucleotide number 1 and the initiator methionine 
is amino acid number 1  [  289  ] , as suggested by Beutler and colleagues  [  283,   289  ]  
  b   TF  A477P involves a highly conserved site.  TF  188fsX215 resulted in a stop codon 27 amino acids downstream 
 [  283  ]  
  c  Reported or previously unreported non-deleterious  TF  polymorphisms, especially single nucleotide polymorphisms, 
were also discovered in these patients  [  283,   290  ]  
  d  No mutation was found in either the coding region or the exon–intron boundaries, suggesting an abnormality in the 
transcription or stability of mRNA of maternal allele origin  



55126 Genetic Tests for Iron Disorders 

secondary atransferrinemia or hypotransferrinemia have also been described in patients with 
diverse underlying conditions.  

 Patients diagnosed on phenotypic grounds have been described from Germany  [  282  ] , Slovakia 
 [  287–  289  ] , Japan  [  284–  286  ] , Mexico  [  293,   294  ] , France  [  295  ] , Samoa  [  296  ] , Italy  [  297  ] , USA 
 [  283  ] , and Turkey  [  290  ] . Two siblings have been described in each of the kinships from Japan and 
Mexico. In all kinships, it is assumed that atransferrinemia was transmitted as an autosomal reces-
sive disorder. This assumption has been substantiated in four kinships in which deleterious  TF  muta-
tions have been demonstrated. Consanguinity has been reported or inferred in some kinships  [  282, 
  289,   290  ] . This is consistent with demonstration of homozygosity for a deleterious  TF  allele in two 
respective probands  [  289,   290  ] . There is no known relationship between the various kinships in 
which hereditary atransferrinemia has been reported, and this agrees with the different deleterious 
 TF  mutations detected across the kinships (Table  26.11 ). 

 Deleterious  TF  alleles are typically not detected in population samples  [  283,   289,   290  ] . In a 
Portuguese kinship, however, a transferrin null allele was discovered in a case of disputed paternity 
 [  298  ] . The mother and putative father were heterozygous for transferrin null alleles, and their trans-
ferrin levels were 40–41% of normal  [  298  ] . Null transferrin alleles have also been described in 
German and Finnish kinships  [  299–  301  ] .Polymorphisms of  TF  are common  [  302  ] , and some patients 
with hereditary atransferrinemia have had known or previously unreported  TF  polymorphisms, in 
addition to deleterious  TF  alleles  [  283,   289  ] . Five  TF  polymorphisms were not associated with any 
signifi cant changes in iron metabolism, nor did they appear to infl uence the expression of hemochro-
matosis  [  302  ] .  

   9.18 Divalent Metal Transporter-1 (DMT1) Iron Overload 

 DMT1 is a member of the “natural-resistance-associated macrophage protein” ( Nramp ) family. 
DMT1 is upregulated by dietary iron defi ciency, is expressed strongly on the microvillus membranes 
of duodenal enterocytes at the villus tips, and is a key mediator of iron absorption  [  303,   304  ] . DMT1 
also mediates iron transfer from endosomes into the cytosol of developing erythroid cells. The 
 SLC11A2  gene that encodes DMT1 is located on chromosome 12q13 (OMIM *604653)  [  305  ] . In 
2004 and 2005, Priwitzerova and colleagues described a Czech female in a consanguineous kinship 
who had severe hypochromic, microcytic anemia; erythroid hyperplasia; abnormal erythroid matu-
ration; elevated serum iron concentration; normal to slightly increased serum ferritin level; and 
markedly increased serum transferrin receptor levels at age 3 months  [  306,   307  ] . In 2005, Mims and 
colleagues reported that this woman was homozygous for a mutation in  SLC11A2   [  308  ] . Similar 
phenotypes in two siblings were reported by Shahidi and colleagues in 1964  [  309  ] . 

 The anemia–iron overload syndrome associated with inheritance of two abnormal  SLC11A2  
alleles is transmitted as an autosomal recessive trait. Consanguinity was reported in one of the three 
families and was associated with homozygosity for a missense mutation of  SLC11A2   [  306  ] . Each of 
the three kinships had European ancestry (Czech, Italian, and French, respectively), although this 
may refl ect an increased awareness of hemochromatosis and other iron overload disorders due to the 
predominance of  HFE  mutations in European peoples. Five pathogenic mutations have been 
described in three probands with the clinical syndrome. The Czech patient was homozygous for 
 SLC11A2  E399D. The ultimate nucleotide of exon 12 of  SLC11A2  encodes a highly conserved glu-
tamic acid residue that was changed to an aspartic acid residue due to the E399D missense mutation. 
The predominant effect of this mutation was preferential skipping of exon 12 during processing of 
pre-messenger RNA (mRNA)  [  307  ] . The E399D substitution has no effect on protein expression 
and function in vitro  [  307  ] , and was stable and had normal targeting and traffi cking to the membrane 
 [  310  ] . This suggests that the mutated protein has a modest amount of activity in vivo  [  310  ] . 
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In the Italian patient, a 3-bp deletion in  SLC11A2  intron 4 (c.310-3_5del CTT) resulted in a splicing 
abnormality. The second abnormal allele in this patient was the missense mutation R416C  [  311  ] . In 
vitro studies indicate that R416C is a “loss of function” mutation  [  312  ] . The French proband was a 
compound heterozygote, a GTG deletion in exon 5 leading to the V114 in-frame deletion in trans-
membrane domain 2, and the missense mutation G212V in exon 8  [  313  ] . Variability of function of 
mutant DMT1 proteins largely accounts for the phenotypic heterogeneity that has been observed 
among the few reported patients with DMT1 anemia–iron overload syndrome. 

  SLC11A2  mutations have been investigated as possible “modifi ers” of iron overload phenotypes 
in persons with hemochromatosis associated with  HFE  C282Y homozygosity. In one study,  SLC11A2  
mutations were sought using sequencing in C282Y homozygotes with clinical disease, in C282Y 
homozygotes with normal or low serum ferritin levels and no iron overload disease, in persons with-
out common  HFE  mutations who had high ferritin and transferrin saturation levels, and in normal 
control subjects without common  HFE  mutations  [  314  ] . No  SLC11A2  mutations were found that 
explained differences in iron phenotypes in these subjects  [  314  ] . In another study, the presence of 
four specifi c mutations/polymorphisms within the  SLC11A2  gene (1245T/C, 1303C/A, IVS4 + 44C/A, 
IVS15Ex16-16C/G) was evaluated in C282Y homozygotes and in control subjects without common 
 HFE  mutations using standard PCR techniques  [  315  ] . There were no signifi cant differences in the 
allele frequencies of the IVS4 + 44C/A, 1303C/A, 1254T/C, and IVS15Ex16-16C/G polymorphisms 
in the patient cohort and in the control cohort. The commonest haplotypes identifi ed were CCTC: 
IVS4C + 44C, 1303C, 1254T, IVS15ex16-16C; ACCC: IVS4C + 44A, 1303C, 1254C, IVS15ex16-
16C; and ACTG: IVS4C + 44A, 1303C, 1254T, IVS15ex16-16G. Similarly, there were no signifi cant 
differences in the frequencies of these three haplotypes in the patient cohorts (regardless of the 
degree of hepatic iron deposition) and in the control cohort. Accordingly, it appears that common 
 SLC11A2  polymorphisms do not infl uence hemochromatosis phenotypes in persons with  HFE  
C282Y homozygosity. In French-Canadian subjects with restless leg syndrome (RLS), a disorder 
characterized by abnormal brain iron metabolism, sequencing of  SLC11A2  from selected patients 
did not detect pathogenic mutation(s)  [  316  ] . Further studies did not fi nd any association between ten 
single nucleotide polymorphisms (SNPs), spanning the entire  SLC11A2  gene region, and the pres-
ence or absence of RLS. Two  SLC11A2  intronic SNPs were positively associated with RLS in 
patients with a history of anemia  [  316  ] .  

   9.19 Iron-Refractory Iron-Defi ciency Anemia (IRIDA) 

 The term IRIDA (OMIM #206200) is used to describe rare heritable forms of iron defi ciency char-
acterized by hypochromic, microcytic anemia; reticulocytopenia; iron-defi cient erythropoiesis; low 
serum iron and transferrin saturation levels despite demonstrable marrow, spleen, or hepatic iron 
stores; partial block of intestinal absorption of inorganic iron; subnormal responses to intravenously 
administered iron; and inappropriately normal or elevated serum hepcidin levels (urine and serum 
protein; liver mRNA)  [  317  ] . IRIDA is associated with an autosomal recessive pattern of inheritance 
in most kinships. Most persons with IRIDA have two mutations of the  TMPRSS6  gene (OMIM 
*609682; transmembrane protein, serine 6) on chromosome 22q12-q13 that encodes matripase-2 
 [  318  ] . Northern blot analysis of multiple human tissues revealed expression of a 3.5-kb  TMPRSS6  
transcript exclusively in fetal and adult liver. Immunofl uorescence and Western blot analysis of 
COS-7 cells transfected with  TMPRSS6  showed that matripase-2 localizes to the cell membrane. 
Matriptase-2 possesses all the typical motifs of the family of transmembrane serine proteases, 
including a transmembrane domain, a LDL receptor class A (LDLRA) domain, a scavenger receptor 
cysteine-rich (SRCR) domain, and a serine protease domain  [  318  ] . Normal matriptase-2 represses 
hepcidin by cleaving hemojuvelin, a regulator of hepcidin, on plasma membrane. Mutational inactivation 
of matriptase-2 causes iron-defi ciency anemia in mice and humans  [  319  ] . Deleterious mutations of 
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 TMPRSS6  result in abnormal matripase-2 that typically interacts with hemojuvelin but has reduced 
or absent protease activity. Thus, hemojuvelin cleavage and export are diminished  [  320  ] . 

 All  TMPRSS6  mutations discovered in patients with IRIDA phenotypes and two  TMPRSS6  muta-
tions encode ineffective forms of mutant matripase-2 (“loss-of-function” mutations) and thus cause 
dysregulation of hepcidin (Table  26.12 ). Some reported patients with IRIDA phenotypes are com-
pound heterozygotes for novel  TMPRSS6  mutations; heterozygosity for a single deleterious 
 TMPRSS6  mutation was detected in two IRIDA probands  [  325  ] . Homozygosity for a  TMPRSS6  
mutation has been detected in four kinships; some were consanguineous  [  323,   325,   326  ] .  

   Table 26.12    Pathogenic mutations of the  TMPRSS6  gene  a,b,c    

 Exon/intron  cDNA alteration  Protein alteration  Affected domain  Region/ethnicity  References 

 3  467C → A + 468C → T  A118D  Spanish   [  321  ]  
 497delT  Frameshift 

(L166X + 36) 
and premature 
termination 

 Dutch   [  322  ]  

 IVS6 + 1G → C  S288fs  CUB1  Sardinia   [  323  ]  
 8  911 → T  S304L  CUB1  Swiss   [  324  ]  
 9  1065 → A  Y355X  CUB2  African American   [  325  ]  
 10  1179 → G  Y393X  CUB2  English   [  326  ]  
 11  1324 → A  G442R  CUB2  Northern European   [  325  ]  
 12  1383delA  E461fs  LDLRA-1  African American   [  325  ]  
 12  1336 → T  R446W  LDLRA-1   [  322  ]  
 12-13  1435–1524del (deletion 

of 1054 nucleotides 
including intron 12) 

 D478–K508 del  LDLRA-1/-2  Swiss   [  324  ]  

 13  1561G → A  D521N  LDLRA-2  French; Northern 
European 

  [  317,   320  ]  

 13  1564G → A  E522K  LDLRA-3  French   [  320  ]  
 IVS13 + 1G → A  E527fs  Protease  Northern European   [  322,   325  ]  
 15  1795C → T  R599X  Protease  English   [  326  ]  
 15  1813delG  A605fs  Protease  Northern European   [  325  ]  
 15  1868G → C  S623T  Protease (mutation 

in last nucleotide 
of exon 15 
(Aggt → ACgt) 
causes a splicing 
defect) 

 Italian   [  324  ]  

 IVS15-1C → G  D622fs  Protease   [  325  ]  
 16  1906_1907insGC  K636fs  Protease  Turkish   [  325  ]  
 16  L674F  Protease   [  322  ]  
 16  2172_2173insCCCC  P686fs  Protease  Spanish   [  321  ]  
 IVS16 + 1G → C  G713fs  Protease  Nigerian   [  325  ]  
 IVS17-1G → C  2278-2402del  760Gfs  Protease  Indian   [  327  ]  

 Splice site 
mutation 

 18  2320C → T  R774C  Protease  African American   [  325  ]  

   a  CUB = C1r/C1s, urchin embryonic growth factor, and bone morphogenetic protein 1; LDLRA = low-density lipoprotein 
receptor class A 
  b  Beutler et al .  detected the uncommon non-synonymous polymorphisms G228D, R446W, and V795I (allele frequencies 
0.0074, 0.023, and 0.0074, respectively), of which R446W appeared to be overrepresented in persons with anemia 
 [  322  ]  
  c   TMPRSS6  V736A (2207T → C) is associated with lower serum iron levels, lower hemoglobin levels, smaller erythrocytes, 
and more variability in erythrocyte size than  TMPRSS6  V736  [  328,   329  ] .  
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 Genome-wide association studies in Europeans and Indian Asians demonstrate that common 
 TMPRSS6  variants infl uence serum iron levels, hemoglobin levels, and erythrocyte size  [  328–  331  ] . 
The SNP most strongly associated with lower serum iron concentration is rs4820268 ( TMPRSS6  
exon 13)  [  328,   329  ] ; rs4820268 results in a nonsynonymous (V736A) change in the serine protease 
domain of  TMPRSS6  and a blood hemoglobin concentration 0.13 g/dL (95% CI 0.09–0.17 g/dL) 
lower per copy of mutant allele than in persons without this allele. This allele was also associated 
with lower hemoglobin levels, smaller erythrocytes, and more variability in erythrocyte (higher red 
blood cell distribution width)  [  329  ] .       
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   1 Introduction 

 Although iron is essential for the proper functioning of all living cells, it is toxic when present in 
excess. In the presence of molecular oxygen, “loosely bound” iron is able to redox cycle between the 
two most stable oxidation states, iron(II) and iron(III), thereby generating oxygen-derived free radi-
cals, such as the hydroxyl radical  [  1  ] . Hydroxyl radicals are highly reactive and capable of interact-
ing with most types of biological molecules, including sugars, lipids, proteins and nucleic acids, 
resulting in peroxidative tissue damage  [  2  ] . The uncontrolled production of such highly reactive spe-
cies is undesirable, and thus, a number of protective strategies are adopted by cells to prevent their 
formation. One of the most important is the tight control of iron storage, transport and distribution. 
In fact, iron metabolism in man is highly conservative with the majority of iron being recycled 
within the body. Since man lacks a physiological mechanism for eliminating iron, iron homeostasis 
is largely achieved by the regulation of iron absorption. In addition, the levels of many of the pro-
teins involved in iron transport, storage and catalysis are controlled by body iron levels. 

 In the normal individual, iron levels are under extremely tight control, and there is little opportu-
nity for iron-catalyzed, free radical-generating reactions to occur. However, there are situations when 
the iron status can change either locally, as in ischemic tissue, or systematically, as with genetic 
hemochromatosis or transfusion-induced iron overload. In such circumstances, the elevated levels of 
iron ultimately lead to free radical-mediated tissue/organ damage and eventual death. Deferoxamine 
B (DFO) [ 1 ] (compounds are identifi ed by a bold number in square brackets), the most widely used 
iron chelator in hematology over the past 30 years, has a major disadvantage of being orally inactive 
 [  3  ] , and consequently, there is a need for an orally active iron-chelating agent. 

 When designing iron chelators for clinical application, the properties governing metal selectivity 
and ligand–metal complex stability are paramount. In theory, chelating agents can be designed for 
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either the iron(II) (ferrous) or the iron(III) (ferric) oxidation state. Ligands that prefer iron(II) contain 
“soft” donor atoms, exemplifi ed by nitrogen-containing ligands, such as 2,2 ¢ -bipyridyl [ 2 ] and 
1,10-phenanthroline [ 3 ]. Although these compounds are selective for iron(II) over iron(III), they 
retain an appreciable affi nity for other biologically important bivalent metals, such as copper(II) and 
zinc(II) ions (Table  27.1 ). Thus, the design of a nontoxic iron(II)-selective ligand is extremely dif-
fi cult and indeed may not be possible. In contrast, iron(III)-selective ligands, typically oxyanions 
and notably hydroxamates and catecholates, are generally more selective for tribasic metal cations 
over dibasic cations (Table  27.1 ). Most tribasic cations, for instance aluminum(III) and gallium(III), 
are not essential for living cells, and thus in practice, iron(III) is a suitable target for “clinical chela-
tor” design. An additional advantage of high-affi nity iron(III) chelators is that, under aerobic condi-
tions, they will chelate iron(II) and facilitate autoxidation to iron(III)  [  5  ] . Thus, high-affi nity 
iron(III)-selective ligands bind both iron(III) and iron(II) under most physiological conditions. 
Siderophores, compounds possessing a high affi nity for iron(III) and produced by microorganisms 
for scavenging iron from the environment, utilize the above principle  [  6  ] . Typically, they are hexa-
dentate in design and utilize catechol or hydroxamate as ligands, for instance enterobactin [ 4 ], defer-
riferrichrome [ 5 ] and DFO [ 1 ]. The stereochemistry of these molecules is such that the coordination 
sphere of iron(III) is completely occupied by oxygen-containing ligands, for example ferrioxamine 
B (Fig.  27.1 ). The selectivity of these molecules for iron(III) over iron(II) is enormous, leading to 
extremely low redox potentials, for example enterobactin −750 mV and DFO −468 mV  [  7  ] .    

   2 Design Features of Iron(III) Chelators 

 In order to identify an ideal iron(III) chelator for clinical use, careful design consideration is essen-
tial, and a range of specifi cations must be considered, such as metal selectivity and affi nity, kinetic 
stability of the complex, bioavailability and toxicity. 

   2.1 Thermodynamic Stability of Iron(III) Complexes 

 Ligands can be structurally classifi ed according to the number of donor atoms that each molecule 
possesses. When a ligand contains two or more donor atoms, they are termed bidentate, tridentate, 
bis bidentate, hexadentate, or, generally, multidentate. The coordination requirements of iron(III) are 

   Table 27.1    Metal affi nity constants for selected ligands   

 Ligand 

 Log cumulative stability constant 

 Fe(III)  Al(III)  Ga(III)  Cu(II)  Zn(II)  Fe(II) 

 DFO [ 1 ]  30.6  25.0  27.6  14.1  11.1  7.2 
 2,2 ¢ -Bipyridyl [ 2 ]  16.3  –  7.7  16.9  13.2  17.2 
 1,10-Phenanthroline [ 3 ]  14.1  –  9.2  21.4  17.5  21.0 
  N,N -Dimethyl-2,3-

dihydroxybenzamide (DMB) [ 7 ] 
 40.2  –  –  24.9  13.5  17.5 

 Acetohydroxamic acid [ 8 ]  28.3  21.5  –  7.9  9.6  8.5 
 Deferiprone [ 12 ]  37.4  35.8  32.6  21.7  13.5  12.1 
 EDTA [ 13 ]  25.1  16.5  21.0  18.8  16.5  14.3 
 DTPA [ 14 ]  28.0  18.6  25.5  21.6  18.4  16.5 

  Data sourced from Martell and Smith (1974–1989)  [  4  ]   
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best satisfi ed by six donor atoms ligating in an octahedral fashion to the metal center. A factor of 
great importance relating to the stability of a metal complex is the number and size of chelate rings 
formed in the resultant ligand–metal complex. The most favorable chelate ring sizes consist of fi ve 
or six atoms. The number of chelating rings can be enhanced by increasing the number of donor 
atoms attached to a single chelator; for example, a metal ion with coordination number six may form 
three rings with a bidentate ligand or fi ve rings with a hexadentate ligand (Fig.  27.2 ). Thus, in order 
to maximize the thermodynamic stability of the iron(III) complex, it is necessary to incorporate all 
six donors into a single molecular structure, thereby creating a hexadentate ligand. This increase in 
stability is largely associated with the entropic changes that occur on going from free ligand and 
solvated free metal to the ligand–metal complex (Scheme  27.1 ). Signifi cantly, the majority of natu-
ral siderophores are hexadentate ligands.   

 The overall stability constant trends for bidentate and hexadentate ligands are typifi ed by the bidentate 
ligand  N,N -dimethyl-2,3-dihydroxybenzamide (DMB)[ 7 ] and the hexadentate congener MECAM [ 6 ], 
where a differential of 3 log units in stability is observed (Table  27.2 ). Similarly, comparison of the 
stability constants of the bidentate ligand acetohydroxamic acid [ 8 ] with that of the linear hexadentate 
ligand DFO [ 1 ] demonstrates a difference of 2.3 log units (Table  27.2 ). Although MECAM binds 
iron(III) three orders of magnitude more tightly than its bidentate analogue DMB, other hexadentate 
catechols, for instance enterobactin, bind iron(III) even more tightly (log stability constant = 49).  

  Fig. 27.1    Energy-minimized 
structure of ferrioxamine B 
(A-C- trans ,  trans  
conformation)  [  7  ]        
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 Under biological conditions, a parameter which is generally more useful than the conventional 
stability constant for comparison of chelators is the pM value or, specifi cally for iron(III), the pFe 3+  
value  [  8,   9  ] . pFe 3+  is defi ned as the negative logarithm of the concentration of the free iron(III) in 
solution. For clinically relevant conditions, pFe 3+  values are typically calculated for total 
[ligand] = 10 −5  M and total [iron] = 10 −6  M at pH 7.4. The comparison of ligands under these conditions 
is useful, as the pFe 3+  value, unlike the stability constant log K or log  β  

3
 , takes into account the 

effects of ligand protonation and denticity as well as differences in metal–ligand stoichiometries. 
The comparison of the pFe 3+  values for hexadentate and bidentate ligands (Table  27.2 ) reveals that 
hexadentate ligands are far superior scavengers when compared with their bidentate counterparts. 
Indeed, when the infl uence of pH is monitored, the overall shift in pFe 3+  values becomes even clearer 
(Fig.  27.3 ). The pFe 3+  versus pH plot provides a useful method of comparing the ability of chelators 
to bind iron(III) at different pH values. For a ligand to dominate iron(III) chelation in aqueous media, 
it must produce a pFe 3+  curve above that corresponding to the hydroxide anion. The larger the differ-
ence, the stronger the chelator and the larger the pFe 3+  value.  

 The formation of a complex will also be dependent on both free metal and free ligand concentra-
tion and as such will be sensitive to concentration changes. Thus, the degree of dissociation for a 
 tris -bidentate ligand–metal complex is dependent on [ligand] 3 , while the hexadentate ligand–metal 
complex dissociation is only dependent on [ligand] 1  (Scheme  27.2 ). Hence, the dilution sensitivity 
of complex dissociation follows the order hexadentate < tridentate < bidentate. It is probably for this 
reason that the majority of natural siderophores are hexadentate compounds and can therefore scav-
enge iron(III) effi ciently at low metal and low ligand concentrations  [  6  ] .   

   Table 27.2    A comparison of the pFe 3+  values and iron(III) stability constants for bidentate and 
hexadentate ligands   

 Ligand  pFe 3+a   Log stability constant 

  N,N -Dimethyl-2,3-dihydroxybenzamide (DMB) [ 7 ]  15  40.2 
 MECAM [ 6 ]  28  43 
 Acetohydroxamic acid [ 7 ]  13  28.3 
 DFO [ 1 ]  26  30.6 

   a  pFe 3+  = −log[Fe 3+ ] when [Fe 3+ ] 
total

  = 10 −6  M and [ligand] 
total

  = 10 −5  M at pH 7.4  

Fe(H2O)6   +   3 LB Fe(LB)3   +   6 H2O
β3

Fe(H2O)6   +   2 LT Fe(LT)2   +   6 H2O
β2

Fe(H2O)6   +     LH FeLH     +    6 H2O
K1

LB, bidentate; LT, tridentate; LH, hexadentate ligand

  Scheme 27.1    The complex formation of iron(III) with bidentate, tridentate and hexadentate ligands (charges omitted 
for clarity)       
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   2.2 Iron(III) Ligand Selection 

 High-spin iron(III) is a spherically symmetrical tripositive cation of radius 0.65 Å. By virtue of the 
resulting high charge density, iron(III) forms most stable bonds with ligands containing weakly 
polarizable atoms, such as oxygen. It is for this reason that the majority of siderophores utilize dioxo 
ligands, such as catechol and hydroxamate. The affi nity of such compounds for iron(III) refl ects the 
pKa values of the chelating oxygen atoms: the higher the affi nity for iron(III), the higher the pKa 
value (Table  27.3 ).  

   2.2.1 Catechols 

 Catechol moieties possess a high affi nity for iron(III). This extremely strong interaction with tripositive 
metal cations results from the high electron density of both oxygen atoms. However, this high charge 
density is also associated with the high affi nity for protons (pKa values, 12.1 and 8.4). Thus, the 
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  Fig. 27.3    Infl uence of pH on pFe 3+  values of DFO [ 1 ], MECAM [ 6 ],  N,N -dimethyl-2,3-dihydroxybenzamide [ 7 ], 
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FeIII   +   2 LTFe(LT)2

K"d

K'''d= [FeLH]
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   Table 27.3    pKa values and affi nity constants of dioxobidentate ligands for iron(III)   

 Ligand  Structure  pKa 
1
   pKa 

2
   Log β  

3
   pFe 3+  

  N,N -Dimethyl-2,3-dihydroxybenzamide 
(DMB) [ 7 ] 

  

OH

OH

O NMe2     

 8.4  12.1  40.2  15 

 Acetohydroxamic acid [ 8 ]   

N
H OH

OMe      –  9.4  28.3  13 

 2-Methyl-3-hydroxy-pyran-4-one (maltol) [ 9 ]   

O

OH

O

Me

     –  8.7  28.5  15 

 1-Hydroxypyridin-2-one [ 10 ]   

N O

OH

     –  5.8  27  16 

 1-Methyl-3-hydroxy-pyridin-2-one [ 11 ]   

N

OH

O

Me

     0.2  8.6  32  16 

 1,2-Dimethyl-3-hydroxy-pyridin-4-one 
(deferiprone) [ 12 ] 

  

N

OH

O

Me

Me

    

 3.6  9.9  37.4  20 

  pFe 3+  = −log[Fe 3+ ] when [Fe 3+ ] 
total

  = 10 −6  M and [ligand] 
total

  = 10 −5  M at pH 7.4  

binding of cations by catechol has marked pH sensitivity  [  10  ] . The complexes forming at pH 7.0 each 
bear a net charge and, consequently, are unlikely to permeate membranes by simple diffusion. Therefore, 
these charged iron complexes will tend to be trapped in intracellular compartments. For simple biden-
tate catechols, the 2:1 complex is the dominant form in the pH range 5.5–7.5 (Fig.  27.4a ). With such 
complexes, the iron atom is not completely protected from the solvent and, consequently, is able to 
interact with hydrogen peroxide or oxygen, possibly resulting in the generation of hydroxyl radicals. 
An additional problem with catechol-based ligands is their susceptibility towards oxidation  [  10  ] .   

   2.2.2 Hydroxamates 

 The hydroxamate moiety possesses a lower affi nity for iron than catechol. However, it has the advan-
tage of forming neutral  tris -complexes with iron(III) which are, in principle, able to permeate mem-
branes by non-facilitated diffusion. The selectivity of hydroxamates, like catechols, favors tribasic 
cations over dibasic cations (Table  27.1 ). Because of the relatively low protonation constant (pKa ~9), 
hydrogen ion interference at physiological pH is less pronounced than for that of catechol ligands; 
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consequently, the 3:1 complex predominates at pH 7.0 when suffi cient ligand is present (Fig.  27.4b ). 
However, the affi nity of a simple bidentate hydroxamate ligand for iron is insuffi cient to solubilize 
iron(III) at pH 7.4 at clinically achievable concentrations (Fig.  27.4c ); thus, only bis bidentate and hexa-
dentate hydroxamates are likely to be effective iron(III) scavengers under such conditions. Many 
hydroxamates are metabolically labile and are only poorly absorbed via the oral route. Numerous 
approaches have been taken to address this problem; however, to date no suitable hydroxamate deriva-
tive has been identifi ed which possesses a comparable activity to that of subcutaneous DFO.  

   2.2.3 Hydroxypyridinones 

 Hydroxypyridinones (HPOs) combine characteristics of both hydroxamate and catechol groups, 
forming fi ve-membered chelate rings in which the metal is coordinated by two vicinal oxygen atoms. 
The hydroxypyridinones are monoprotic acids at pH 7.0 and thus form neutral  tris -iron(III) complexes. 
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  Fig. 27.4    Speciation plots of iron(III) in the presence of ( a )  N,N -dimethyl-2,3-dihydroxybenzamide [ 7 ], 
[Fe 3+ ] 

total
  = 1 × 10 −6  M; [Ligand] = 1 × 10 −5  M; ( b ) acetohydroxamic acid [ 8 ], [Fe 3+ ] 

total
  = 1 × 10 −6  M; [Ligand] = 1 × 10 −4  M; 

( c ) acetohydroxamic acid [ 8 ], [Fe 3+ ] 
total

  = 1 × 10 −6  M; [Ligand] = 1 × 10 −5  M; ( d ) 1,2-dimethyl-3-hydroxypyridin-4-one 
[ 12 ], [Fe 3+ ] 

total
  = 1 × 10 −6  M; [Ligand] = 1 × 10 −5  M       
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The affi nity of such compounds for iron(III) refl ects the pKa values of the chelating oxygen atoms: 
the higher the affi nity for iron(III), the higher the pKa value (Table  27.3 ). There are three classes of 
metal-chelating HPO ligands, namely 1-hydroxypyridin-2-one [ 10 ], 3-hydroxypyridin-2-one [ 11 ] 
and 3-hydroxypyridin-4-one [ 12 ]. Of these, the pyridin-4-ones possess the highest affi nity for 
iron(III) (Table  27.3 ) and are selective for tribasic metal cations over dibasic cations (Table  27.1 ). 
The surprisingly high pKa value of the carbonyl function of 3-hydroxypyridin-4-ones results from 
extensive delocalization of the lone pair associated with the ring nitrogen atom. The pyridin-4-ones 
form neutral 3:1 complexes with iron(III) (Fig.  27.5 ), which are stable over a wide range of pH val-
ues (Fig.  27.4d ). Although catechol derivatives possess higher  β  

3
  values than those of 3-hydroxy-

pyridin-4-one, the corresponding pFe 3+  values are lower (Table  27.3 ). This difference is due to the 
relatively high affi nity of catechol for protons. Thus, of all dioxygen ligand classes, 3-hydroxypyri-
din-4-ones possess the greatest affi nity for iron(III) in the physiological pH range  [  5–  8  ] , as indicated 
by their respective pFe 3+  values (Table  27.3 ).   

   2.2.4 Aminocarboxylates 

 Aminocarboxylate ligands are excellent iron(III)-chelating agents. Several polycarboxylate ligands, 
such as ethylenediaminetetraacetic acid (EDTA) [ 13 ] and diethylenetriaminepentaacetic acid (DTPA) 
[ 14 ], have been widely investigated for their iron-chelating abilities. However, the selectivity of 
these molecules for iron(III) is relatively poor (Table  27.1 ). This lack of selectivity leads to zinc 
depletion in patients receiving aminocarboxylate-based ligands such as DTPA.  

   2.2.5 Hydroxycarboxylates 

 Hydroxycarboxylate ligands are strong chelating agents, which are more selective for iron(III) than 
the corresponding aminocarboxylates due to all the coordinating atoms being oxygen. The interac-
tion between iron(III) and citrate [ 15 ] has been well characterized  [  11  ] , but by virtue of its tridentate 
nature, a large number of complexes have been identifi ed  [  12  ] . In contrast, hexadentate hydroxycar-
boxylate ligands, for instance staphloferrin [ 16 ] and rhizoferrin [ 17 ], have simple iron(III) complex 
chemistries dominated by the formation of 1:1 complexes  [  13  ] .    

  Fig. 27.5    Energy-minimized 
structure of the 3:1 iron(III) 
complex of 1,2-dimethyl-3-
hydroxypyridin-4-one [ 12 ]       
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   3 Critical Features for Clinical Application 

   3.1 Lipophilicity and Molecular Weight 

 In order for a chelating agent to exert its pharmacological effect, a drug must be able to reach the 
target sites at suffi cient concentration. Hence, the key property for an orally active iron chelator is its 
ability to be effi ciently absorbed from the gastrointestinal tract and to cross biological membranes, 
thereby gaining access to the desired target sites such as the liver. There are three major factors 
which infl uence the ability of a compound to freely permeate a lipid membrane, namely lipophilic-
ity, ionization state and molecular size. 

 In order to achieve effi cient oral absorption, the chelator should possess appreciable lipid solubil-
ity which may facilitate the molecule to penetrate the gastrointestinal tract (partition coeffi cient 
greater than 0.2)  [  14  ] . However, highly lipid-soluble chelators can also penetrate most cells and criti-
cal barriers such as the blood-brain and placental barriers, thereby enhancing possible toxic side 
effects. Membrane permeability can also be affected by the ionic state of the compound. Uncharged 
molecules penetrate cell membranes more rapidly than charged molecules. It is for this reason that 
aminocarboxylate-containing ligands are unlikely to possess high oral activity. 

 Molecular size is another critical factor which infl uences the rate of drug absorption  [  15,   16  ] . 
Non-facilitated diffusion is generally considered to be dominant for drugs with molecular weights 
<200. The transcellular route involves diffusion into the enterocyte and thus utilizes some 95% of 
the surface of the small intestine. In contrast, the paracellular route only utilizes a small fraction of 
the total surface area, and the corresponding fl ux via this route is much smaller. The “cut-off” molec-
ular weight for the paracellular route in the human small intestine is approximately 400, and this 
route is unlikely to be quantitatively important for molecules with molecular weights >200. There is 
no clear “cut-off” value for the transcellular route, but as judged by PEG permeability, penetration 
falls off rapidly with molecular weights >500  [  17  ] . Thus in order to achieve greater than 70% absorp-
tion, subsequent to oral application, the chelator molecular weight probably needs to be less than 
500. This molecular weight limit provides a considerable restriction on the choice of chelator and 
may effectively exclude hexadentate ligands from consideration; most siderophores, for instance 
DFO, have molecular weights in the range 500–900. Although EDTA has a molecular weight of only 
292, it is too small to fully encompass the chelated iron, thereby facilitating the potential toxicity of 
the metal. Bidentate and tridentate ligands, by virtue of their much lower molecular weights, are 
predicted to possess higher absorption effi ciencies. The fraction of the absorbed dose for a range of 
bidentate 3-hydroxypyridin-4-ones has typically been found to fall between 60% and 90%.  

   3.2 Chelator Disposition 

 The metabolic properties of chelating agents also play a critical role in determining both their effi -
cacy and toxicity. It is important to ensure that the agent is not degraded to metabolites which lack 
the ability to bind iron. Such properties will inevitably require the use of higher chelator levels, 
thereby increasing the risk of inducing toxicity. Chelators are likely to be more resistant to metabo-
lism if their backbones lack ester and amide links and, to a lesser extent, hydroxamate links. The 
catechol function is a disadvantage with respect to metabolism as there are numerous enzymes spe-
cifi cally designed to modify the catechol entity, for instance catechol- O -methyl transferase and 
tyrosinase. 

 Ideally, for maximal scavenging effect, a chelator must be present within the extracellular fl uids 
at a reasonable concentration (10–25  μ M) and for a suffi cient length of time to ensure interception 
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of iron from both the extracellular and intracellular pools. Compounds with short plasma half-lives 
are thus likely to be less effective due to the limited pool of chelatable iron present within the body 
at any one time. DFO possesses a very short plasma half-life, and it is for this reason that the mole-
cule is administered via an infusion pump.  

   3.3 Toxicity 

 The toxicity associated with iron chelators originates from a number of factors, including inhibition 
of iron-containing metalloenzymes, lack of metal selectivity (which may lead to the defi ciency of 
other physiologically important metals, such as zinc(II)), redox cycling of iron complexes between 
iron(II) and iron(III) (thereby generating free radicals), and the kinetic lability of the iron complex, 
leading to iron redistribution. 

   3.3.1 Metal Selectivity 

 An ideal iron chelator should be highly selective for iron(III) in order to minimize chelation of other 
biologically essential metal ions which could lead to defi ciency with prolonged usage. Unfortunately, 
many ligands that possess a high affi nity for iron(III) may also have appreciable affi nities for other 
metals, such as zinc(II), this being especially so with carboxylate- and nitrogen-containing ligands. 
However, this is less of a problem with the oxygen-containing bidentate catechol, hydroxamate and 
hydroxypyridinone ligand families which possess a strong preference for tribasic over dibasic cat-
ions (Table  27.1 ). 

 Although, in principle, competition with copper(II) could be a problem, under most biological 
conditions, it is not so, as copper is extremely tightly bound to proteins and the unbound intracellular 
fraction is reported to be less than 10 −20  M  [  18  ] . Copper is exchanged between proteins via special-
ized high-affi nity chaperone molecules.  

   3.3.2 Complex Structure 

 In order to prevent free radical production, iron should be coordinated in such a manner as to avoid 
direct access of oxygen and hydrogen peroxide. Most hexadentate ligands, such as DFO, are kineti-
cally inert and reduce hydroxyl radical production to a minimum by entirely masking the surface of 
the iron (Fig.  27.1 ). However, not all hexadentate ligands are of suffi cient dimensions to entirely 
mask the surface of the bound iron, in which case the resulting complex may enhance the ability of 
iron to generate free radicals. This phenomenon is particularly marked at neutral or alkaline pH 
values when the solubility of noncomplexed iron(III) is severely limited. The classic example of this 
type of behavior is demonstrated by EDTA, where a seventh coordination site is occupied by a water 
molecule  [  19  ] . This water molecule is kinetically labile and is capable of rapidly exchanging with 
oxygen, hydrogen peroxide and many other ligands present in biological media. 

 In contrast to the kinetically stable ferrioxamine complex (Fig.  27.1 ), bidentate and tridentate 
ligands are kinetically more labile, and the iron(III) complexes tend to dissociate at low ligand con-
centrations (Scheme  27.3 ). Partial dissociation of bi- and tridentate ligand–iron complexes renders 
the iron(III) cation surface accessible to other ligands. The concentration dependence of 3-hydroxy-
pyridin-4-one iron complex speciation is minimal at pH 7.4 when the ligand concentration is above 
1  μ M due to the relatively high affi nity of the ligand for iron(III). Thus, bidentate 3-hydroxypyridin-
4-ones behave more like hexadentate ligands as the 3:1 complex is the dominant species at pH 7.4 
(Fig.  27.4d ) and the iron atom is completely coordinated (Fig.  27.5 ).   
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   3.3.3 Redox Activity 

 Chelators that bind both iron(II) and iron(III) are capable of redox cycling, a property that has been 
utilized by a wide range of enzymes and industrial catalysts. However, this is an undesirable prop-
erty for iron-scavenging molecules as redox cycling can lead to the production of hydroxyl radicals. 
Signifi cantly, the high selectivity of siderophores for iron(III) over iron(II) renders redox cycling 
under biological conditions unlikely. Chelators which utilize nitrogen tend to possess lower redox 
potentials, and the coordinated iron can be reduced enzymatically under biological conditions. Such 
complexes may redox cycle under aerobic conditions, generating oxygen radicals. Ideally, a thera-
peutic iron chelator will lock iron in the iron(III) state, thereby preventing redox activity.  

   3.3.4 Enzyme Inhibition 

 In general, iron chelators do not directly inhibit heme-containing enzymes due to the inaccessibility 
of porphyrin-bound iron to chelating agents. In contrast, many non-heme iron-containing enzymes, 
such as the lipoxygenase and aromatic hydroxylase families, and ribonucleotide reductase are sus-
ceptible to chelator-induced inhibition  [  20  ] . Lipoxygenases are generally inhibited by hydrophobic 
chelators; therefore, the introduction of hydrophilic characteristics into a chelator tends to minimise 
such inhibitory potential. Although this relationship holds with hydroxypyridinones, where the size 
of the alkyl substitution is increased in the 1-position of the pyridinone ring, in an essentially linear 
manner, it is less evident for compounds with large substituents in the 2-position. In fact, the varia-
tion in the inhibitory properties of the HPO chelators possessing different R 

2
  substituents is more 

dependent on the size of the substituent than the lipophilicity of the chelator. The introduction of a 
hydrophilic substituent at the 2-position of hydroxypyridinones markedly reduces the inhibitory 
properties, in general, presumably due to steric interference of the chelation process at the enzyme 
active site  [  21  ] . In contrast, lipophilicity is reported to be the dominant factor in controlling the ability 
of HPO chelators to inhibit mammalian tyrosine hydroxylase, hydrophilic chelators (LogP  ≤  −1.0) 
tending to be relatively weak inhibitors of this enzyme. Clearly, by careful modifi cation of their 
physicochemical properties,    iron chelators can be designed to exert minimal inhibitory infl uence on 
many metalloenzymes.  

   3.3.5 Hydrophilicity 

 Although bidentate and tridentate ligands possess a clear advantage over hexadentate ligands with 
respect to oral bioavailability, their enhanced ability to permeate membranes renders them  potentially 
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more toxic. Thus, the penetration of the blood–brain barrier (BBB) is one of the likely side effects 
associated with bidentate and tridentate ligands. The ability of a compound to penetrate the BBB is 
critically dependent on the partition coeffi cient as well as the molecular weight. BBB permeability 
is predicted to be low for most hexadentate compounds, by virtue of their higher molecular weight. 
With low-molecular-weight molecules (MW <300), penetration is largely dependent on the lipophi-
licity, and molecules with partition coeffi cients <0.05 tend to penetrate ineffi ciently. Thus, chelators 
with partition coeffi cients lower than this critical value are predicted to show poor entry into the 
central nervous system. Indeed, brain penetration of 3-hydroxypyridin-4-ones is strongly dependent 
on their lipophilicity  [  22  ] , a clear correlation being observed between BBB permeability and the 
percentage polar surface area of the molecule. Thus, 1, ω -hydroxyalkyl hydroxypyridinones (e.g. 
[ 18 ]) penetrate the BBB much more slowly than the simple 1-alkyl derivatives (e.g. [ 19 ]). These 
results suggest that the biological distribution pattern of the HPOs can be signifi cantly altered by 
simple modifi cation of chemical structure without compromising their pharmacological function 
(selective iron chelation).    

   4 Iron(III) Chelators Currently Under Investigation for Clinical Use 

   4.1 Hexadentate Chelators 

   4.1.1 Deferoxamine 

 Naturally occurring siderophores provide excellent models for the development of therapeutic useful 
iron chelators. Indeed, deferoxamine (DFO) [ 1 ], a growth-promoting agent secreted by the microor-
ganism  Streptomyces pilosus , is presently widely used for the clinical treatment of chronic iron over-
load. DFO is a  tris -hydroxamic acid derivative and chelates ferric iron in a 1:1 molar ratio. It possesses 
an extremely high affi nity for iron(III) and a much lower affi nity for other metal ions present in biologi-
cal fl uids, such as zinc, calcium and magnesium (Table  27.1 ). Although DFO is a large and a highly 
hydrophilic molecule ( D  

7.4
  = 0.01), it gains entry into the liver via a facilitated transport system. It can 

therefore interact with both hepatocellular and extracellular iron, promoting urinary and biliary iron 
excretion  [  23  ] . Ferrioxamine, the DFO–iron complex (Fig.  27.1 ), is kinetically inert and possesses a 
relatively low lipophilicity and thus is unlikely to enter cells. This property reduces the potential of iron 
redistribution. However, DFO is far from being an ideal therapeutic agent due to its oral inactivity and 
rapid renal clearance (plasma half-life of 5–10 min) (Table  27.4 ). In order to achieve suffi cient iron 
excretion, it has to be administered subcutaneously or intravenously for 8–12 h a day, 5–7 days a week. 
Consequently, patient compliance with this expensive and cumbersome regimen is often poor.  

 In an attempt to improve the oral bioavailability of this chelator, a range of DFO prodrugs obtained 
via esterifi cation of the labile hydroxamate functions have been investigated  [  24  ] . However, only 

   Table 27.4    Comparison of deferoxamine, deferasirox and deferiprone   

 Deferoxamine  Deferasirox  Deferiprone 

 Iron chelator ratio of stable complex at pH 7.4  1:1  1:2  1:3 
 logD 

7.4
  of ligand  −2  1.0  −0.77 

 Molecular weight of free ligand/iron complex  560/613  373/798  139/470 
 Ionization state of iron complex at pH 7.4  1 +   3 −   0 
 pFe 3+   26  22.5  20.6 
 Plasma half-life  5–10 min  8–16 h  1–2 h 
 Typical dosage (mg/kg/day)  40  20–40  75–100 
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marginal improvement in oral activity was found with tetra-acyl derivatives, and none have been 
identifi ed which possess comparable activity to that of subcutaneous DFO. Several strategies cen-
tered on modifi cation of the DFO backbone have also been pursued  [  25  ] . Unfortunately, no lead 
compound has yet emerged for further development.  

   4.1.2 Aminocarboxylates 

 DTPA [ 14 ] is an aminocarboxylate hexadentate ligand and has been used in patients who develop 
toxic side effects with DFO. Due to its net charge at neutral pH, DTPA is largely confi ned to extra-
cellular compartments in vivo and is excreted in the urine within 24 h of administration. DTPA is not 
orally active and, due to its relative lack of selectivity for iron(III), leads to zinc depletion. 
Consequently, zinc supplementation is required to prevent the toxic sequelae of such depletion. 

 In order to enhance the selectivity of the aminocarboxylate ligands for iron(III), several ana-
logues which contain both carboxyl and phenolic ligands have been designed  [  26  ] . A particularly 
useful compound is  N,N  ¢ -bis(2-hydroxybenzyl)-ethylenediamine- N,N  ¢ -diacetic acid (HBED) [ 20 ], 
which is signifi cantly more effective than DFO when given intramuscularly to iron-overloaded rats 
 [  27  ] . It binds ferric iron strongly with an overall stability constant (log K 

1
 ) of 40 and a pFe 3+  value 

of 31, rendering this molecule a potent ligand for chelation of iron in vivo. Unfortunately, HBED is 
not effi ciently absorbed via the oral route in man because of the zwitterionic nature of the molecule. 
Consequently, a considerable effort has been placed into the design of HBED ester prodrugs. Pitt et 
al. demonstrated oral activity for a number of HBED diester derivatives  [  28  ] ; however, the rate of 
hydrolysis of simple alkyl esters was found to be slow, particularly in primate, and the effi cacy of the 
compounds, disappointing. In addition, many of the compounds were found to be neurotoxic, the 
esters apparently crossing the blood-brain barrier. Signifi cantly, this series of compounds possesses 
a relatively small molecular weight (MW <500) as compared with the majority of hexadentate 
ligands. These investigations were extended to include a wider range of ester and amide derivatives 
 [  29  ] , and a compound of particular interest was found to be the HBED monoethyl ester [ 21 ], which 
possesses good oral availability  [  30  ] . The reasons for the effi cacy of this compound are probably 
manifold, including a disruption of intramolecular H-bonding, thereby improving water solubility; 
an enhancement of partition constant; the ability of the monoester to bind iron(III); and the activa-
tion of ester hydrolysis of the resulting iron(III) complex (Scheme  27.3 ). Unfortunately, by virtue of 
the presence of the two nitrogen ligands, HBED retains a relatively high affi nity for zinc (Log K 

1
  = 18.4) 

and therefore would be predicted to induce undesirable side effects due to the coordination of endog-
enous zinc. The monoester [ 21 ] was not developed for clinical studies due to adverse toxicity of the 
molecule.  

   4.1.3 Catechols 

 Hexadentate tricatechols are iron(III) chelators par excellence, enterobactin [ 4 ] typifying the group. 
However, such molecules possess a relatively high molecular weight, and therefore, their oral bio-
availability is poor, particularly at clinically useful doses. A further complication with such mole-
cules is that they adopt a high net negative charge when coordinated to iron(III), which tends to 
minimize their rate of effl ux by non-facilitated diffusion. A number of synthetic analogues have 
been prepared, which retain the high affi nity for iron(III) typical of enterobactin and yet are more 
stable under biological conditions, for instance MECAM [ 6 ]. Unfortunately, many of these hexaden-
tate catechols bind to the enterobactin receptor expressed by many pathogenic organisms and hence 
will supply iron to such bacteria, an undesirable feature for clinical use  [  31  ] .  
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   4.1.4 Hydroxypyridinones 

 Hexadentate siderophore analogues can be constructed by derivatizing prototype bidentate hydroxy-
pyridinones and attaching them to suitable molecular frameworks. Although enterobactin [ 4 ] has an 
extremely high stability constant for iron(III), the effectiveness of this molecule and its analogues 
under acid conditions is limited by their weak acid nature and the required loss of six protons on bind-
ing iron(III). In contrast, hydroxypyridinones are stronger acids than catechols, and since they are 
monoprotic, hexadentate ligands formed from three such units only loose three protons on formation 
of a six-coordinated complex. Thus, hexadentate HPOs compete well with hexadentate catechols at 
neutral pH values. Another potential advantage of these molecules is that they are not recognized by 
siderophore receptors and are therefore less likely to donate iron to pathogenic organisms. 

 Several hexadentate ligands based on the 1-hydroxypyridin-2-one and the 3-hydroxypyridin-2-one 
moiety have been investigated, such as [ 22 ]  [  32  ] , [ 23 ]  [  33  ]  and [ 24 ]  [  34  ] . Although the pFe 3+  values 
of the hexadentate ligands were signifi cantly higher (approximately 7 and 8 log units) than those of 
the corresponding bidentate ligands, a clear decrease in the formation constants of up to 2 log units 
was observed with the hexadentate ligands when compared to the bidentate analogues, indicating the 
lack of ligand predisposition for metal binding. In order to provide the correct geometry for metal 
binding, it is important to attach the molecular scaffold to the  ortho  position to the chelating oxygens. 
A synthetic route which adopts this strategy has been developed for constructing hexadentate ligands 
from the 3-hydroxypyridin-4-one unit. This method leads to hexadentate 3-hydroxypyridin-4-ones 
[ 25 ] which possess the appropriate geometry for iron chelation and thus bind iron(III) with greater 
affi nity than any of the previously prepared oligomeric hydroxypyridinones  [  35  ] . 

 By virtue of their higher molecular weight, hexadentate pyridinones, like siderophores, possess 
low oral bioavailability.   

   4.2 Tridentate Chelators 

 A potential problem associated with all tridentate ligands is that, unlike bidentate and most hexaden-
tate compounds, there is a possibility of polymeric structure formation (Scheme  27.4 ). Such struc-
tures are diffi cult to clear via the kidney and are likely to become trapped within cells. Without 
exception, tridentate ligands with a high affi nity for iron(III) include a nitrogen atom as a ligand.  

   4.2.1 Desferrithiocins 

 Desferrithiocin (DFT) [ 26 ] is a siderophore isolated from  Streptomyces antibioticus . It forms a 2:1 
complex with iron(III) at neutral pH using a phenolate oxygen, a carboxylate oxygen and a nitrogen 
atom as ligands  [  36  ] . It possesses a high affi nity for ferric iron (Log  β  

2
  = 29.6); however, by virtue of 

the presence of the nitrogen and carboxylate ligands, it also binds zinc tightly. Long-term studies of 
DFT in normal rodents and dogs at low doses have shown toxic side effects  [  37  ] . A range of synthetic 
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analogues of DFT have been prepared, and recently a PEG-conjugated analogue has been demonstrated 
to possess excellent iron-scavenging properties in both rodents and primates  [  38  ] . Compound [ 27 ] 
has been reported to be particularly effective and is currently in clinical trials.  

   4.2.2 Triazoles 

 Triazoles have been investigated as ligands by Novartis  [  39  ] . These compounds chelate iron(III) 
with two phenolate oxygens and one triazolyl nitrogen. The lead compound 4-(3,5-bis(2-hydroxy-
phenyl)-1  H -1,2,4-triazol-1-yl)benzoic acid (deferasirox; [ 28 ]) possesses a pFe 3+  value of 22.5 and is 
extremely hydrophobic, with a logP value of 3.8 and a logD 

7.4
  value of 1.0 (Table  27.4 )  [  40  ] . As a 

result, it can penetrate membranes easily and possesses good oral availability. It is highly effective 
at removing iron from iron-loaded animals and is the current lead orally active iron chelator of 
Novartis  [  41  ] . 

 The high hydrophobicity of this chelator is undesirable; indeed, the logP value indicates that 
deferasirox is predicted to accumulate in tissue and to gain access to a wide variety of cells. However, 
the extremely high logP value also ensures that deferasirox binds to plasma proteins, and this prop-
erty will, to some extent, limit body distribution. Deferasirox is effi ciently extracted by the liver; 
indeed, virtually all induced iron excretion is via the bile, very little being excreted in the urine  [  40  ] . 
The triazole [ 28 ] forms a 2:1 iron complex (Fig.  27.6 ) which possesses a net charge of 3 -  and a 
molecular weight over 800. Should such a complex form intracellularly, it is possible that, as with 
tricatechols, the iron will remain trapped within the cell. The triazoles can exist in two conforma-
tions: one, a tridentate structure; and the alternate, a bis bidentate structure with a strong tendency to 
form polymeric complexes (Scheme  27.5 ). The latter conformation favors zinc(II) binding since 
50% of the coordinating ligands are nitrogen  [  42  ] . Despite these apparent drawbacks, deferasirox is 
currently widely investigated in clinical trials  [  43,   44  ] .    

   4.2.3 PIH Analogues 

 Pyridoxal isonicotinoyl hydrazone (PIH) [ 29 ], together with a wide range of analogues, has been 
subjected to extensive evaluation as iron(III) chelators. Many have been demonstrated to be orally 
active in rodents. The effi ciency of in vivo iron removal increases with lipophilicity of both the 
ligand and the iron complex, but as more lipophilic chelators are likely to be associated with enhanced 
toxicity, log P values close to unity are preferred. Many of the PIH analogues are uncharged at neu-
tral pH values and therefore gain ready access to cells; indeed, salicylaldehyde isonicotinoyl hydra-
zone (SIH) [ 30 ] gains entry to a range of cell types more rapidly than most other chelators, including 
the smaller hydroxypyridinones  [  45  ] . The binding of iron(III) by PIH and related ligands is compli-
cated because of the existence of a number of dissociable protons both in the free and coordinated 

  Fig. 27.6    Energy-minimized 
structure of the 2:1 iron(III) 
complex of deferasirox [ 28 ]       
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states. Nevertheless, the 2:1 complex is the favored species over the pH range of 4–8, and the affi nity 
for iron(III) compares well with other tridentate ligands (Fig.  27.7 ).  

 PIH was selected for human balance studies because the two components of the condensed molecule, 
isoniazid and pyridoxal, have been safely used to treat tuberculosis. No signifi cant toxicity was 
observed at a dose of 30 mg kg −1  day −1  for 6 days, but iron excretion at this dose was insuffi cient to 
produce negative iron balance. This dose is much lower than those used in animals (typically 
>100 mg kg −1 ), and ideally, the study should be repeated at a higher dose. However, the two nitrogen 
atoms in the coordinating sphere of the complex (Fig.  27.8 ) enable PIH analogues to bind iron(II) 
with appreciable affi nity and will therefore facilitate redox cycling.    
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   4.3 Bidentate Chelators 

 On the basis of selectivity and affi nity, particularly considering the pFe 3+  value, 3-hydroxypyridin-4-
one is the optimal bidentate ligand for the chelation of iron(III) over the pH range of 6.0–9.0 
(Table  27.3 )  [  46  ] . 

   4.3.1 Dialkylhydroxypyridinones 

 The 1,2-dimethyl derivative (deferiprone) [ 12 ] is currently available for clinical use (marketed by 
Apotex Inc., Toronto, Canada, as Ferriprox™). The dose required to keep a previously well-chelated 
patient in negative iron balance with Ferriprox™ is relatively high, in the region of 75 to 100 mg/kg/
day  [  47  ] . One of the major reasons for the limited effi cacy of deferiprone in clinical use is that it 
undergoes extensive phase II metabolism in the liver. The 3-hydroxyl functionality, which is crucial 
for scavenging iron, is a prime target for glucuronidation. Urinary recovery studies conducted on 
deferiprone in man have shown that >85% of the administered dose is recovered in the urine as the 
non-chelating 3- O -glucuronide conjugate  [  48  ] . By virtue of the neutral nature of the iron–defer-
iprone complex (Table  27.4 ), deferiprone is able to remove elevated levels of iron from cardiac and 
endocrine tissue  [  49  ] . Deferiprone is used worldwide and has been reported to be a highly effective 
iron chelator in many clinical situations  [  50,   51  ] . Indeed, deferiprone has recently found application 
in the treatment of Friedreich’s ataxia  [  52,   53  ] . 

 The 1,2-diethyl 3-hydroxypyridin-4-one (CP94, [ 19 ]) has also been investigated  [  52–  56  ] . This 
chelator has been found to be more effi cient at iron removal than deferiprone in several mammalian 
species. The presumed reason for the greater effi cacy of CP94 in the rat is its unusual phase I meta-
bolic pathway which leads to the formation of the 2-(1 ¢ -hydroxyethyl) metabolite [ 31 ]  [  48  ] . This 
metabolite does not undergo further phase II metabolism to form a glucuronide conjugate and 
hence retains the ability to chelate iron. Promising results obtained in rat models led to the limited 
clinical evaluation of CP94 in thalassemic patients.    Unfortunately, the metabolism of CP94 in man 
does not parallel that of the rat, the main urinary metabolite of CP94 in man being the 3- O -glucuronide 
conjugate (>85%)  [  55  ] . Extensive conversion to this metabolite was found to severely limit clinical 
effi cacy.  

  Fig. 27.8    Energy-minimised 
structure of the 2:1 iron(III) 
complex of pyridoxal 
isonicotinoyl hydrazone [ 29 ]       
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   4.3.2 “High pFe 3+ ” Hydroxypyridinones 

 Chelators with high pFe 3+  values are predicted to scavenge iron more effectively at low ligand con-
centrations. In order to further improve chelation effi cacy and minimize drug-induced toxicity, con-
siderable effort has been applied to the design of novel hydroxypyridinones with enhanced pFe 3+  
values  [  9,   57  ] . Novartis synthesized a range of bidentate hydroxypyridinone ligands, which possess 
an aromatic substituent at the 2-position. The aromatic group is reported to stabilize the resulting 
iron complex and hence increase the pFe 3+  values. The lead compound [ 32 ] was found to be orally 
active  [  58  ]  and highly effective at removing iron from both the iron-loaded rat and marmoset. In a 
parallel study, it has been demonstrated that the introduction of a 1 ¢ -hydroxyalkyl group [ 31 ]  [  9  ]  or 
an amido function [ 33 ]  [  57  ]  at the 2-position of 3-hydroxypyridin-4-ones enhances the affi nity for 
iron(III) in the pH range 5–8. This effect results from stabilizing the ionized species due to the com-
bined effect of intramolecular hydrogen bonding between the 2-(1 ¢ -hydroxyl) group or the 2-amido 
substituent with the adjacent 3-hydroxyl function and electron withdrawal from the pyridinone ring. 
Although such an effect reduces the overall iron(III) stability constant, it also reduces the pKa values 
of the chelating function. These combined changes result in an increase in the corresponding pFe 3+  
values. Interestingly, the Novartis compound [ 32 ] also possesses a 1 ¢ -hydroxyl group at the 
2-position, and this is almost certainly responsible for the observed enhanced pFe 3+  value. 

 These novel high pFe 3+  HPOs show great promise in their ability to remove iron under in vivo 
conditions. [ 33 ] is a highly effective compound (pFe 3+  = 22.8), when compared with deferiprone 
(pFe 3+  = 20.6). It is highly hydrophilic ( D  

7.4
  = 0.17) and yet experiences good oral absorption and 

liver extraction, as demonstrated by its high effi cacy in animal models. Such low lipophilicity will 
severely limit the distribution of the chelator, which in turn could possibly minimize the potential 
toxicity. Furthermore, the improved effi cacy could lead to the use of lower doses, which again would 
be predicted to be associated with lower toxicity.    

   5 Conclusions 

 During the past 30 years, many attempts have been directed towards the design of nontoxic, orally 
active iron chelators, but only two clinically useful compounds have emerged to date, deferiprone 
and deferasirox (Table  27.4 ). Since 2000, a number of signifi cant advances have been made, and it 
is likely that other more effi cacious orally active chelators will join these two compounds. The suc-
cessful introduction of such compounds will impact considerably on the therapeutic outcome and 
quality of life for the thalassemic and sickle cell population. There is a potential for iron chelation in 
a wider range of clinical situations, and once an orally active chelator has been clinically proven in 
thalassemic patients, such compounds will almost certainly fi nd application for the treatment of 
other disease states, possibly including neurodegeneration  [  59,   60  ] .
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   1 Causes and Rates of Iron Overloading 

   1.1 Normal Iron Homeostasis 

 Iron is one of the most common elements in nature and, as a transition metal, is essential for the 
functioning of proteins involved in oxidative energy production, oxygen transport, mitochondrial 
respiration, inactivation of harmful oxygen radicals and DNA synthesis. Because of its poor solubil-
ity, living organisms were compelled to develop effi cient mechanisms for the transport and storage 
of iron, but there is no natural mechanism for the excretion of excess iron in humans. In recent years, 
elegant mechanisms have been discovered which are responsible for the translational control of 
proteins involved in iron transport and storage  [  1  ] . The recent discovery of hepcidin, a regulator of 
iron absorption and recycling produced by hepatocytes  [  2  ] , allows new insights into the mechanism 
of iron homeostasis in health and disease (see Chap.   9    ). The main components of this regulatory 
mechanism are described in Fig.  28.1 .   

   1.2 Increased Iron Absorption 

 Normal iron homeostasis fails to prevent the harmful accumulation of iron in two major disease 
categories (a) in inherited hemochromatosis syndromes where abnormal hepcidin regulation results 
in increased intestinal iron absorption (Chaps.   19     and   20    ) and (b) in iron-loading anemias such as 
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thalassaemia major where transfusional iron overload is aggravated by increased iron absorption, 
caused by increased rates of ineffective erythropoiesis  [  3,   4  ]  (Chap.   16    ). The rate of increased iron 
loading is variable, depending on the underlying genetic basis, but is generally a fraction of the rate 
seen with transfusional iron loading. Humans cannot increase iron excretion to compensate for iron 
overload; so this must be removed therapeutically. The most simple and effective method for remov-
ing or preventing the accumulation of excess iron in hereditary hemochromatosis is by repeated 
phlebotomies (see Chap.   19    ). However, in inherited or acquired iron-loading anemias, phlebotomies 
are impractical, and alternative methods, such as the use of iron chelators to enhance urinary or fecal 
iron excretion, have been developed.  

   1.3 Iron Loading from Transfusion 

 Approximately 200 mg of iron is present in a pint (420 mL) of donated blood, or about 1.08 mg 
of iron per 1 mL of pure red blood cells (i.e. hematocrit 1.0). The amount of iron transfused can 
thus be calculated by multiplying the volume of blood product transfused by 1.08 and then by 
the hematocrit of the transfused product. Recent work has shown that there is considerable vari-
ability in the iron loading rate both within a given diagnosis and between diagnoses  [  5,   6  ] . In 
thalassaemia major (TM), the mean transfusional iron loading rate is 0.4 mg/kg/day  [  5  ] , but this 
varies considerably, with 20% of patients <0.3 mg/kg/day, about 60% receiving 0.3–0.5 mg/kg/
day, and a further 20% receiving >0.5 mg/kg/day. Chelation response both to deferasirox (DFS) 
and deferoxamine (DFO) has been shown to be dependent on the transfusion category that 
patients fall into. Thus the planned    dose of chelation therapy can be tailored to the transfusion 
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  Fig. 28.1    Iron homeostasis in health and disease. The bulk of iron requirements are derived from effi cient recycling 
of senescent erythrocytes by the macrophage system, with limited contribution of absorbed intestinal iron. Hepcidin 
controls these two sources of incoming iron by its association with ferroportin preventing iron infl ux. Hepcidin pro-
duction in turn is controlled by three distinct regulatory mechanisms: iron sensing, erythropoiesis sensing and infl am-
mation. Iron sensing involves the binding of diferric transferrin to transferrin receptor 1 ( TfR1 ) initiating the 
translocation of HFE from TfR1 to TfR2 and its subsequent interaction with hemojuvelin  [  1,   2  ]        
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rate of each patient  [  5  ] . The average rate of transfusional iron loading is less in sickle-cell dis-
ease (SCD) (0.22 mg/kg/day)  [  7  ]  than in TM, and this is further decreased by using an exchange 
transfusion procedure, although this effect varies considerably depending on the exchange pro-
cedure used. In MDS, the average rate of iron loading (0.28 mg/kg/day) is less than in TM 
although there is considerable overlap between these conditions  [  6  ] . Iron chelation must at least 
match these iron loading rates.   

   2 Toxicities from Iron Overload 

 Iron is highly reactive because this metal can easily alternate between iron(III) and iron(II) redox 
states under clinically relevant conditions. This results in the gain and loss of electrons which can 
generate harmful free radicals. These have unpaired electrons that can damage many molecules 
such as lipid membranes, organelles and DNA. Cell death, as well as the generation of fi brosis, 
can result. In health, iron is ‘kept safe’ by binding to molecules such as transferrin, but in iron 
overload, the capacity to bind iron is exceeded both within cells and in the plasma compartment. 
This ‘free iron’ will cause damage to many tissues in the body and will be fatal unless treated by 
iron chelation therapy. 

 Repeated blood transfusions lead to increasing saturation of transferrin and ultimately to the pres-
ence of iron species in the plasma that are not bound to transferrin, so-called non-transferrin-bound 
iron (NTBI)  [  8  ] . These species are likely to be heterogeneous, consisting of iron citrate monomers, 
oligomers and polymers, as well as protein-bound forms  [  9,   10  ] . Plasma NTBI (or subfractions 
of it) has long been known to generate lipid peroxidation  [  11  ] . An assay has been developed for 
this redox active subfraction, which has been termed labile plasma iron (LPI)  [  12  ] . There is evidence 
that some NTBI species are taken into myocardium and endocrine tissues through L-type voltage- 
dependent calcium channels  [  13  ]  that are not present on all tissues, and this is likely to explain the 
pattern of tissue iron deposition in transfusional iron overload. 

 The consequences of transfusional iron overload are best described in TM, where transfusional 
iron loading begins within a few months of birth. Untreated transfusional iron overload in TM is fatal 
in the second decade of life, usually from cardiac failure or arrhythmia  [  14,   15  ] . Infection is the sec-
ond commonest cause of death in thalassaemia patients. Iron overload also causes anterior pituitary 
damage with hypogonadism and poor growth. Endocrine complications, namely diabetes, hypothy-
roidism and hypoparathyroidism, are also important complications, the frequencies of which have 
been steadily receding since the introduction of DFO chelation therapy in the late 1970s. Liver dis-
ease with fi brosis and eventually cirrhosis is also a serious complication. Hepatoma from the effects 
of iron overload with or without the additional risks from hepatitis is increasingly seen  [  16  ] , as che-
lated patients may now live beyond the fi fth and sixth decades of life. In other conditions associated 
with iron overload, the complications are less well defi ned although there is evidence for endocrine 
disorders  [  17  ]  and myocardial iron loading  [  18,   19  ]  in multi-transfused MDS patients. Although 
overall survival is signifi cantly worse in iron-overloaded MDS patients compared with untransfused 
MDS patients  [  20,   21  ] , an independent effect of the iron loading is not certain without prospective 
studies. In SCD, however, increased iron loading is not seen without blood transfusion, but liver 
fi brosis and cirrhosis are recognized features of uncontrolled iron overload  [  22,   23  ] . There may be a 
possible decreased tendency to endocrine disturbances  [  24,   25  ]  or to myocardial iron deposition 
 [  26–  28  ]  in the face of transfusional iron overload in SCD. However, it is not yet clear whether the 
apparently lower frequency of these complications in patients with otherwise similar levels of total 
body iron loading is a consequence of differences in the rates and duration of iron overload, or 
whether some fundamental differences between TM and SCD exist with respect to iron distribution 
to these tissues.  
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   3 Monitoring of Iron Overload and Its Consequences 

 Estimation of iron load using liver iron and serum ferritin has recently been supplemented by the 
possibility of examining body iron distribution using MRI techniques. An understanding of how 
these measures indicate risk from iron overload is of key importance to tailoring chelation on an 
individual basis. 

   3.1 Liver Iron Concentration (LIC) 

 Normal LIC values are up to 1.8 mg/g dry wt, and levels up to 7 mg/g dry wt are seen in some non-
thalassaemic populations without apparent adverse effects  [  29  ] . Body iron stores can be predicted 
from the LIC using the formula: total body iron stores in mg/kg = 10.6 x the LIC (in mg/g dry wt) 
 [  30  ] . In unchelated patients, high LIC values predict an increased risk of myocardial iron deposition 
 [  18,   19  ] , but once chelation therapy has been initiated, this simple relationship no longer exists  [  31  ] . 
This is because iron is removed faster from the liver than from the heart  [  32  ]  and because increments 
in liver iron precede those of heart iron. Despite this, high LIC values (above 15–20mg/g dry wt) 
have been linked to worsening prognosis  [  33,   34  ] , liver fi brosis progression  [  35  ]  or liver function 
abnormalities  [  19  ] . 

 Liver biopsy of adequate size (<1 mg/g dry weight, 4 mg wet wt or about a 2.5-cm core 
length) was the method most commonly used to quantitate liver iron until recently. 
Complication rates are very low in expert hands, using ultrasound guidance  [  36  ] . However, 
many centers perform biopsies at insufficient frequency and samples are often inadequate in 
size and quality. Values are also unreliable in the presence of cirrhosis. A further problem in 
standardization has been that the relative measurements of wet and dry weights of samples 
vary considerably between laboratories. Non-invasive standardized methodology has there-
fore been desirable. 

 Magnetic susceptometry  [  37  ]  (SQUID) has thus far been very expensive with only four work-
ing machines worldwide. Standardization between these devices has been problematic  [  38  ] . The 
current development of room-temperature handheld susceptometric devices would have wider 
applications. MRI techniques are now available  [  39,   40  ] , and these rely on the general principle 
that tissue iron exerts a paramagnetic effect on surrounding tissues that affects the relaxation time 
of molecules excited by the application of a magnetic fi eld. One such method (R2, FerriScan) is 
available in a standardized and validated format that approximates linearity over a clinically use-
ful range  [  39  ] . This is registered in the EU and USA and can utilise widely available MRI equip-
ment with little extra training of local staff  [  39  ] . Not all MRI measures give comparable LIC 
values however. The T2* method that was developed for heart iron measurement has also been 
used to estimate LIC, but as currently calibrated, gives LIC values a half of those obtained by 
biopsy or FerriScan  [  41  ] .  

   3.2 Serum Ferritin 

 Serum ferritin, which is iron free below serum levels of 3,000  μ g/L, is derived mainly from 
macrophages, thus refl ecting the iron stores in this compartment  [  42  ] . Above this value, an 
increasing proportion is iron rich and is derived from hepatocytes  [  42  ] . Serum ferritin is a 
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useful predictor of body iron stores as well as trends in iron removal with chelation therapy, but 
has its limitations. It has been shown that variations in body iron stores account for only about 
57% of the variability in plasma ferritin  [  43  ] . Infl ammation increases serum ferritin indepen-
dently of the body iron, so that a sudden increase in serum ferritin should prompt a search for 
hepatitis, other infections or infl ammatory conditions. The relationship between serum ferritin 
and iron stores is similar in thalassaemia major and sickle-cell disease  [  43  ]  provided serum 
values are taken several weeks away from a vaso-occlusive sickle crisis  [  44  ] . In thalassaemia 
intermedia, however, serum ferritin tends to underestimate the degree of iron overloading  [  45  ] . 
A further problem is that many ‘kits’ for measuring serum ferritin are optimized for identifying 
iron defi ciency, and care must be taken at high ferritin values to ensure that dilutions allow 
measurements within the linear range of the assay. Another issue that needs greater attention is 
that the relationship between serum ferritin and body iron stores may vary with the chelator 
being used  [  46  ] . Recent work suggests that deferiprone (DFP) is associated with lower serum 
ferritin (SF) relative to liver iron concentrations (LIC) than deferoxamine and deferasirox  [  47  ] . 
It is clear however that if the ferritin is maintained below 2,500  μ g/L (with DFO) on a long-term 
basis, this is associated with a signifi cantly lower risk of cardiac disease and death  [  16,   34, 
  48–  50  ] . However, lower ferritin levels are desirable, and there is evidence that long-term main-
tenance of serum ferritin closer to 1,000  μ g/L has additional benefi ts  [  16  ] .  

   3.3 Monitoring of the Heart 

 Sequential monitoring of LVEF identifi es patients at high risk of developing clinical heart failure; 
when LVEF fell below reference value, there was a 35-fold increased risk of clinical cardiac failure 
and death with a median interval to progression of 3.5 years, allowing time for intensifi cation of 
chelation therapy  [  50  ] . This approach required a reproducible method for determination of 
LVEF (such as MUGA or now using MRI), and echocardiography was too operator dependent for 
this purpose. Furthermore, there was clearly a need to identify high-risk patients before a fall in 
LVEF developed. MRI was initially used to evaluate myocardial iron in MDS patients using a signal 
intensity ratio method  [  19  ] . A signifi cant advance in understanding began when myocardial T2* was 
used to compare LVEF with this measure. Myocardial T2* values <20 ms, the lowest value found in 
healthy individuals, were in TM patients associated with an increased risk of the LVEF below refer-
ence values  [  31  ] . This publication also showed a linear correlation of liver 1/T2* with LIC by biopsy 
 [  31  ] . More recently, the relationship between myocardial iron concentration and myocardial T2* has 
been elucidated using postmortem myocardial material and T2* measurement in iron-overloaded 
patients  [  51  ] . The mean global myocardial iron causing severe heart failure in 10 patients was 
5.98 mg/g dry weight (range, 3.2–9.5 mg/g). The relationship between risk of heart failure and mT2* 
has now been further elucidated in prospective studies  [  52  ] . T2* values <10 ms are associated with 
160-fold increased risk of development of clinical heart failure in the next 12 months. This risk 
increases progressively with T2* values <10 ms, so that the proportion of patients developing heart 
failure in the next 12 months at mT2* of 8–10 ms, 6–8 ms and <6 ms was 18%, 31% and 52% 
respectively. The value of mT2* monitoring is supported by a recent report in a cohort of TM 
patients monitored for 10 years using mT2*, in which iron-mediated cardiomyopathy was no longer 
a leading cause of death and the proportion of patients with mT2* <20 ms fell from 60% to 1% over 
the decade  [  53  ] , although other factors such as chelation options may have contributed to this 
improved outcome. mT2* monitoring has now been established and validated internationally  [  54  ]  
and is now recommended as a part of yearly monitoring of multi-transfused patients at risk of devel-
oping myocardial iron loading.  
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   3.4 Urinary Iron Excretion 

 Urinary iron excretion in response to DFO was initially used as a way of quantitating iron overload 
 [  55  ] . The variability in daily iron excretion necessitates repeated determinations however. Furthermore 
the proportion of fecal excretion with DFO is highly variable, 30–100%  [  56  ] . There is effectively 
only fecal iron excretion with DFS, making urinary estimation unhelpful.  

   3.5 Plasma Non-Transferrin-Bound Iron 

 There are a variety of assays for NTBI that give variable reference ranges but generally correlate 
with each other  [  57  ] . An assay measuring a labile subfraction (the component capable of accelerat-
ing oxidation of a fl uorophore, termed LPI assay)  [  12  ]  is convenient for measuring iron in the pres-
ence of chelators. Progressive removal of this subfraction has been seen with DFP  [  58  ]  and DFS 
 [  59  ] . Removal of LPI is maintained 24 h per day with DFS  [  11  ] , consistent with the notion that con-
tinuous chelation minimizes exposure to NTBI species  [  60  ] . A prognostic or pathophysiological 
signifi cance for any given ‘cut-off’ value has yet to be demonstrated in prospective studies, however. 
There are interesting differences in NTBI and LPI values between disease states. For example, 
plasma NTBI is lower in SCD than TM at matched levels of iron loading  [  61,   62  ] . Labile plasma iron 
(LPI) levels are also low in SCD and aplastic anemia, compared to other forms of transfusional iron 
overload, such as TM and MDS, despite similar serum ferritin values  [  63  ] .  

   3.6 Other Markers of Organ Dysfunction 

 The earliest consequence of iron overload manifested in transfused children is hypogonadotropic 
hypogonadism, which although not fatal, has severe consequences for growth, sexual development, 
fertility and osteoporosis. Close monitoring of growth and sexual development in children is there-
fore vital so that chelation can be intensifi ed before irreversible effects ensue. In older patients, 
monitoring for impaired glucose tolerance may identify patients at most risk of developing diabetes. 
Monitoring for hypothyroidism and hypoparathyroidism is also advisable, particularly in adults. 
Although there is evidence from retrospective analysis in patients with very low ferritin values  [  64  ]  
that damage to these tissues can be reversed, prevention of these complications by adequate control 
of body iron at all times is the optimal strategy.   

   4 Objectives of Chelation Therapy 

 Chelation therapy should aim to maintain body iron stores at safe levels at all times and at the 
lowest doses that are consistent with avoiding toxicity from chelation therapy itself. Storage iron, 
ferritin or hemosiderin, cannot be accessed directly by chelators at a useful rate so that chelation 
therapy relies on accessing the small fractions of low-molecular-weight body iron that are avail-
able for chelation at any moment (see below), often referred to as ‘labile iron’ pools. Unless 
chelation therapy begins before clinically signifi cant iron overload develops, it may take several 
years to bring iron stores into a safe range. DFO chelation therapy has usually been started only 
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after 2–3 years of transfusion or when ferritin exceeds 1,000 g/L, for fear of the unwanted effects 
of over-chelation by DFO at low levels of body iron (see below). It is not yet clear whether chela-
tion can be commenced sooner with new chelation modalities, but this would be desirable if 
safety can be demonstrated. 

 Understanding of what constitutes ‘safe’ levels of body iron burden is incomplete. The risks of 
hepatic damage are clearly linked to LIC; LIC values >17 mg/g dry wt  [  65  ]  are associated with abnor-
mal ALT values, and values >16 mg/g dry wt are associated with progression of fi brosis  [  35  ] . The 
relationship between body iron load and extrahepatic iron distribution to heart and endocrine tissues 
and body iron load is less clear. Two independent studies in thalassaemia major have demonstrated a 
link between LIC values above 15 mg/g dry wt and long-term cardiac-event-free survival     [  33,   34  ]  as 
well as a possible effect at values >7 mg/g dry wt  [  34  ] . However, when single measures are taken, there 
is a striking lack of correlation between liver and heart T2* measurements  [  31  ] . This is in part because 
once extrahepatic iron has accumulated, it is removed much more slowly from tissues such as the heart 
by chelation than from the liver  [  32,   66,   67  ] . The role of other factors such as the rate of transfusional 
iron loading, the underlying hematological condition and undefi ned genetic factors have yet to be elu-
cidated. Furthermore, while it is clear that myocardial iron deposition can be reversed, evidence for 
removal from endocrine tissues such as pituitary, pancreas and thyroid is not clear. Prevention of extra-
hepatic iron deposition is therefore a more sensible therapeutic strategy than ‘rescue’ therapy. 

 The small magnitude of the rapidly chelatable iron fraction also impacts the dosing strategy 
for chelation therapy. By increasing the dose of chelators in an attempt to accelerate iron removal 
from tissues, there is an increasing risk of toxicity from the chelator itself, by chelating iron 
which is needed for normal tissue metabolism. Plasma NTBI and LPI rebound rapidly after a 
chelator is cleared from plasma  [  12,   60  ]  so that in principle, the continuous presence of a chela-
tor is desirable.  

   5 Origin of Chelatable Iron 

   5.1 The Intracellular Labile Iron Pool 

 Current models of iron acquisition, sequestration and storage by mammalian cells are based on a 
regulated adjustment of membrane iron transport proteins and cytosolic ferritin levels. Iron in transit 
is believed to exist in a weakly bound low-molecular-weight complex, which is also available for 
interaction with iron-chelating drugs  [  68  ] . This chelatable labile iron pool (LIP) is assumed to be 
sensed by a cytosolic iron-responsive protein (IRP) that coordinately represses ferritin mRNA trans-
lation and increases transferrin receptor mRNA stability  [  69  ] . Effi cient regulatory mechanisms pre-
vent fl uctuations in the size of the labile iron pool under conditions of moderate iron deprivation and 
iron loading. However, massive iron loading results in uncontrollable expansion of the chelatable 
pool, which fails to be matched by the sequestrating capacity of cellular ferritin  [  70  ] . This expanded 
LIP is an obvious target of intracellular iron chelation by drugs that are able to cross the barrier of 
the cytoplasmic membrane.  

   5.2 Role of Reticuloendothelial and Parenchymal Iron Stores 

 Although excess iron may be deposited in almost all tissues, most of it is found in association 
with two cell types: reticuloendothelial (RE) cells (macrophages) in the spleen, hepatic Kupffer 
cells and bone marrow, or in parenchymal tissues such as the myocardium, liver and endocrine 
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organs. In contrast to RE cells in which iron accumulation is relatively harmless, parenchymal 
siderosis may result in signifi cant organ damage. The source of iron and the proportion retained 
in ferritin stores or recycled into the circulation from the two cell types are quite different. RE 
cells have a limited ability to assimilate transferrin iron, and they derive iron mostly from the 
catabolism of hemoglobin in non-viable erythrocytes  [  71  ] . Most of this catabolic iron is recy-
cled to the plasma within a few hours. In contrast, hepatic parenchymal cells maintain a dynamic 
equilibrium with plasma transferrin, with iron uptake predominating when transferrin satura-
tion is high, and release when serum iron and transferrin saturation are low. Unlike RE cells, the 
turnover of parenchymal iron stores is very slow. In general, iron overload associated with 
increased intestinal absorption such as hereditary hemochromatosis results in predominant 
parenchymal siderosis, whereas in iron overload caused by multiple blood transfusions, the 
primary site of siderosis is the RE cells. Considerable redistribution of iron may take place 
subsequently. 

 Experimental and clinical observations indicate that the urinary excretion of iron chelated by 
DFO is derived mainly from RE cells. Studies with DFO in hypertransfused rats have shown 
that in contrast to hepatocellular radioiron excretion, which is confi ned entirely to the bile, most 
of the radioiron excretion derived from RE cells is recovered in the urine. Moreover, when 
water-soluble synthetic chelators which do not enter cells easily, such as DTPA, are employed 
in the same experimental model, there is no enhancement at all of hepatocellular iron excretion, 
but the enhancement of urinary RE radioiron excretion is similar, or higher than that observed 
previously with DFO  [  71  ] . Hence, DFO obtains iron for chelation by one of two alternative 
mechanisms: (a) in situ interaction with hepatocellular iron and subsequent biliary excretion 
and (b) chelation of iron derived from RBC catabolism in the RE system directly or following 
its release into the plasma in the form of non-transferrin-bound iron (NTBI) with subsequent 
urinary excretion. Iron chelated from myocardial cells, although critically important, represents 
only a tiny fraction of total excretion. Such iron, once mobilized into the plasma, will be excreted 
in the urine.   

   6 Design of Iron Chelators 

 Iron(III) has six coordination sites that can be accommodated by one large molecule such as 
deferoxamine (DFO) (hexadentate chelation). Such molecules tend to have high stability once 
bound to iron(III), but unfortunately it has not been possible to design hexadentate chelators 
that are small enough to allow effi cient oral absorption. Smaller molecules can be absorbed 
from the gut more effectively and can bind iron(III) in either a 2:1 ratio with each molecule 
providing three binding sites (tridentate chelation, e.g. deferasirox, DFS) or a 3:1 ratio with 
each molecule providing two sites (bidentate chelation, e.g. deferiprone, DFP). Chelatable iron 
occurs both within cells and within the plasma compartment (see above). Access of chelators to 
intracellular pools is affected by their size, charge, lipid solubility, iron coordination structure 
and metabolism  [  72–  74  ] . Thus, in addition to being absorbed more rapidly from the GI tract, 
small neutrally charged bidentate molecules such as DFP are able to access intracellular iron 
pools more rapidly than DFO  [  75,   76  ] . It is important that the binding of iron to a chelator pre-
vents the further redox cycling of iron. The chelator should also not inhibit essential metalloen-
zymes such as ribonucleotide reductase within cells  [  77  ] . In practice, all chelators exhibit some 
affi nity for other metals such as zinc, copper and aluminum, but clinically available chelators 
do not appear to be limited in their use by such metal binding. The success of iron chelators is 
also affected by their pharmacokinetic and pharmacodynamic interactions. Depending on the 
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rate of absorption, elimination and metabolism, plasma and cellular concentrations of chelators 
and their iron complexes differ considerably. These considerations will also have a bearing on 
the balance between cellular iron uptake and iron removal and hence the success of chelation 
therapy. 

 In order to identify safe and effective compounds that are orally active, more than one thousand 
candidate compounds have been screened in animal models. These efforts led to the identifi cation of 
many interesting compounds, a few of which have been shown to be of clinical value. The present 
discussion will be limited to the most outstanding of these compounds including deferiprone (DFP, 
L1), pyridoxal isonicotinoyl hydrazone (PIH), bishydroxyphenyl thiazole (ICL670, deferasirox, 
Exjade, DFS) and desferrithiocin and its derivatives (DFT). Only three compounds have been shown 
to be effective in clinical use over a sustained period, however, namely deferoxamine (DFO), defer-
iprone (DFP) and deferasirox (DFS). A comparison of molecular weights, chelating properties, rec-
ommended daily dose, method of delivery and other properties of these three leading chelators is 
presented in Table  28.1 .   

   7 Deferoxamine (DFO) 

 Because of its proven effi cacy and the extensive experience with its long-term use in many thousands 
of patients, DFO is still considered the gold standard of iron chelation therapy. 

   7.1 Chemistry and Pharmacology 

 DFO is a naturally occurring siderophore chelator where one molecule completely coordinates with 
the six available sites of iron (III) (hexadentate chelation) (Fig.  28.2 ). Unfortunately, complete coor-
dination of iron(III) by a single chelate molecule requires a relatively large chelate molecule, thus 
limiting iron absorption of DFO from the gut. DFO is also highly hydrophilic which retards its entry 

   Table 28.1    Comparison of the three leading iron-chelating drugs   

 Compound  Deferoxamine  Deferasirox  Deferiprone 

 Molecular weight (daltons)  560  373  139 
 Chelating properties  Hexadentate  Tridentate  Bidentate 
 Iron-binding affi nity (pM)  26.6  22.5  19.9 
 Delivery  s.c. or i.v.  Oral, once daily  Oral, 3 times daily 
 Half-life  8–12 h  12–16 h  3–4 h 

 5 days/week 
 20–30 min 

 Lipid solubility  Low  High  Intermediate 
 Route of iron excretion  Urinary and fecal  Fecal  Urinary 
 Recommended dose (mg/kg/day)  30–60  20–30  75–100 
 Max. plasma levels ( μ M)  7–10  80  90–450 
 Min. plasma level ( μ M)  0  20  0 
 Chelation effi ciency (%)  13  27  7 
 Adverse effects  Ocular, auditory, growth 

retardation, local 
reactions, allergy 

 Gastrointestinal, increased 
creatinine, hepatitis 

 Gastrointestinal, 
arthralgia, 
agranulocytosis/
neutropenia 
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into most cell types with the exception of hepatocytes, for which there appears to be a facilitated 
uptake mechanism  [  78  ] . The free drug is positively charged, as is the iron complex. The latter prop-
erty partly accounts for the slow egress of the iron complex from cells  [  77  ] . The iron complex of 
DFO is highly stable, giving a high pM value with good iron scavenging properties at low concentra-
tions of iron or chelator. When DFO is infused intravenously at 40–50 mg/kg/day, steady state 
plasma concentrations are typically no more that 10  μ M  [  60,   79  ]  and due to the short initial half-life 
of 0.28 h (Table  28.1 ). Plasma levels fall more slowly following cessation of subcutaneous infusion 
 [  78  ]  with an initial T1/2 of 0.56 h. The terminal T1/2 is slower, most likely refl ecting the slow egress 
of the iron complex, ferrioxamine, from cells. The iron-free drug, but not of the iron complex, is 
metabolized within hepatocytes, so that an increase in metabolites indicates a decrease in the avail-
ability of chelatable iron  [  78,   80  ] . Removal of NTBI by DFO is usually only partial  [  78,   81  ] , unless 
an additional chelator is available to shuttle NTBI subspecies onto DFO  [  82  ] .   

   7.2 Effects on Iron Balance 

 Iron balance determination used to require admission to hospital for formal metabolic balance stud-
ies. Such studies suggested that daily 12 h infusions at 30 mg/kg could achieve iron balance in thala-
ssaemia major, and that iron excretion is enhanced by oral ascorbic acid at 2–3 mg/kg/day  [  56  ] . 
Current practice typically prescribes 40 mg/kg s.c. DFO fi ve nights a week, unless iron overload is 
severe or unless myocardial iron has accumulated. However, recent work, using changes in LIC and 
transfusional iron loading rates to measure iron balance, have shown that the probability of achiev-
ing negative iron balance with this regime depends on the transfusional iron loading rate  [  5,   83  ]  and 
will be achieved in only about 50% of thalassaemia major patients receiving average transfusional 
iron loading rates    (0.3–0.5 mg/kg/day). By increasing the dose to 50 mg/kg, 5 times a week, >86% 
of patients achieve negative iron balance, with both average and high (>0.5 mg/kg/day) blood trans-
fusion rates. Thus, commonly prescribed doses of 35–50 mg/kg are insuffi cient for iron balance in 
nearly half of patients receiving transfusion at average or high iron loading rates. Under conditions 
of the study, compliance was likely to have been better than in the general clinical setting, so that an 
‘intention to treat’ dose or frequency of <50 mg/kg 5 times/week may be inadequate in an even 
higher proportion of patients. Thus, for patients with average or high levels of transfusional iron 
loading, doses of 50 mg/kg should be considered, with the exception of children where doses >40 mg/
kg/day are not recommended, or when ferritin levels are <1,000  μ g/L (see below).  

   7.3 Effects on Serum Ferritin 

 The ability of DFO to control or decrease serum ferritin when used at appropriate doses and 
 frequency has been known since the 1970s. Recent prospective studies have clarifi ed the dose 

  Fig. 28.2    Deferoxamine        
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and frequency required to control serum ferritin  [  83  ] . In 290 thalassaemia major patients    fol-
lowed up for 1 year, a mean daily dose of 40 mg/kg 5 times/week decreased the mean serum 
ferritin by approximately 360  μ g/L at 1 year, whereas 50 mg/kg decreased serum ferritin by 
1,000  μ g/L over the same period. These are average effects however, and the fi ndings with LIC 
(see above) show that the planned dose should be increased if the transfusional iron intake is 
higher than average. The linking of long-term control of serum ferritin <2,500  μ g/L to cardiac 
complication has only been reported for DFO  [  16,   34,   48–  50  ] , there being inadequate data with 
other chelators. There is some evidence that long-term control closer to 1,000  μ g/L achieves 
even better results  [  15  ] .  

   7.4 Long-Term Effects on Survival 

 The probability of reaching age 25 for thalassaemic patients in the early 1980s was only 25%  [  84  ] . 
The introduction of DFO for iron chelation therapy of transfusional siderosis has changed the life 
expectancy and life quality of patients with thalassaemia major. Its long-term effi cacy has been 
extensively documented in large multicenter trials in Italy and elsewhere  [  15  ] . Only 70% of patients 
born before 1970 and hence prior to the modern era of iron chelation survived to age 20 compared 
with 89% of patients born after 1970 and therefore receiving effective chelation from an early age 
 [  85  ] . In a report on thalassaemic patients treated by DFO at a single institution, survival at 40 years 
was 83%, and in compliant patients born after 1975, survival at 25 years was 100%  [  50  ] . The cohort-
of-birth-related improvement in survival was refl ected in an inverse, mirror-like decrease in cardiac 
mortality, supporting the assumption that prevention of cardiac mortality is the most important ben-
efi cial effect of DFO therapy.  

   7.5 Effects on the Heart 

 Other than the effects on survival, perhaps the strongest direct evidence supporting the benefi -
cial effect of DFO on hemosiderotic heart disease is the reversal of established myocardiopathy 
in some far-advanced cases. In former years, the course of established myocardial disease in 
transfusional hemosiderosis was uniformly fatal. More recent experience indicates that such 
patients may still be salvaged by intensifi ed chelating treatment. Employing continuous 24-hour 
i.v. DFO infusion via indwelling catheters, Davis and Porter achieved reversal of cardiac 
arrhythmias and congestive heart failure  [  86  ] . The actuarial survival of their 17 high-risk thalas-
saemic patients (15 with established cardiac disease) following intensifi cation of iron chelation 
was 61% at 13 years, and none of the compliant patients died. Reversal of cardiac arrhythmia, 
previously unresponsive to medical treatment, was achieved in 6 of 6 patients. This occurred in 
some cases within a few days of starting treatment and therefore cannot be attributed to nor-
malisation of iron stores but to the depletion of a putative limited toxic labile iron pool. 
Improvements in heart function have also been documented with intermittent therapy. Miskin et 
al.  [  87  ]  used intermittent high dose (95 mg/kg/day) of DFO for 8–10 h per day in eight thalas-
saemic patients with poor compliance, impaired left ventricular function and symptomatic heart 
disease with an improvement in cardiac function, similar to that obtained by Davis and Porter 
employing continuous  [  23  ]  infusion. Improved ejection fraction was achieved in all patients, 
and all were alive after a follow-up period of 6.5 years (range, 2–12 years). Davis and Porter 
 [  86  ]  have suggested that continuous intravenous treatment may be essential for improving 
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cardiac outcome due to the uninterrupted chelation of circulating non-transferrin-bound iron 
(NTBI). The route of administration may not be critical as good long-term outcome was also 
achieved with continuous 24-h subcutaneous treatment  [  50  ] . Without carefully controlled trials 
comparing intermittent with continuous therapy at similar total doses in matched populations, 
the relative contribution of continuous exposure to chelation therapy as compared to general 
improved compliance cannot be clearly defi ned. For long-term survival, improved compliance 
has been maintained even after discontinuation of i.v. therapy  [  50  ] . Using continuous infusion, 
large doses such as those initially used to reverse heart failure and that were associated with 
severe retinal problems  [  88,   89  ]  may not be necessary, and the excellent results of Davis and 
Porter were achieved using doses not exceeding 50–60 mg/kg/day, employing the therapeutic 
index of DFO to serum ferritin ratio of 0.025 as recommended for conventional subcutaneous 
DFO treatment  [  90  ] . Complications associated with the use of central venous access lines were 
common, although no toxicity due to DFO itself has been noted. Infection rates (1.2 episodes of 
local infections and 1.1 episodes of bacteremia per 1,000 days of use) were similar to those 
described in adult and pediatric cancer patients with central lines. Bacteremia caused by con-
tamination of implantable central venous access devices was also a common problem among the 
342 patients described in the North American cross-sectional study  [  91  ] . To limit the throm-
botic complications of central venous access lines, close monitoring and prophylactic antico-
agulant therapy has been suggested. Under such circumstances, the advantages of intensifi ed 
i.v. DFO in improving survival appear to outweigh the risks of its complications. 

 Several studies have shown that in addition to improving heart function, DFO can remove myo-
cardial iron effectively  [  32,   66,   92  ] . At very high levels of myocardial iron loading with average T2* 
values of 5 ms, improvement in myocardial T2* was 58% over 1 year  [  32  ] . However improvement 
in heart function preceded these changes in T2*, suggesting a benefi cial effect of DFO on toxic 
labile iron pools independent of the slower improvement in T2*. With continued infusions, improve-
ment continues, but requires up to 5 years to normalise  [  66  ] . Other prospective studies have shown 
improvement of moderately reduced T2* values over 1 year in patients given even low-dose inter-
mittent DFO s.c.  [  92  ] .  

   7.6 Other Long-Term Benefi cial Effects 

 The other documented improvements with DFO therapy have been reviewed elsewhere and include 
improvement in liver fi brosis  [  93  ] , decrease in hypogonadism  [  94  ] , improved glucose tolerance  [  95  ] , 
decreased incidence of diabetes  [  34  ] , hypothyroidism and hypoparathyroidism in successive birth 
cohorts of patients  [  16  ] . Unlike heart failure, once evidence of advanced endocrine dysfunction has 
developed, reversal has not been documented.  

   7.7 Tolerability and Unwanted Effects 

 The unwanted effects of DFO and ways to avoid them have emerged empirically over 4 decades 
of cumulative experience, rather than from controlled trials that are now required for the licensing 
of new drugs  [  91,   96  ] . Most of the unwanted effects of DFO are dose related. These include 
effects on growth, skeletal changes, audiometric and retinopathic effects. In an adult, such effects 
are unlikely, however, if the dose does not exceed 50 mg/kg and if care is taken to reduce the dose 
as ferritin levels fall (see below). There is no evidence of differences in DFO pharmacokinetics or 
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metabolism between affected and unaffected patients  [  97  ]  except that predisposed patients have 
less chelatable iron pools and more of the iron-free drug is available for conversion into metabo-
lite B  [  80  ] . Retinal effects that can present with loss of visual acuity, fi eld defects, defects in night 
or color vision are now very rare, as the doses of 100 mg/kg/day under which these effects were 
originally described  [  89  ]  are now hardly ever given. Nevertheless, occasional patients are picked 
up with retinopathic changes, and if patients on DFO are not routinely monitored, it can be diffi -
cult to interpret whether changes are related to DFO. Drug-related ototoxicity is typically sym-
metrical and of a high-frequency sensorineural nature  [  76,   98  ] , so that skepticism about the 
diagnosis should be roused when asymmetric or unilateral effects are found. In patients who 
develop complications, DFO should be temporarily stopped and reintroduced at lower doses when 
investigations show improvement. 

 Some adverse effects are more likely when iron stores are low. This is particularly clear for neu-
rotoxic complications where standard doses have been associated with coma in rheumatoid arthritis 
patients without iron overload  [  99  ]  and where audiometric and retinopathic effects are more likely 
the lower the serum ferritin  [  98  ] , particularly below 1,000  μ g/L (or by not keeping mean daily dose/
ferritin ratio <0.025)  [  90  ] . Audiometric problems are typically high-frequency sensorineural loss 
and/or tinnitus. Minor sensorineural defi cit may be reversible, but severe hearing loss is usually 
irreversible  [  90  ] . It is advisable to monitor audiometry yearly especially if there has been a marked 
recent fall in ferritin. Some unwanted effects such as local skin reactions, allergic reactions and 
 Yersinia enterocolitica  infections are not clearly related to dose or to levels of iron overload, and 
their management is described elsewhere  [  91  ] . 

 Unwanted effects on growth and skeletal development above 40 mg/kg limit the dose that can 
be administered to children. Growth retardation was seen when treatment was started early 
(<3 year) and at higher doses  [  100,   101  ] . Rickets-like bony lesions and genu valgum in associa-
tion with metaphyseal changes, particularly in the vertebrae, causing a disproportionately short 
trunk can also occur, often with vertebral demineralization and fl atness of vertebral bodies radio-
graphically  [  100,   102  ] . Regular monitoring of growth is recommended, and the dose should not 
exceed 40 mg/kg until growth has ceased. If we accept the data that 50 mg/kg 5 times a week is a 
necessary dose to maintain iron balance in about half of thalassaemia major patients (see above), 
then a similar proportion of children will be under-dosed below 40 mg/kg 5 times/week. Under-
dosing is unlikely to cause short-term demonstrable pathology in children but is likely to increase 
pituitary and myocardial iron loading, which over a period of one to two decades may increase 
morbidities from iron overload.  

   7.8 Recommended Dosing Regimes with DFO 

   7.8.1 Standard Therapy 

 Guidelines aim to achieve a balance between the unwanted effects of under- or over-chelation as 
well as advising what is practical for the patient. Because of concerns of the effects of over-chelation, 
DFO is usually not started until serum ferritin exceeds 1,000  μ g/L, which usually occurs after the 
fi rst 10 or 20 transfusions. Doses are kept below or equal to 40 mg/kg until growth has been 
 completed. DFO is infused via a thin s.c. needle (ideally a Thalaset needle) inserted into the abdo-
men, arm or lateral thigh region nightly, connected to a portable pump over 8–12 h, 5–7 times per 
week at a daily dose of 20–60 mg/kg. The infusion site needs to be rotated nightly and a solution 
infused that is not >10% (1 g in 10 mL) to prevent damage to local tissues. If DFO is infused only 5 
nights a week, it is important not to under-dose. In patients with higher transfusional iron intakes 
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(>0.5 mg/kg/day), doses of 50–60mg/kg/day will be necessary for iron balance if infusions are only 
given 5 times a week  [  5  ] .  

   7.8.2 Rescue Therapy 

 For patients with heart failure, continuous DFO infusion is recommended. This is usually most 
conveniently achieved in the acute situation of heart failure by diluting DFO in 500 mL of saline 
and infusing through a peripheral vein. For longer-term infusions, once the patient has been stabi-
lized, an indwelling line is usually necessary, although 24-h infusion has been successfully 
achieved by the subcutaneous route in selected cases (see above). Continuous doses above 60 mg/
kg are associated with an increased risk of retinal and audiotoxicity    and are now not recom-
mended. For patients with evidence of moderately increased myocardial loading (T2* 10–20 ms), 
improvement in these measures may be achieved by increasing the dose or duration of exposure 
to subcutaneous DFO above that given for standard therapy. In patients with severe myocardial 
iron loading (T2* < 10 ms) but without heart failure, intensifi cation of therapy is necessary. This 
may include increasing the dose and/or duration of DFO exposure with or without the addition of 
DFP (see below).    

   8 Development of Orally Effective Chelators 

 Unfortunately, compliance with the rigorous requirements of daily subcutaneous infusions is still 
a serious limiting factor in treatment outcome. In the United Kingdom outside expert centers, 
survival among thalassaemic patients by the age of 35 years was until recently only 50%  [  103  ]  and 
mortality was largely attributed to poor compliance. Symptomatic siderotic heart disease was 
encountered in 23% of North American thalassaemic patients older than 25 years  [  91  ] , and all 
patients who are non-compliant with intensifi ed DFO treatment remain at risk of lethal cardiac 
complications  [  50  ] . This has been the rationale behind the intensive efforts to identify alternative, 
orally effective iron chelators which would be more convenient for use and could improve 
compliance. 

 The challenge in developing chelators that are rapidly absorbed from the gut has been to identify 
compounds that chelate toxic iron pools without accessing physiologically necessary intracellular 
pools of iron or other metals. Many promising compounds have been discarded because the thera-
peutic safety margin has been too narrow, either in preclinical studies or during clinical evaluation. 
Here we discuss four classes of chelators that have been evaluated clinically, with particular empha-
sis on two compounds, namely deferiprone and deferasirox, with which there is extensive clinical 
experience.  

   9 Pyridoxal Isonicotinoyl Hydrazone (PIH) 

 This compound was introduced by Ponka et al., who recognized its ability to mobilize iron from 
 59 Fe-labeled reticulocytes  [  104  ] . PIH is a tridentate chelator (Fig.  28.3 ) with a molecular weight 
of 287. At physiologic pH, PIH exists mainly in its neutral form which allows access across cell 
membranes and absorption from the gut. At pH 7.4 and a ligand concentration of 1 mmol/L, the 
pM value of PIH is 27.7, which is less than 28.6 for DFO. It would be worthwhile, therefore, to 
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examine whether PIH may or may not be able to donate chelated iron to DFO acting as a ‘shuttle’ 
when the two chelators are coadministered. The selectivity of PIH for iron is comparable with that 
of DFO.  

 Studies in patients with iron overload treated with PIH at a dose of 30 mg/kg/day have shown a 
modest net iron excretion of 0.12 ± 0.07 mg/kg/d  [  105  ] , which is much less than the mean value of 
0.5 mg/kg/day required to achieve negative iron balance in most cases. Nevertheless, it was esti-
mated that this degree of iron excretion may be suffi cient for achieving a negative iron balance in 
non-transfusion-dependent patients with iron-loading anemias. Although the results of this pilot 
study in thalassaemic patients were generally regarded as evidence for the limited value of PIH in 
the treatment of thalassaemia, several arguments have been raised in favor of PIH in a review by 
Richardson and Ponka  [  106  ] . First, the dose of 30 mg/kg used in the above study was much less than 
the effective doses of 125–500 mg/kg employed in experimental animals. Second, PIH was given to 
patients after calcium carbonate which could drastically limit its absorption because of the low solu-
bility of PIH in aqueous solution at a neutral pH. Clearly, the therapeutic potential of PIH and its 
derivatives still awaits extensive and careful evaluation.  

  Fig. 28.3    Pyridoxal isonicotinoyl hydrazone ( PIH ) and its analogues       
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   10 Desferrithiocin (DFT) and Related Compounds 

 Desferrithiocin (DFT) is a tridentate siderophore (Fig.  28.4 ) isolated from  1   [  107,   108  ] . It forms a 
2:1 complex with Fe(III) and has a formation constant of 4 × 10 29  M −1 . Desferrithiocin was one of the 
fi rst iron chelators shown to be orally active in both the bile duct–cannulated rodent model, in which 
the effi ciency was 5.5%, and the iron-overloaded  Cebus apella  primate model, in which the effi -
ciency was 16%, i.e. three times the effi ciency of DFO given subcutaneously. However, DFT is 
severely nephrotoxic. Subsequent studies were designed to assemble DFT analogues which are still 
orally active, but without the toxicity of the parent molecule. Abstraction of the thiazoline methyl 
diminished the effi ciency substantially in both rodents and primates. Although removal of the pyri-
dine nitrogen attenuated the effi ciency in rodents, the effi ciency of this compound was increased in 
primates. Finally, the absence of both the thiazoline methyl and the pyridine nitrogen left a molecule 
which was considerably less active in the rodent model but was still quite active in the primate. 
Toxicity studies of these desferrithiocin analogues have shown that it is possible to alter a sidero-
phore in such a way as to ameliorate its toxicity profi le while maintaining its iron-clearing proper-
ties. A related compound, deferitrin  [  109,   110  ] , recently underwent evaluation in phase (II/III) trials 
but was found to have unacceptable renal toxicity. A further desferrithiocin derivative, currently 
referred to as FBS0701, one of several new derivatives that showed sparing for renal toxicity in pre-
clinical animal studies  [  111  ] , has recently entered clinical trials. In phase Ib studies in iron-over-
loaded patients, when given daily for 7 days at doses up to 32 mg/kg, the compound was well 
tolerated. Pharmacokinetics showed dose proportionality  [  112  ] . The maximum plasma concentra-
tion (C(max)) was reached within 60–90 min of dosing, and the drug was rapidly distributed at the 
predicted therapeutic doses. The plasma elimination half-life ( t (1/2)) was approximately 19 h, and 
the route of iron excretion is fecal. Phase II studies are currently in progress.   

   11 Deferiprone (DFP) (L1, Ferriprox, Kelfer) 

 Deferiprone (Fig.  28.5 ) was the fi rst orally active chelator to be used in long-term clinical trials, begin-
ning in the 1980s  [  113  ] . While these studies were initially small, non-randomized and investigator-led, 
experience has now been obtained in many thousands of patients and involves several randomized 
controlled trials, the results of which will be highlighted here. The dose on which long-term safety data 
have been determined up to 4 years is 75–100 mg/kg p.o. divided into three portions  [  114  ] .  

   11.1 Chemistry and Pharmacology 

 The family of 3-hydroxypyrid-4-one bidentate chelators, designed by Hider and Kontoghiorghes, 
binds to iron in a 3:1 ratio. The stability constant of 3-hydroxypyrid-4-ones is about six orders of 
magnitude higher than DFO while the pM of 20 (the −log of the uncoordinated metal (M) (iron) 

N

OH

S

N CH3

COOH
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concentration calculated when pH7.4, 10  μ M ligand, 1  μ M iron(III)) is lower than that of DFO at 
27.6  [  115  ] . This indicates that, as with all bidentate ligands, iron coordination is most effi cient at 
higher concentrations relative to hexadentate ligands and that at concentrations of 1  μ M iron and 
10  μ M chelator, DFO will scavenge iron more effi ciently than DFP. The most important compound 
of this family is 1,2-dimethyl-3-hydroxypyrid-4-one (DFP or L1)  [  116  ] . The drug has a short plasma 
half-life of 1.5 h (Table  28.1 )  [  117  ]  and is therefore usually given three times daily. Following a 
single dose, peak plasma concentration is approximately 100  μ M  [  118  ] . The drug is rapidly inacti-
vated by glucuronidation in the liver  [  118  ] .  

   11.2 Contrasting Cellular Pharmacology with DFO 

 The pharmacology and clinical effi cacy of deferiprone has been the subject of several reviews 
 [  119,   120  ] . Unlike    DFO which has a dual route of excretion of its iron-bound forms, deferiprone-
induced biliary iron excretion is negligible  [  117  ] , probably because of the rapid inactivation by 
glucuronidation of deferiprone within hepatocytes  [  121  ] , hence the relatively less-impressive 
effect of DFP on liver iron removal  [  120  ] . Outside the liver, however, DFP generally enters cells 
more rapidly than DFO  [  122  ]  because it is smaller (m.w. 139) and less hydrophilic than DFO 
(m.w. 560) (Table  28.1 ). These properties would favor iron removal from myocytes. These same 
properties mean that DFO accesses subcellular iron pools more slowly than DFP and related com-
pounds  [  75,   76,   123  ] . 

 Another difference of DFO from DFP is the positive charge of DFO and its iron complex, fer-
rioxamine, which contrasts with the neutral charge of the DFP and its iron complex. Thus, whereas 
the iron-free form and complex of DFP tends to equilibrate relatively quickly across cell mem-
branes, DFO will slowly accumulate within cells at concentrations above those in the plasma and 
ferrioxamine will tend to become trapped within cells that lack an excretion mechanism  [  75,   77, 
  78  ] . Studies in iron-loaded rat heart cells have shown that at high chelator/iron molar ratio, the abil-
ity of DFP to remove iron from myocardial cells exceeds that of DFO  [  122  ] . Peak serum levels of 
DFP  [  124  ]  are fi ve to ten times higher than infused DFO  [  79,   117  ]  (Table  28.1 ), and such high 
concentrations, together with a more rapid access to iron in heart cells, may favor the scavenging 
of chelatable iron by DFP in these cells  [  125  ] . Indeed in model systems, clinically relevant concen-
trations of DFO (10  μ M) had a greater effect on preventing uptake of iron into myocytes than 
removal of iron from intracellular pools, leading to the suggestion that the ability of DFO to 
decrease heart iron and decrease heart failure may be explained by prevention of iron uptake rather 
than facilitation of iron release from myocytes  [  125  ] . Regardless of whether the clinical effect of 
DFO on the heart is mainly through prevention of iron uptake or increase in iron release, both of 
these effects would be enhanced by continuous exposure to chelator. With respect to DFP, the high 
peak concentrations are punctuated by negligible nocturnal levels. In principle therefore by alter-
nating DFO at night with DFP during the day, both continuous chelation and high levels of a per-
manent chelator can be achieved  [  12  ] .  
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   11.3 Effects on Iron Balance 

 Urinary iron excretion in response to DFP 75 mg/kg is comparable to that with DFO infused subcu-
taneously over 8–12 h at a dose of 40–50 mg/kg  [  117  ] . However, unlike DFO, which elicits signifi -
cant fecal iron excretion, the increase in fecal iron excretion with DFP is negligible. Thus overall 
iron balance obtained from metabolic balance studies show that total iron excretion in response to 
DFP (75 mg/kg) is 62% of that achieved with DFO (50 mg)/kg over 8 h subcutaneously  [  126  ] .  

   11.4 Effects on Liver Iron 

 Combined analysis of randomized studies comparing changes of LIC totaling 143 people has been 
undertaken  [  127  ] . Findings vary considerably between studies, most likely refl ecting the heteroge-
neity of dosing schedules, baseline LIC values and follow-up periods  [  128–  131  ] . In one study, a 
mean increase of 5 ng/g dry wt at 33 months ( n  = 18) was noted with DFP, compared with an increase 
of 1 mg/g dry wt with DFO ( n  = 18)  [  128  ] . By contrast a decrease in LIC was seen with both DFP 
( n  = 21) and with DFO ( n  = 15) at 30 months in an Italian study  [  129  ] . In another 1-year study in 
Italian patients, a mean decrease of 0.93 mg/g dry wt was seen with DFP at the higher dose of 
100 mg/kg ( n  = 27) compared with a decrease of 1.54 mg/g dry wt with DFO at a dose of 43 mg/
kg × 5.7 times a week ( n  = 30)  [  92  ] . In a fourth study (where baseline LIC values were signifi cantly 
higher), a greater decrease in LIC was reported with DFP 75 mg/kg (6.6 mg/g dry wt, n = 6) than 
with DFO 30–60 mg/kg 5–7 days/week (2.9 mg/g dry wt,  n  = 7) at 6 months  [  130  ] . In a recent study, 
LIC decrease with DFP monotherapy at 1 year (−7%) was less than with combined therapy (−32%) 
or with DFO monotherapy (−42%)  [  131  ] . The transfusion rate was not examined in these studies, 
which, by analogy with recent fi ndings in DFO and DFS  [  5  ] , is likely to be an additional factor con-
tributing to variability of LIC response between and within studies.  

   11.5 Effects on Serum Ferritin 

 There are numerous non-randomized cohort studies demonstrating a lowering of serum ferritin at 
doses of 75 mg/kg/day in 3 divided doses (reviewed 119,120). Signifi cant decreases in serum ferritin 
are seen in patients with baseline values above 2,500  μ g/L  [  132–  134  ]  but not with values below 
2,500  μ g/L  [  134–  136  ] . The effects of DFP and DFO on serum ferritin have now been examined in 
several randomized trials (combined total 235 people)  [  92,   129–  131,   137  ] . The relative effects of the 
two drugs differ considerably between the studies, which may refl ect the different doses of drugs 
used as well as differences in baseline characteristic of patients both within and between studies. 
Pooled analysis  [  127  ]  shows a statistically signifi cant decrease in serum ferritin at 6 months in favor 
of DFO, with no difference between these drugs at 12 months.  

   11.6 Effects on Heart Function and Survival 

 Continued cardiac mortality has been observed in thalassaemic patients treated with DFP. Of 51 
patients treated by DFP after failing DFO largely because of poor compliance, four died of cardiac 
causes and the authors concluded that DFP alone, in the face of pre-existing severe myocardial iron 
overload and continuing need for blood transfusions, cannot reliably protect patients from death 
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from iron overload  [  121  ] . Likewise in the largest study of DFP treatment published so far, of 532 
thalassaemic patients nine died of heart failure  [  138  ] . 

 Several trials are now available comparing the ability of chelation therapy with either DFO or DFP 
to prevent heart disease. In a prospective randomized trial, 71 patients treated with DFP and 73 patients 
treated with DFO for 1 year showed similar and signifi cant improvement in cardiac NMR signal  [  129  ] . 
In another retrospective study, 54 DFP-treated patients were compared with 75 DFO-treated patients 
for cardiac complications and survival  [  139  ] . By the end of the 6-year follow-up period, 3 patients died, 
all in the DFO group, despite attempted rescue by intensifi ed i.v. therapy. Worsening of pre-existing 
cardiac disease or new onset of cardiac abnormalities were observed in 4% of the DFP group compared 
with 20% of the DFO-treated patients. The authors concluded that these fi ndings suggest long-term 
DFP treatment provides greater protection against the cardiotoxicity of iron than DFO. It should be 
noted, however, that the 3 patients on DFO who died were 6–8 years older than the mean age of the 
DFP group. Moreover, fi ve patients in the DFO group had NYHA class II–IV cardiac disease at outset 
as compared to only one in the DFP group. These diffi culties underlined the need for further prospec-
tive randomized studies to evaluate the relative merits of the two chelating drugs. 

 Subsequent studies attempted to compare the effects of DFP on cardiac mortality with those of 
DFO. The fi rst involved all thalassaemic patients treated at seven Italian hospitals  [  140  ] , born 
between 1970 and 1993 and who did not experience cardiac complications prior to 1995. This analy-
sis included 359 patients treated by DFO only, and 157 receiving DFP for a median duration of 
4.3 years between 1995 and the end of 2003. There were 52 cardiac events, including ten cardiac 
deaths, among patients treated with DFO. By contrast, no cardiac event occurred in any of the 
patients during DFP treatment or within 18 months after stopping DFP. The estimated hazard of a 
cardiac event on DFP was less than one tenth than in patients on DFO. The dropout rate on DFP was 
high (46 patients or 31%) including 21 patients with increasing ferritins or liver iron, neutropenia in 
8 and agranulocytosis in one patient. Events for each calendar year in patients dropping out of DFP 
were classed as related to DFO only if treatment had already been switched to DFO by January 1 of 
that year. This study was subjected to detailed statistical analysis, but the comparator groups were 
retrospectively allocated an unintentional selection bias, such as differences in duration of chelation 
or control of iron loading prior to the period of observation cannot be excluded. 

 Employing their newly developed T2* method for estimating cardiac iron concentrations, 
Anderson et al.  [  141  ]  concluded that conventional treatment with DFO did not prevent excess car-
diac iron accumulation in more than half the patients with thalassaemia major and that oral DFP was 
more effective at controlling cardiac iron. This was a retrospective non-randomized study, and 
although great efforts were made for matching of the two groups using serum ferritin, only 15 
patients were treated by DFP whereas the 30 DFO controls had to be selected from a large group of 
160 patients receiving DFO. In a subsequent study performed by the same group  [  92  ] , 61 thalassae-
mic patients with moderate cardiac siderosis (T2* 8–20 ms) were randomized to continue on DFO 
43 mg/kg/day or DFP 92 mg/kg/day. After 1 year of treatment, the improvement in T2* and increase 
in left ventricular ejection fraction (LVEF) were signifi cantly greater for DFP than for DFO. The 
authors concluded that DFP monotherapy was signifi cantly more effective than DFO at the doses 
used in improving asymptomatic myocardial siderosis in beta-thalassaemia major.  

   11.7 Tolerability and Unwanted Effects 

   11.7.1 Agranulocytosis and Cytopenias 

 Agranulocytosis and cytopenias have generally been considered to be the most serious side effect of 
DFP. In the study designed specifi cally to establish the frequency of agranulocytosis (neutrophils 
0.0–0.5 × 10 9 /L) involving weekly blood counts with confi rmation within 24 h of all neutrophil 
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counts below 1.5 × 10 9 /L and discontinuation of the drug if confi rmed, one of 187 patients (0.5%) 
developed agranulocytosis during 1 year of treatment  [  122  ] . Nine patients (4.8%) developed milder 
neutropenia (absolute neutrophil count 0.5–1.5 × 10 9 /L). No additional cases of agranulocytosis, but 
seven new cases of mild neutropenia, occurred during the next 3 years of treatment in this study  [  114  ] . 
In 532 thalassaemic patients treated for a total of 1,154 patient-years, the rates of agranulocytosis and 
neutropenia were 0.43 and 2.08 per 100 patient-years respectively  [  142  ] . Agranulocytosis and milder 
neutropenia have been reversible on discontinuation of the drug, although some patients required 
treatment with G-CSF  [  143  ] . The mechanism of agranulocytosis is unclear. It has been argued that 
this is an idiosyncratic toxicity  [  144  ] , although the incidence has not been compared at different doses 
clinically and a dose-dependent bone marrow hypoplasia is seen in animal studies  [  145  ]  as well as 
dose-dependent inhibition of both DNA synthesis and ribonucleotide reductase  [  77  ] . Furthermore 
agranulocytosis may appear as a late event after more than 1 year of therapy and may be preceded by 
previous episodes of neutropenia, a pattern not characteristic of idiosyncratic reactions  [  138  ] . The 
involvement of other    hemopoietic lineages  [  146–  148  ]  in both animal studies  [  73  ]  and clinically would 
also be more consistent with a general effect on hemopoietic progenitors. Milder forms of neutropenia 
may be related to hypersplenism and intercurrent infections rather than drug toxicity  [  136  ] . In view 
of the risk of agranulocytosis, weekly blood counts are mandatory for all patients on deferiprone 
therapy. There are very few data on evaluation of DFP in children <6 years old, and a study of 44 
patients showed no cases of agranulocytosis, but thrombocytopenia was seen in 45% of patients 
which was reversible on cessation of treatment  [  148  ] . As this was not a randomized study, the signifi -
cance of this fi nding is diffi cult to judge and further studies are needed in this age group.  

   11.7.2 Hepatotoxicity 

 The issue of deferiprone-associated liver injury has been particularly contentious following the 
report of accelerated liver fi brosis in a randomized study comparing deferiprone ( n  = 19) with DFO-
treated patients ( n  = 20) over 3.5 years  [  30,   31  ] . Progression of liver fi brosis during treatment with 
DFP has been reported by some additional studies  [  149,   150  ] , but not others  [  151  ] . Variation in the 
length of treatment  [  150  ]  and the failure to record baseline values of liver fi brosis  [  135,   149  ]  have 
made precise evaluation of the progression and signifi cance of liver fi brosis diffi cult. In a retrospec-
tive study with a median follow-up of 3.5 years, 34 out of 187 patients had both baseline and follow-
up biopsies which showed no progression of fi brosis  [  151  ] . One prospective randomized study 
comparing progression of fi brosis with DFO and DFP showed no difference over the relatively short 
period of 1 year  [  129  ] . No long-term prospective data comparing liver fi brosis with DFO have yet 
been reported nor a study that relates changes in fi brosis to those of liver iron concentration  [  127  ] , 
which is known to be a key factor in fi brosis progression in iron overload  [  35  ] .  

   11.7.3 Other Toxic Effects 

 The International Study Group on Oral Chelators found that the complications most frequently asso-
ciated with treatment with DFP were nausea and other gastrointestinal symptoms, arthralgia, zinc 
defi ciency and fl uctuating liver function tests, especially in anti-HCV-positive patients  [  152  ] . The 
prospective, multicenter study of 187 patients, the largest clinical study designed to characterize the 
safety profi le of deferiprone  [  136  ] , showed a similar range of drug-related effects during the fi rst 
year of therapy. Nausea and/or vomiting occurred in 24% of patients, abdominal pain in 14% and 
arthralgia in 13%. Arthralgia and arthropathy seem to vary greatly between locations of studies, with 
highest incidences 30–40%  [  133,   153  ]  in the developing world and the lowest in Italy (<5%)  [  138  ] . 
The duration of observation may have a bearing on the incidence of arthropathy as this increased 
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from 6% at 1 year to 13% at 4 year  [  114  ] . Small decreases in the mean value of plasma zinc  [  136  ]  
and cases of zinc defi ciency  [  152  ]  not requiring cessation of therapy have been reported. Analysis 
after 4 years of treatment demonstrated that gastrointestinal symptoms were reported infrequently 
after the fi rst year of therapy although the dropout rate increased from 15% to 55% between these 
intervals  [  114  ] . Although not reported at conventional doses, overdosing has been associated with 
neurotoxicities  [  154  ] .   

   11.8 Recommended Dosing 

 The dose at which the safety of DFP has been evaluated over several years is 75 mg/kg in three 
divided doses. It is likely that patients with poor response at these standard doses have either a higher 
transfusional requirement or a faster inactivation by glucuronidation, but this has not been formally 
studied. Licensing in the EU permits doses up to 100 mg/kg daily, but published tolerability data are 
scarce at this dose, confi ned to a single one-year prospective study in 32 patients  [  92  ] . Because no 
excess toxicity has been reported in this study, it may be reasonable to increase the dose in otherwise 
unresponsive patients. However, the study was not large enough or intended to answer whether toler-
ability issues such as neutropenia and agranulocytosis increase at these higher doses. The effect of 
dose or levels of iron overload on other tolerability issues has not been studied in prospective trials. 
There are also few data in young children, and this is refl ected in the licensing in the EU which is 
confi ned to patients >6 years old.   

   12 Combined Chelation Therapy 

   12.1 Pharmacology 

 In patients where control of iron load or iron distribution is not adequately achieved by monotherapy 
with one of the above agents, combined use of two chelators may in principle provide an alternative 
approach. Present clinical experience is largely confi ned to various combinations of DFP with DFO. 
There are several ways in which an advantage could result from combined therapy. Firstly, chelators 
could be alternated so as to provide continuous exposure to chelation, for example, DFO given at 
night and DFP during the day. In this way labile iron pools can be accessed almost 24 h a day, 
thereby decreasing toxicity from labile iron as well as maximising interaction with the chelatable 
iron pool. Given that the unwanted effects of chelators differ somewhat, additive chelation might be 
achieved without additive toxicity. Chelators could also be given at the same time, allowing the pos-
sibility of drug interaction by a so-called shuttle mechanism. Here, iron pools that are inaccessible 
to one chelator because of its large size or cellular distribution could be accessed by a smaller or 
more lipid-soluble drug and then donated to the fi rst chelator acting as a ‘sink’ for the chelatable 
iron. Such a mechanism was fi rst shown for heavy metal poisoning, and there is experimental evi-
dence for such an effect in animal models of iron overload  [  155  ] . If pM values for DFO and DFP are 
considered, DFP will donate iron to DFO at all clinically relevant concentrations of the two chelators 
 [  81  ] . Furthermore, because DFP gains access to various intracellular iron pools faster than DFO, 
there is a possibility of increased iron mobilization from these compartments, with potential benefi ts 
in iron-overloaded cells. It has recently been shown that chelation of NTBI by DFO is enhanced by 
low concentrations of DFP and that this is achieved by the shuttling of NTBI iron by DFO to DFO 
with the formation of FO  [  82  ] . The theoretical possibility of increased inhibition of metalloenzymes 
also exists, however.  
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   12.2 Clinical Regimens Using Combined Therapy 

 Combined chelation treatment is gaining increasing popularity, in particular in Mediterranean 
countries  [  119,   120,   156  ] . Although at inception its rationale was a shuttle-and-sink hypothesis, 
there is no compelling evidence that the simultaneous presence of both chelators is necessary to 
achieve increased chelation. It is quite possible that a simple additive effect resulting from the 
increased exposure time to chelation may be useful. Although maximal exposure time to chelation 
could be achieved by alternating DFO every night and DFP every day, in practice many other regimes 
have been used (Table  28.2 ). For example, one regime, using DFP for 5 days only and DFO on the 
other 2 days of the week, showed effi cacy similar to conventional DFO for 5–7 days a week, was 
convenient and not associated with increased toxicity  [  157  ] . The choice of combination regime may 
vary depending on what the reason for adding a second drug is. If the primary aim is to identify a 
regime that the patient is most likely to comply with in an otherwise low-risk situation, the choice of 
combination may differ from someone who has extreme levels of iron overload or already has sig-
nifi cant cardiac problems.    

   13 Evidence of Effi cacy of Combined Treatment 

   13.1 Effects of Sequential Use on Serum Ferritin 

 Several randomized studies have compared effects on serum ferritin of various combinations with 
that of monotherapy (Table  28.2 ), and these have been included in a recent systematic review of 
DFP  [  127  ] . This is considerable variability in response between studies which may result from the 
variety of the regimes and doses used. Differences in study populations with respect to iron loading 
rates, previous chelation therapy, treatment compliance or population differences in DFP metabo-
lism due to variability in glucuronidation rates are also likely to contribute to these differences. In 
Lebanese patients, 5 days of DFO monotherapy ( n  = 14) produced similar effects to two nights of 
DFO plus 7 days of DFP at 75 mg/kg ( n  = 11)  [  158  ] . Thirty patients in India randomized to three 
different treatments showed the largest decrease with fi ve nights of DFO, the smallest effect with 
DFP monotherapy and an intermediate effect with combined treatment (DFO two nights a week 
plus DFP 7 days a week)  [  137  ] . In a larger study involving 60 Sardinian patients  [  157  ] , ferritin 
changes were similar in patients randomized to combined treatment (2 days desferrioxamine at 
33 mg/kg + 7 days DFP at 75 mg/kg) or to DFO at relatively low doses of 33 mg/kg 5 times/week. 
In a more recent randomized study of 65 patients, serum ferritin was decreased more using com-
bined treatment (DFO 5 days a week plus DFP 7 days a week) than with standard DFO mono-
therapy (40 mg/kg/x5/week)  [  159  ] .  

   13.2 Effects of Sequential Use on Liver Iron 

 The effects of combined treatment on liver iron were compared with that of DFO monotherapy in a 
randomized study of 60 patients  [  157  ] . The LIC was <7 mg/g dry wt at baseline and was on average 
maintained in both arms of the study. In a prospective randomized study from Turkey, DFP mono-
therapy at 75 mg/k daily was compared with a matched group receiving DFP 75 mg/kg daily plus 
twice weekly DFO  [  131  ] . The effect of DFO monotherapy s.c. Five times/week was also examined 
in an unmatched comparator group (Table  28.2 ). The decrease in LIC with DFO monotherapy 
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(−42%) or combined treatment (−32%) was signifi cantly greater than with deferiprone monotherapy 
(−7%) over 1 year. In a randomized study in Italian patients, deferiprone 75 mg/kg/day plus DFO 5 
times a week was compared with DFO monotherapy 5 times a week; the improvement in liver T2* 
(as a surrogate measure of LIC) was greater in the combination arm  [  159  ] .  

   13.3 Effects on Heart and Survival 

 In the above randomized controlled study of 65 patients  [  159  ]  with baseline LVEF >56%, changes 
in LVEF improved by approximately 2.6% in the combination arm and 0.6% in the monotherapy 
arm (Table  28.2 ). Changes in heart function have also been reported in two observational studies 
with combined treatment. In 79 patients treated with a variable DFO regime plus deferiprone at 
75 mg/kg 7 days a week for a variable time, there was an improvement in LVEF by echocardiogra-
phy  [  160  ] . In an observational study of 42 patients with sequential use of treatment over 3–4 years 
(deferiprone 75 mg/kg/day plus desferrioxamine 2–6 days a week), the LV shortening fraction 
improved  [  161  ] . 

 In a randomized controlled study of 65 patients with moderate heart iron loading (T2* 8–20 ms), 
myocardial T2* changes with combined deferiprone 75 mg/kg 7 days a week plus desferrioxamine 
5 days were compared with patients who remained on standard desferrioxamine 5 times a week 
 [  159  ] . T2* improved in both groups but was signifi cantly greater 6 ms with combined treatment than 
with desferrioxamine monotherapy at 3 ms (Table  28.2 ). In an observational study, the T2 of the 
heart improved with combined therapy  [  161  ] . 

 In thalassaemia major patients from Cyprus, 539 thalassaemic patients born after 1960 and on 
whom accurate clinical data were available were followed over the period from 1980 to 2004. Overall 
there were 58 deaths, 53% of which were due to cardiac causes  [  162  ] . There was a signifi cant trend 
of increasing cardiac mortality between 1980 and 2000 and a decline after 2000, which the authors 
suggested to be due to the introduction of a combined deferiprone–deferoxamine therapy at this 
time. There were no deaths reported in patients treated with combined therapy between 2000 and 
2004 using a regime similar to that employed in Italy  [  160  ] . Longer follow-up will be necessary to 
test the statistical signifi cance of these fi ndings  [  162  ] .  

   13.4 Safety of Combined Treatments 

 Formal safety data on combined treatment are limited. In general, alternating regimes are less likely 
to be an issue for toxicity compared with regimes where chelation is simultaneous or overlaps. 
A meta-analysis of the incidence of agranulocytosis with combined regimes compared with defera-
sirox monotherapy suggested that the risk may be increased several fold although the numbers of 
evaluable patients are small. The increased incidence appeared to occur mostly in those regimes 
where the drugs were administered simultaneously. In a recently reported prospective study, one 
case of agranulocytosis and three of neutropenia were seen at 1 year in the combination arm contain-
ing 32 patients  [  159  ] . No excess in arthropathy was seen in the combination arm, and no new toler-
ability entities that were not recognized with monotherapy have been reported. It has been suggested 
that lower levels of ferritin can be achieved with combined therapy than with monotherapy using 
DFO of DFP alone. This is based on a retrospective study reporting the attainment of remarkably 
low ferritin levels without any DFP- or DFO-related toxicities in patients given ‘individualized’ 
sequential combinations of DFP and DFO  [  64  ] .   
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   14 Deferasirox (Bis-Hydroxyphenyl-Triazole, ICL670, Exjade, DFS) 

 This compound is a member of a class of tridentate iron-selective synthetic chelators, the bis-hydroxy-
phenyl-triazoles developed by Novartis (Fig.  28.6 ). Deferasirox (DFS) emerged from the screening of 
over 700 candidate drugs as the most promising compound combining oral effectiveness and low 
toxicity. The magnitude of efforts invested in the clinical development of DFS is unprecedented in the 
history of chelator research. Within a few years, over 3,000 patients have been treated in prospective 
well-controlled trials involving more than 100 medical centers in four continents. Most of these trials 
were designed to last 1 year, but by now, some have been extended up to 5 years.  

   14.1 Chemistry and Pharmacology 

 The pM value of deferasirox for ferric iron is intermediate between DFO and deferiprone, and the 
ligand is stable both in vivo and in vitro  [  107  ]  (Table  28.1 ). Preclinical studies in animal models 
have shown effective and selective mobilization of tissue iron with greater effi ciency than DFO 
 [  107  ] . Studies in cell cultures and in hypertransfused rats with selective radioiron labeling of cel-
lular stores demonstrated the ability of DFS to enter and remove iron from cells including cardiac 
myocytes  [  125,   163  ] , and this has been confi rmed in studies with gerbils  [  164  ] . In iron-overloaded 
patients, over 90% of plasma drug is unaltered DFS and the concentration of the iron complex is 
nine times lower. The majority of drug is excreted in the feces, and metabolism is mainly to an acyl 
glucuronide that retains its ability to bind iron  [  165  ] . Iron excretion is almost entirely in the feces, 
and only 8% of the drug is eliminated in urine  [  165  ] . A plasma half-life of 11–19 h supported the 
use of a once-daily oral dosing employed in subsequent trials  [  166,   167  ] . With once-daily repeat 
dosing at 20 mg/kg, peak plasma levels reach a mean of 80  μ M with trough values of 20  μ M 
(Table  28.1 )  [  168  ] .  

   14.2 Effects on Iron Balance, LIC and Ferritin 

 In phase I clinical trials, DFS is well tolerated at single oral doses up to 80 mg/kg  [  166,   167  ] . Iron 
excretion was dose-dependent and was almost entirely fecal. Metabolic balance studies showed that 
excretion averaged 0.13, 0.34 and 0.56 mg/kg/day at DFS doses of 10, 20 and 40 mg/kg/day, respec-
tively, predicting equilibrium or negative iron balance at daily doses of 20 mg and above  [  167  ] . 

 Iron balance over 1 year was examined by comparing baseline and end-of-treatment LIC values 
and accounting for transfusional iron intake. Table  28.3  describes a selection of phase I, II, III and 
IV clinical trials involving deferasirox. The most extensive and informative of these was a 1-year 

N

N N

OH HO

OH

O

  Fig. 28.6    Deferasirox 
or ICL670, 4-[3,5-bis-
(hydroxyphenyl)-[1,2,4]
triazol-1-yl]-benzoic acid       

 



616 J.B. Porter and C. Hershko

   Ta
bl

e 
28

.3
  

  C
lin

ic
al

 tr
ia

ls
 o

f 
de

fe
ra

si
ro

x 
(D

FS
)   

 Y
ea

r 

 Ph
as

e 
di

ag
no

si
s 

  N
  

 A
ge

 (
ye

ar
s)

 
 D

os
e 

(m
g/

kg
/d

) 
 D

ur
at

io
n 

 L
IC

 o
r 

ir
on

 
ex

cr
et

io
n 

 Fe
rr

iti
n 

 C
ar

di
ac

 T
2*

 
 W

ith
dr

aw
al

 

 St
ud

y 
 To

ta
l 

su
bg

ro
up

 
 R

ef
er

en
ce

 

 20
03

 
 Ph

as
e 

 I  
 24

 
 20

–3
9 

 10
 D

FS
 

 12
 d

ay
 

 Ir
on

 e
xc

r.
 m

g/
kg

/
da

y 
0.

13
 

 N
A

 
 N

D
 

 01
04

 
 T

M
 

 18
–3

8 
 19

–3
4 

 20
 D

FS
 

 40
 D

FS
 

 0.
34

 
  [  1

67
  ]  

 0.
56

 
 20

06
 

 Ph
as

e 
II

 
 24

 
 17

–3
3 

 10
 D

FS
 

 48
 w

ee
ks

 
 L

IC
 u

nc
ha

ng
ed

 
 U

nc
ha

ng
ed

 
 Pi

lo
t d

at
a 

ef
fe

ct
iv

e 
 – 

 U
nc

ha
ng

ed
 

 2 
of

 2
4 

 2 
of

 2
4 

 01
05

 
  [  1

66
  ]  

 T
M

 
 24

 
 23

 
 19

–5
0 

 18
–2

9 
 20

 D
FS

 
 40

 D
FO

 
 D

ec
re

as
ed

 
 U

nc
ha

ng
ed

 
 D

ec
re

as
ed

 
 20

06
 

 Ph
as

e 
II

 
 20

 
 2–

12
 

 10
 D

FS
 

 48
 w

ee
ks

 
 L

IC
 in

cr
ea

se
d 

 In
cr

ea
se

d 
 N

D
 

 2.
5%

 
 01

06
 

 T
M

 
 20

 
 12

–1
7 

 10
 D

FS
 

  [  1
68

  ]  
 20

06
 

 Ph
as

e 
II

I 
 58

6 
 2–

49
 

 5 
D

FS
 

 52
 w

ee
ks

 
 L

IC
 in

cr
ea

se
d 

 In
cr

ea
se

d 
 N

D
 

 4.
9%

 
 01

07
 

 T
M

 
 15

 
 2–

53
 

 10
 D

FS
 

 52
 w

ee
ks

 
 In

cr
ea

se
d 

 In
cr

ea
se

d 
  [  8

3  ]
  

 78
 

 20
 D

FS
 

 U
nc

ha
ng

ed
 

 U
nc

ha
ng

ed
 

 84
 

 30
 D

FS
 

 D
ec

re
as

ed
 

 D
ec

re
as

ed
 

 11
9 

 25
 D

FO
 

 U
nc

ha
ng

ed
 

 U
nc

ha
ng

ed
 

 14
 

 30
 D

FO
 

 U
nc

ha
ng

ed
 

 U
nc

ha
ng

ed
 

 79
 

 40
 D

FO
 

 U
nc

ha
ng

ed
 

 U
nc

ha
ng

ed
 

 91
 

 >
50

D
FO

 
 D

ec
re

as
ed

 
 D

ec
re

as
ed

 
 10

6 
 20

11
 

 Ph
as

e 
II

IE
 

 55
5 

 2–
49

 
 20

–4
0 

D
FS

 
 4–

5 
ye

ar
s 

 L
IC

 d
ec

re
as

ed
 

 D
ec

re
as

ed
 

 Pi
lo

t d
at

a 
 43

%
 

 01
07

E
 

 T
M

 
 22

 m
ea

n 
 ef

fe
ct

iv
e 

 St
ab

le
 c

re
at

in
in

e 
  [  1

69
  ]  

 20
08

 
 Ph

as
e 

II
 

 18
4 

 3–
81

 
 5–

30
 D

FX
 

ra
ng

e 
 1 

ye
ar

 
 L

IC
 d

ec
re

as
ed

 a
t 

20
–3

0 
m

g/
kg

 
 D

ec
re

as
ed

 a
t 

30
 m

g/
kg

 
 N

D
 

 17
%

 o
ve

ra
ll 

 N
o 

di
se

as
e 

sp
ec

ifi 
c 

ef
fe

ct
s 

 01
08

 
 T

M
 

 85
 

 4–
59

 
  [  6

  ]  
 M

D
S 

 47
 

 20
–8

1 
 D

B
A

 
 30

 
 3–

42
 

 R
A

 
 22

 
 4–

80
 



61728 Clinical Use of Iron Chelators 

 20
07

 
 Ph

as
e 

II
 

 63
 

 3–
51

 
 20

–6
0 

D
FO

 
 1 

ye
ar

 
 D

ec
re

as
ed

 a
t 3

5–
50

 
 D

ec
re

as
e 

N
S 

 N
D

 
 D

FS
 1

1.
4%

 
 01

09
 

 SC
D

 
 13

2 
 3–

54
 

 10
–3

0 
D

FS
 

 D
ec

re
as

ed
 a

t 1
0–

30
 

 D
FO

 1
1.

1%
 

  [  1
71

  ]  
 20

11
 

 Ph
as

e 
II

E
 

 18
5 

 3–
54

 
 19

 D
FS

 m
ea

n 
 4–

5 
ye

ar
 

 N
D

 
 D

ec
re

as
ed

 
 N

D
 

 66
%

 
 01

09
E

 
 SC

D
 

 st
ab

le
 c

re
at

in
in

e 
  [  1

72
  ]  

 20
10

  [
  17

0  ]
  

E
PI

C
 

 Ph
as

e 
IV

 
 1,

74
4 

 22
 m

ea
n 

 [  1
9–

  39
  ]  

 1 
ye

ar
 

 N
D

 
 D

ec
re

as
ed

 
 Se

e 
be

lo
w

 
 19

%
 

 20
10

  [
  17

0  ]
  

 T
M

 
 1,

11
5 

 D
FS

 
 D

ec
re

as
ed

 
 9.

4%
 

 20
10

  [
  17

2  ]
  

 A
A

 
 11

6 
 18

 
 D

ec
re

as
ed

 
 24

%
 

 20
10

  [
  17

3  ]
  

 M
D

S 
 34

1 
 19

 
 D

ec
re

as
ed

 
 48

%
 

 20
11

  [
  17

4  ]
  

 R
A

 
 57

 
 19

 
 D

ec
re

as
ed

 
 30

%
 

 20
09

  [
  17

3  ]
  

 Ph
as

e 
IV

 
 11

4 
 20

.2
 m

ea
n 

 20
–4

0 
D

FS
 

 B
as

el
in

e 
 – 

 – 
 11

.2
 m

s 
 7.

9%
 

 20
10

  [
  17

6  ]
  

 T
M

 w
ith

 
 10

1 
 33

 m
ea

n 
 1 

ye
ar

 
 D

ec
re

as
ed

 
 D

ec
re

as
ed

 
 12

.9
 m

s 
 14

.9
%

 
 20

11
  [

  17
7  ]

  
 T

2*
 5

–2
0m

s 
 71

 
 35

 m
ea

n 
 2 

ye
ar

 
 D

ec
re

as
ed

 
 D

ec
re

as
ed

 
 14

.8
 m

s 
 7.

0%
 

 34
 m

ea
n 

 3 
ye

ar
 

 D
ec

re
as

ed
 

 D
ec

re
as

ed
 

 17
.1

 m
s 

 20
09

 
 Ph

as
e 

IV
 

 25
2 

 2–
42

 r
an

ge
 

 20
–4

0 
D

FS
 

 1 
ye

ar
 

 D
ec

re
as

ed
 

 D
ec

re
as

ed
 

 N
D

 
 2%

 
 E

sc
al

at
or

 
 T

M
 w

ith
 h

ea
vy

 
ir

on
 lo

ad
 

 23
 m

ea
n 

  [  1
80

  ]  

   N
A

  n
ot

 a
pp

lic
ab

le
,  D

F
O

  d
ef

er
ox

am
in

e,
  D

F
S  

de
fe

ra
si

ro
x,

  L
IC

  li
ve

r 
ir

on
 c

on
ce

nt
ra

tio
n,

  R
A

  r
ar

e 
an

em
ia

s,
  N

D
  n

ot
 d

on
e  



618 J.B. Porter and C. Hershko

randomized trial comparing deferoxamine (290 patients) and deferasirox (296 patients) in 586 
thalassaemic patients aged 2–53 years  [  83  ] . About half the patients were younger than 16 years of 
age. Discontinuations were rare (5.7% for deferasirox), but the initial selection excluded subjects 
with a history of non-compliance. A conservative dosing system was applied, adapted to initial liver 
iron concentrations (LIC). Patients with LIC below 7 mg Fe/g dry weight received DFS dosing of 
5–10 mg/kg/day, and those with LIC above seven received 20–30 mg/kg/day. By contrast, patients 
randomized to DFO were allowed to continue doses closer to those received at baseline, prior to 
randomization (Table  28.3 ). The disproportionately low dosing of patients with DFS at 5 and 10 mg/
kg/day relative to DFO and the maintenance of high prestudy DFO doses resulted in the failure of 
DFS to elicit a response equal to the corresponding DFO control groups. By contrast, at dose ranges 
of 20–30 mg DFS, where a dose relationship of DFS to DFO of 1:2 was maintained, both drugs were 
equally effective as judged by LIC and ferritin measurements. These results, indicating DFS effi cacy 
at 20–30 mg/kg/day, agree very well with the results of previous studies described in Table  28.3 . 
Further analysis of iron balance based on LIC response over 1 year shows that the dose may be 
adjusted to the transfusional iron loading rate  [  4  ] . For example, the proportion of patients in negative 
iron balance at 20 mg/kg was 75% at low blood transfusion rates (<0.3 mg/kg/day) but fell to 55% 
and 47%, respectively, at intermediate (0.3–0.5 mg/kg/day) and high (>0.5 mg/kg/day) blood trans-
fusion rates. This can be increased at 30 mg/kg to 96% in those who have a low transfusional load-
ing, but at intermediate and high transfusional loading rates, the proportion falls to approximately 
80% of patients.  

 The results of extension up to 5 years are now available  [  169  ] . In 371 TM patients who completed 
at least 4 years of treatment (67%), median serum ferritin decreased signifi cantly, as did LIC. The 
fi nal dosing was 15–25 mg/kg in 32% of patients and 25–35 mg/kg day in the same percentage. 
Overall 73% patients attained serum ferritin levels  £ 2,500 ng/mL and 41% patients achieved serum 
ferritin levels of  £ 1,000 ng/mL, compared with 64% and 12% at baseline respectively. The percent-
age of patients with LIC values <7 mg/g d wt by biopsy increased from 22% at baseline to 44% at 
EOS. Creatinine clearance remained stable over this extended period, and the incidence of other 
common side effects decreased in frequency. There was no adverse effect on pediatric growth or 
adolescent sexual development in 209 pediatric patients. Four patients died during the extension, one 
from a road traffi c accident and 3 from cardiac complications associated with rising serum ferritin 
values in two cases. No deaths reported during the extension were attributed to deferasirox 
toxicity. 

 A large-scale prospective study (EPIC) has examined the interaction between dose and ferritin 
response in large-scale studies involving 1,744 transfusion dependent anemias, including 1,115 with 
TM  [  170  ] . The initial dose was 20 mg/kg/day for patients receiving 2–4 packed red blood cell units/
month, and 10 or 30 mg/kg/day was recommended for patients receiving less- or more-frequent 
transfusions, respectively. Dose adjustment was made on the basis of ferritin trends at 3 monthly 
intervals. A signifi cant though modest overall fall in ferritin was seen at 1 year. 

 The effi cacy and safety has also been examined in a variety of other disease states. The effi ciency 
of chelation (the proportion of administered drug excreted in the iron bound form) is 27–34%, essen-
tially the same across all diagnoses and doses tested  [  6  ] . A 1-year randomized study in SCD showed 
no additional safety issues in this patient group with effective reduction in LIC  [  171  ] . In 4–5-year 
extensions of this study, serum ferritin fell signifi cantly, and creatinine clearance remained within 
the normal range throughout the study, with no new tolerability issues, at an average dose of 19 mg/
kg/day  [  172  ] . The effi cacy and tolerability of    DFS was examined in a variety of other forms of ane-
mia, such as in MDS, DBA and in other rare anemias  [  6  ] , which showed that differences in transfu-
sional iron intake that were accounted for response of LIC and ferritin to chelation were similar 
across disease states. In MDS there was a higher study dropout than in other conditions, mainly due 
to disease progression. More recently, patients with aplastic anemia ( n  = 116)  [  173  ] , MDS ( n  = 341) 
 [  174  ]  and rare production and hemolytic anemias ( n  = 57)  [  175  ]  have been described in substudies of 
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the EPIC trial. These studies show that responses to chelation in terms of iron balance and serum 
ferritin are essentially similar across these diagnoses, once the transfusional iron loading rates are 
taken into account and support a similar approach to dosing. In the aplastic group, concomitant use 
of cyclosporine had a signifi cant impact on serum creatinine levels, though no cases of progressive 
renal dysfunction were seen. Mean absolute neutrophil and platelet counts remained stable during 
treatment, and there were no drug-related cytopenias  [  173  ] .  

   14.3 Effects on Heart Iron 

 A question of vital importance is the effect of DFS on cardiac siderosis and the prevention of cardiac 
complications. In vitro  [  125  ]  and animal studies  [  164  ]  suggested that DFS would be effective at 
accessing myocyte iron. Initial pilot data from phase II studies suggested that myocardial iron could 
be removed in TM and other forms of transfusional iron overload  [  176  ] . Several prospective studies 
have examined the effects of DFS on myocardial T2*. The largest prospective study, in 192 patients 
with TM, has examined effects on myocardial iron at 1 year  [  177  ] , 2 years  [  178  ] , with preliminary 
data now at 3 years  [  179  ] . At 1 year, there was an increase in the mT2* geometric mean from 
11.2 ms to 12.9 ms (P < .0001)  [  177  ]  which by 2 years had increased to 14.8 ms  [  178  ]  and by 3 years 
to 17.1 ms  [  179  ] . Patients with baseline T2* of 10–20 ms normalized the T2* at 2 year (>20 ms). 
Patients with baseline T2* of 5–10 ms also showed signifi cant increases. The geometric mean T2* 
reached near moderate-to-mild severity 9.4 ms by 2 years and continued to increase to 10.5 ms at 
3 years. Mean actual DFS doses were 33, 35 and 34 mg/kg/day during the fi rst, second and third 
years, respectively. Tolerability was similar to other DFS studies in TM, and the LVEF remained 
stable within the reference range throughout the study.  

   14.4 Effects in Children 

 This is the fi rst chelator to be formally assessed in children as young as 2 years old. Approximately 
50% of patients in the fi ve clinical studies that included 703 patients were children aged <16 years. 
The drug appears to be tolerated in children similarly to adults. Importantly, no adverse effects on 
growth or skeletal development have been found  [  168  ] .  

   14.5 Tolerability and Unwanted Effects 

 In general, DFS is well tolerated     [  83  ] . Adverse events were generally mild including transient gas-
trointestinal events in 15%, skin rash in 11% and mild, dose-dependent increases in serum creatinine 
in 38% of patients which generally remained within the normal range and never exceeded two times 
the upper limit of normal. Increases in creatinine typically occurred within a few weeks of starting 
or increasing therapy, were not progressive and reversible or stabilised with dose adjustment when 
necessary. Increased liver enzymes judged to be related to DFS were observed in two patients only. 
Audiometric effects and lens opacities did not differ signifi cantly from the control or with DFO. 
Importantly, no drug-related agranulocytosis has been observed. Evaluation of pediatric patients has 
shown that growth and development proceeded normally while on DFS, lending support to its use in 
very young patients. Follow-up data in the fi ve core phase II/III studies have now reached 4–5 years 
with no evidence of new or progressive toxicities  [  169  ] . Understandably, it is too early yet to allow 



620 J.B. Porter and C. Hershko

any statements on the impact of DFS on survival. Recommended patient monitoring includes monthly 
creatinine and liver function and annual auditory and ophthalmic examinations, including slit-lamp 
examination and fundoscopy. 

 The tolerability at doses >30 mg/kg has been retrospectively analyzed from studies 107E, 108E, 
109E  [  180  ]  as well as from a further study in patients from the Middle East  [  181  ] . In total, 228 
patients received doses >30 mg/kg/day with overall median exposure from the fi rst to last adminis-
tration of >30 mg/kg/day of 36 months. Despite the limited duration of exposure, doses >30 mg/kg/
day appeared to effectively reduce SF levels, with a safety profi le consistent with previously pub-
lished data. Of the subjects, 61% experienced AEs, and 16% of these were assessed as possibly drug 
related. The most common drug-related AEs were gastrointestinal events such as vomiting (3%), 
abdominal pain and nausea (1.8%) or both. After starting treatment with DFX >30 mg/kg/day, the 
serum creatinine levels remained close to those seen    pre-high-dose level.  

   14.6 Dosing Regimen 

 A standard starting dose of 20 mg/kg once daily is recommended for maintenance of iron levels and 
30 mg/kg when iron levels need to be decreased. In patients with low transfusion rates (<0.3 mg/kg/
day), a daily dose of 20 should be suffi cient to maintain iron balance, whereas the respective doses 
for intermediate (0.3–0.5) and high (>0.5) transfusion loading rates are 25–30 mg respectively  [  5  ] . 
The drug is taken as a suspension in 100–200 mls of water, orange or apple juice stirred with a non-
metallic utensil. Recommendations can be fi ne-tuned on the basis of transfusional iron loading rates 
and for specifi c disease categories. Responses in MDS, rare anemias  [  6  ]  and SCD  [  171  ]  are consis-
tent with those in TM with respect to dose dependency of LIC and ferritin response. Net iron accu-
mulation from transfusions may be less in MDS and SCD so that lower doses may suffi ce to maintain 
iron balance. For patients on doses of 30 mg/kg daily who show an inadequate response, either 
because of an unusually high transfusion intake or because of as yet unidentifi ed causes, doses up to 
40 mg/kg/day have been given, and this is the dose used to treat excess myocardial iron loading. 
There is some evidence of decreased bioavailability in some patients who lack a clear downward 
trend in serum ferritin  [  182  ] . The timing of the dose, either by giving after food or in divided doses, 
may improve the response rate. Preliminary evidence suggests that DFS can be combined with DFO 
without unwanted drug interactions to achieve increased iron mobilization  [  183  ] , but the precise 
indications for combined therapy have yet to be defi ned and are the subject of ongoing studies. The 
proportion of patients with ferritin values <1,000  μ g/L is increasing in patients receiving long-term 
therapy. Standard recommendations are to stop treatment when ferritin values reach 500  μ g/L. 
However this risks rebound in NTBI and LIP, and in patients who continue to receive blood transfu-
sions, it is preferable to reduce the dose as values fall below 1,000  μ g/L so that values can be kept 
between 500 and 1,000  μ g/L without interrupting treatment.   

   15 Conclusions 

 The accumulated evidence shows that chelation therapy is a highly effective treatment modality in 
reducing morbidity and mortality from iron overload. The ability of DFO to prevent damage to the 
heart and other vital organs and to increase life expectancy in transfusional siderosis is well estab-
lished. A major limitation of DFO is the inconvenience of parenteral administration resulting in 
limited compliance. The emergence of orally effective chelators is a very favorable development 
offering further improvement in quality of life and longevity. The current dilemma is related to the 
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following issues (a) Which chelator is most suitable for fi rst-line therapy? (b) Should patients be 
switched from DFO only in subjects with unsatisfactory response, or those with signifi cant drug-
related complications or failure of compliance? (c) When should chelators be used as monotherapy 
or in combination? To answer these questions categorically, solid evidence is needed for the impact 
of each therapeutic option on disease-related morbidity and mortality as well as tolerability  [  156  ] . 
For the practicing clinician, a minimalistic approach would be to adhere to the treatment plan already 
in use and change treatment only if careful clinical assessment implies unsatisfactory results. At the 
other end of the spectrum, all patients could be switched to oral chelation. This option offers conve-
nience, improved likelihood of compliance and may be favored by most patients. To take this option, 
strong evidence would be needed to indicate that upfront treatment with DFP or DFS monotherapy 
is equal to or exceeds the effi cacy of the other options in the medium to long term  [  156  ] . For patients 
inadequately controlled with deferiprone or DFO monotherapy, a combination of DFP and DFO is 
one option. The advantage of combining DFO with DFP is avoidance of abandoning the old and 
trusted drug DFO, but limiting its inconvenience by adding an oral drug of reasonable effi cacy. On 
the other hand, the convenience of once-daily monotherapy with DFS is preferred by many patients 
and the drug is licensed as fi rst-line therapy in young children as well as adults worldwide. The 
outcome of safety and effi cacy data from ongoing 5-year prospective studies as well as the fi ndings 
from prospective studies on cardiac function with this treatment will be helpful to patients and clini-
cians in deciding whether this is the best long-term option.      
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   1 Introduction 

 Mammalian animal models have proven to be very useful in providing insight into human iron 
homeostasis and disorders of iron metabolism. Such models provide an integrated picture of the 
dynamics of iron metabolism in the whole animal, which is not possible in cell culture systems. Both 
mice and rats provide important models for understanding human iron absorption, distribution, stor-
age, and utilization. Mice have been particularly useful because of the availability of strains with 
spontaneous or mutagen-induced mutations that affect iron metabolism, and because of the possibil-
ity of genetic manipulation (targeted mutagenesis and transgenic gene expression). This chapter will 
describe existing mammalian models of iron homeostasis, with a particular emphasis on murine 
models. There are several previous reviews of various aspects of this subject  [  1–  9  ] .  

   2 Mouse Models of Hereditary Hemochromatosis 

 Substantial progress has been made in developing mouse models of the major forms of hereditary 
hemochromatosis (HH). Table  29.1  summarizes the currently available models and their phenotypes.  
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   2.1 Hfe Mutant Mice: Model for HH Type 1 

 The positional cloning of the  HFE  gene which is responsible for HH type 1 triggered intense interest 
in the function of HFE protein  [  10  ] . HFE is an MHC class I-like protein, and a single nucleotide 
change, resulting in the substitution of tyrosine for cysteine at amino acid 282 of the unprocessed 
protein (C282Y), is present in nearly all patients with HH type 1. In the original cloning study, a 
second mutation in  HFE  was also identifi ed which results in the substitution of aspartate for histi-
dine at amino acid 63 (H63D)  [  10  ] . Mutant mouse models have been developed to study the in vivo 
consequences of  Hfe  deletion or mutation. 

 Five different  Hfe  gene disruptions have been produced in the mouse: an exon 4 knockout  [  11  ] , an 
exon 3 disruption/exon 4 knockout  [  12  ] , an exon 2–3 knockout  [  13  ] , a C282Y knock-in  [  12,   14  ] , and 
an H63D knock-in  [  14  ] . In each case, the mutant mice have increased hepatic iron concentrations 
 [  11–  14  ] . In  Hfe  knockout mice, decreased hepcidin expression  [  15,   16  ] , elevated transferrin satura-
tion  [  11  ] , and increased intestinal iron absorption  [  13,   17  ]  have also been reported. Like patients with 
HH type 1, these mice demonstrate relative sparing of iron accumulation in macrophages  [  17  ] , thought 
to be due to low hepcidin levels. Interestingly, mice that are homozygous for the C282Y mutation 
have less-severe iron loading than  Hfe  knockout mice, indicating that the C282Y mutation is not a 
null allele  [  12  ] . The H63D allele, when homozygous or combined with a more consequential muta-
tion like C282Y, leads to very mild hepatic iron accumulation  [  14  ] . Iron overload in  Hfe  knockout 
mice provides proof-of-principle that loss of HFE function underlies HH type 1. 

 Hepatic expression of bone morphogenetic protein 6 (Bmp6) mRNA is higher in  Hfe  knockout 
mice, and the level of expression is appropriate for the increased hepatic iron concentrations in these 
mice  [  18,   19  ] . However, levels of hepatic phosphorylated Smad 1/5/8 protein (a mediator of Bmp6 
signaling) and Id1 mRNA (a target gene of Bmp6) are inappropriately low for hepatic iron concen-
tration and Bmp6 mRNA levels in  Hfe  knockout mice  [  18,   19  ] . These results suggest that Hfe acts 
to facilitate signal transduction to hepcidin induced by Bmp6. 

  Hfe  knockout mice have been bred to mice carrying mutations in other genes involved in normal 
iron homeostasis  [  20  ] . Studies using these compound mutant animals suggest that divalent metal 
transporter 1 (Dmt1), hephaestin,  β 2-microglobulin, and transferrin receptor 1 can all modify the 

   Table 29.1    Murine models of hereditary hemochromatosis   

 Classifi cation of human 
HH (protein)  Mouse genotype  Mouse phenotype  References 

 HH type 1 (HFE)   Hfe  −/−   Increased body iron, splenic iron sparing, 
decreased hepcidin 

  [  11–  13,   15,   16  ]  

  Hfe   C282Y/C282Y    Milder phenotype than  Hfe  −/− mouse   [  12  ]  
  Hfe   H63D/H63D    Very mild phenotype compared 

to  Hfe  −/− mouse 
  [  14  ]  

 HH type 2A (hemojuvelin)   Hjv   −/−    Increased body iron, splenic iron sparing, 
decreased hepcidin 

  [  25,   26  ]  

 HH type 2B (hepcidin)   Hamp1    −/−    Increased body iron, splenic iron sparing, 
no hepcidin 

  [  33,   38  ]  

 HH type 3 
(transferrin receptor 2) 

  Tfr2   Y245X/Y245X    Increased body iron, splenic iron sparing, 
increased iron absorption, decreased 
hepcidin 

  [  42,   44,   45  ]  

  Tfr2   −/−    Similar phenotype to  Tfr2   Y245X/Y245X   
mouse 

  [  43  ]  

 HH type 4 (ferroportin)  Missense mutation 
(H32R) in  Slc40a1  
(fl atiron mouse) 

 Heterozygous mice have iron loading 
of Kupffer cells, high serum ferritin, 
and low transferrin saturation 

  [  53  ]  
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HH phenotype. A role for naturally occurring strain-dependent gene modifi ers has been demonstrated 
by the variation in iron loading seen when the  Hfe  knockout allele is placed on different background 
strains  [  21–  24  ] . Ongoing gene mapping studies are anticipated to identify some of these modifi ers 
in mice, and then it can be determined if the same modifi er genes infl uence the phenotype of C282Y 
homozygosity in humans. 

  Hfe  knockout mice do not have progressive iron loading throughout their lifespan and do not 
develop hepatic fi brosis or cirrhosis  [  2,   11  ] . Liver iron accumulation in these mice is rapid during the 
fi rst weeks of life  [  15,   17  ] . However, by about 10 weeks of age, the hepatic iron concentration reaches 
a plateau, accompanied by normalization of hepcidin expression  [  15  ]  and iron absorption  [  17  ] .  

   2.2 Hemojuvelin ( Hjv ) Knockout Mouse: Model for HH Type 2A 

  Hjv  knockout mice provide a model of HH type 2A. These mice manifest markedly increased iron 
deposition in the liver, pancreas, and heart, but show sparing of iron accumulation in tissue mac-
rophages  [  25,   26  ] . Hepcidin mRNA expression is decreased in these mice  [  25,   26  ] , and expression 
of ferroportin protein is increased in both intestinal enterocytes and macrophages  [  25  ] . However, 
 Hjv  knockout mice do not develop diabetes or cardiomyopathy  [  26  ] . In these mice, hepcidin expres-
sion is not responsive to high iron, but does respond to the infl ammatory agent lipopolysaccharide 
 [  26  ] , suggesting that hemojuvelin plays a key role in signaling from iron to hepcidin. Hemojuvelin 
is a co-receptor for BMPs  [  27  ] , and BMP6 is now recognized as playing a key role in the iron signal-
ing pathway to hepcidin  [  28,   29  ] .  

   2.3 Hepcidin Knockout Mouse: Model for HH Type 2B 

 Hepcidin acts to downregulate ferroportin expression, thereby decreasing intestinal iron absorption 
and causing iron retention in macrophages  [  30,   31  ] . The fi rst evidence that hepcidin is involved in 
iron homeostasis came from the observation that liver hepcidin mRNA expression is increased in 
mice with dietary iron loading  [  32  ] . This was followed by the fortuitous discovery that coincidental 
deletion of the hepcidin genes ( Hamp1  and  Hamp2 ) in  Usf2  knockout mice led to an HH-like phe-
notype  [  33  ] . This established the critical role of hepcidin as a negative regulator of intestinal iron 
absorption. It was later discovered that hepcidin mutations are responsible for HH type 2B in several 
human pedigrees  [  34  ] . Transgenic overexpression of hepcidin in mouse hepatocytes leads to a severe 
form of iron-defi ciency anemia  [  35,   36  ] . Additionally, liver hepcidin expression is also infl uenced by 
factors regulating intestinal iron absorption (iron stores, erythropoietic activity, hemoglobin, oxygen 
content, and infl ammation)  [  32,   37  ] . 

 To analyze the consequences of  Hamp1  deletion on iron metabolism without any disturbance due 
to  Usf2  defi ciency, Lesbordes-Brion et al.  [  38  ]  disrupted the  Hamp1  gene by targeting almost all the 
coding region.  Hamp1  knockout mice develop early and severe multiorgan iron overload, with spar-
ing of splenic macrophages.  

   2.4 Transferrin Receptor 2 Mutant Mice: Model for HH Type 3 

 Hereditary hemochromatosis type 3 is caused by mutations in transferrin receptor 2 (TfR2)  [  39  ] . 
Human TfR2 is 45% identical with the classical transferrin receptor in the extracellular domain, but 
contains no iron responsive element in its mRNA  [  40  ] . The most common mutation found in human 
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TfR2 is Y250X that introduces a stop codon into the mRNA, resulting in a truncated nonfunctional 
protein  [  41  ] . TfR2 is expressed highly in the liver and is thought to infl uence iron metabolism by 
affecting the expression of hepcidin. 

 Two mouse models have been developed for HH type 3: a mouse that contains the Y245X muta-
tion in  Tfr2  (murine ortholog of the human mutation Y250X)  [  42  ] , and a  Tfr2  knockout mouse  [  43  ] . 
Both mutant mice demonstrate hepatic iron overload and inappropriately low hepcidin levels  [  43–
  45  ] . In additional studies,  Tfr2   Y245X/Y245X   mice were shown to have increased iron absorption, elevated 
duodenal iron transport gene expression, and increased liver iron uptake  [  45  ] . Targeted deletion of 
 Tfr2  in hepatocytes results in decreased hepcidin expression and hepatic iron overload, indicating 
that hepatocytes are the site of action of TfR2 on hepcidin  [  46  ] . Mice with combined deletion of both 
 Tfr2  and  Hfe  have a more pronounced decrease in hepcidin expression (relative to hepatic iron lev-
els) than either gene deletion alone  [  47  ] .  

   2.5 Ferroportin ( Fpn ) Mutant Mice: Model for HH Type 4 

 HH type 4 is autosomal dominant and is caused by missense mutations in the  SLC40A1  gene that 
encodes ferroportin. It is now considered that there are two categories of  SLC40A1  mutations  [  48, 
  49  ] . The fi rst category includes loss-of-function mutations that reduce the cell surface localization 
of ferroportin, reducing its ability to export iron. This causes iron deposition primarily in mac-
rophages, and this disorder is sometimes termed ferroportin disease  [  50  ] . The second category 
includes gain-of-function mutations that do not alter cell surface expression but rather abolish hep-
cidin-induced ferroportin internalization and degradation. In this case, cellular distribution of iron is 
similar to HH type 1, being primarily parenchymal. In both forms of HH type 4 (unlike other forms 
of HH), hepcidin expression is elevated rather than decreased  [  51  ] . 

 Ferroportin has been targeted for deletion both globally and selectively in mice  [  52  ] . Embryonic 
lethality of  Fpn  knockout animals indicates that ferroportin is essential early in development, espe-
cially in the extraembryonic visceral endoderm. Selective knockout of ferroportin in villus entero-
cytes results in severe iron-defi ciency anemia, demonstrating that ferroportin plays a key role in iron 
absorption  [  52  ] . Interestingly, heterozygous mice ( Fpn   +/−  ) do not have iron overload, suggesting that 
human  SLC40A1  mutations are not simple loss-of-function mutations  [  52  ] . 

 The discovery of the fl atiron mouse has provided an interesting model for the fi rst category of 
 SLC40A1  mutations  [  53  ] . The fl atiron mouse has a missense mutation (H32R) in  Slc40a1  that 
affects the localization and iron export activity of ferroportin. Similar to patients with ferroportin 
disease, these mice have iron loading of Kupffer cells, high serum ferritin levels, and low transfer-
rin saturation. Studies in the fl atiron mouse support the concept that mutations in ferroportin 
resulting in protein mislocalization act in a dominant-negative fashion preventing wild-type fer-
roportin from reaching the cell surface and transporting iron  [  53  ] . It is anticipated that new mouse 
models will also be developed to examine the in vivo effects of putative gain-of-function muta-
tions of ferroportin.   

   3 Murine Models: Signaling to Hepcidin 

 Hepcidin is now considered to be the master iron regulatory hormone  [  54  ] , and several mouse mod-
els have been particularly informative regarding the intracellular signaling pathways that regulate 
hepcidin expression in the liver (Table  29.2 ).  
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   3.1  Bmp6  Knockout Mice 

 Although hemojuvelin was recognized as a co-receptor for BMPs and multiple BMPs regulate hep-
cidin expression and iron metabolism  [  27,   31  ] , it was uncertain which endogenous BMP regulates 
hepcidin in vivo. This situation has been clarifi ed by the demonstration that  Bmp6  knockout mice 
have an HH-like phenotype with low hepcidin levels and iron overload  [  28,   29  ] . This and other evi-
dence have implicated BMP6 as a major regulator of hepcidin expression in vivo.  

   3.2  Tmprss6  Mutant Mice 

 Characterization of an ethylnitrosourea-induced mutant mouse strain (called  mask ) with microcytic 
anemia led to the discovery that the protease Tmprss6 plays an important role in signaling to hepcidin 
 [  55  ] . Tmprss6, also known as matriptase-2, is a type II plasma membrane protein whose major site of 
expression is the liver. Tmprss6 contains an extracellular C-terminal trypsin-like serine protease 
domain. The mask mutation, an A-to-G transition, eliminates a splice acceptor site, yielding two abnor-
mal splice products that lack the proteolytic domain  [  55  ] . Targeted deletion of the  Tmprss6  gene results 
in a similar high-hepcidin, iron-defi cient phenotype  [  56  ] . It is proposed that Tmprss6-mediated hepci-
din suppression permits adequate absorption of iron from the diet, and that without hepcidin suppres-
sion, severe iron defi ciency occurs  [  55,   56  ] . A key substrate for the proteolytic activity of Tmprss6 is 
hemojuvelin, and this may explain the dampening effect of Tmprss6 on hepcidin expression  [  57  ] . 
Interestingly, mutations in  TMPRSS6  cause iron-refractory iron-defi ciency anemia in humans  [  58  ] .  

   3.3  Smad4  Knockout Mice 

 The importance of a Smad4-dependent signaling pathway in regulating hepcidin expression is dem-
onstrated by the phenotype of the hepatocyte-specifi c  Smad4  knockout mouse: it has low hepcidin 
expression and iron accumulation in liver, pancreas, and kidney  [  59  ] . Of interest, hepcidin expres-
sion in this mouse is not responsive to injected interleukin-6 or iron-dextran  [  59  ] , suggesting possi-
ble cross-talk between the infl ammatory and iron signaling pathways to hepcidin at the level of 
Smad4 (or distal to it).   

   4 Rodent Models of Iron-Defi ciency Disorders 

 Mice and rats with inherited iron defi ciency have been very valuable for learning about cellular iron 
transport. Because iron defi ciency leads to anemia, pale mice or rats were easily identifi ed in inbred 
colonies and the heritability of the trait could be established  [  60  ] . With the advances in mouse 

   Table 29.2    Murine models: signaling to hepcidin   

 Gene  Genotype  Phenotype  References 

  Bmp6    Bmp6  −/−   Increased body iron, splenic iron sparing, 
decreased hepcidin 

  [  28,   29  ]  

  Tmprss6  
(matriptase 2) 

  Tmprss6   −/−    Tmprss6   msk/msk    Microcytic anemia, low iron stores, low 
serum iron, increased hepcidin 

  [  55,   56  ]  

  Smad4    Smad4   −/−   (hepatocyte-
specifi c) 

 Increased body iron, splenic iron sparing, 
decreased hepcidin 

  [  59  ]  
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genomics and DNA sequencing, the mutant genes responsible could be readily identifi ed. The 
genetic defects and phenotypes for some of these informative mutant strains are summarized in 
Table  29.3 .  

   4.1 Microcytic Anemia ( mk ) Mouse 

 Microcytic anemia ( mk ) mice were discovered in a colony at the Jackson Laboratory  [  61  ] , and are 
characterized by severe hypochromic, microcytic anemia and poor viability. The  mk  trait was found 
to be autosomal recessive, and the mice have impaired intestinal iron absorption with decreased api-
cal iron uptake by enterocytes  [  60  ] . In addition, iron uptake by reticulocytes is also defective  [  62  ] . 
In 1997, Fleming and coworkers  [  63  ]  discovered that  mk  mice have a missense mutation in the gene 
for  Dmt1 . Dmt1 is a proton-coupled metal cation transporter  [  64  ] , and selective deletion of Dmt1 
expression in villus enterocytes demonstrates that it plays a major role in apical iron transport in 
these cells  [  65  ] . The  mk  mutation results in the substitution of an arginine for a glycine (G185R) in 
transmembrane domain 4  [  63  ] , and this impairs Dmt1 localization and activity  [  66,   67  ] . Dmt1 is also 
found in transferrin cycle endosomes where it functions in exporting iron into the cytoplasm, and 
this explains the reticulocyte defect caused by the  mk  mutation  [  68,   69  ] .  

   4.2 Belgrade Rat 

 Belgrade ( b ) rats were discovered in the former Yugoslavia and have autosomal recessively inherited 
hypochromic, microcytic anemia and low iron stores  [  70–  73  ] . Like  mk  mice, these animals have 
impaired intestinal iron absorption and defective iron uptake by reticulocytes  [  71,   72,   74,   75  ] . 
Interestingly, a glycine-to-arginine missense mutation is present in the  Dmt1  gene of the Belgrade 
rat, and this G185R amino acid alteration is the same as that seen in the  mk  mouse  [  68  ] . Thus, both 
the  mk  mouse and the Belgrade rat demonstrate the functional consequences of impaired iron trans-
port by Dmt1.  

   Table 29.3    Rodent models of iron-defi ciency disorders   

 Animal  Genetic defect  Phenotype  Mechanism  References 

  mk  mouse  Missense mutation 
in  Dmt1  gene 

 Microcytic anemia  Decrease in intestinal and 
endosomal iron transport 

  [  63  ]  

 Belgrade rat  Missense mutation 
in  Dmt1  gene 

 Microcytic anemia  Decrease in intestinal and 
endosomal iron transport 

  [  68  ]  

  sla  mouse  Deletion in 
hephaestin gene 

 Microcytic anemia, 
low iron stores 

 Decrease in enterocyte basolateral 
iron transport 

  [  80  ]  

  hbd  mouse  Deletion in  Sec15l1  
gene 

 Microcytic hypochro-
mic anemia 

 Impaired transferrin cycling in 
reticulocytes 

  [  83  ]  

  nm1054  mouse  Deletion of  Steap3  
gene 

 Microcytic hypochro-
mic anemia 

 Impaired ferrireductase activity 
in transferrin endosome 

  [  85,   86  ]  

  Steap3  knockout 
mouse 

 Similar to  nm1054  
mouse 

 Impaired ferric reductase activity 
in transferrin endosome 

  [  86  ]  
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   4.3 Sex-Linked Anemia ( sla ) Mouse 

 The sex-linked anemia ( sla ) mouse arose in an irradiated mouse colony  [  76  ] . The  sla  mouse develops 
moderate to severe microcytic, hypochromic anemia early in life  [  77  ] . Although this mouse strain 
takes up iron normally from the intestinal lumen into mature epithelial cells, the subsequent egress 
of iron into the circulation is decreased  [  78,   79  ] . Therefore, iron accumulates within enterocytes and 
is lost during turnover of these cells. Vulpe and colleagues identifi ed the genetic defect in the  sla  
mouse as being a large deletion in a gene they called hephaestin ( Heph ), named after the Greek god 
of metal working  [  80  ] . Hephaestin is a multicopper protein that shares 50% homology with cerulo-
plasmin, but unlike ceruloplasmin, it contains a predicted carboxy-terminal transmembrane domain 
 [  80  ] . Like ceruloplasmin, hephaestin has ferroxidase activity and it may act to facilitate iron egress 
from intestinal enterocytes  [  2,   9,   80  ] .  

   4.4 Hemoglobin-Defi cit ( hbd)  Mouse 

 The hemoglobin-defi cit mouse ( hbd ) arose spontaneously in an inbred colony in Germany  [  81  ] . This 
mouse strain is characterized by a hypochromic, microcytic anemia that is inherited in an autosomal, 
recessive manner  [  82  ] . A deletion in the gene  Sec15l1  is responsible, and  Sec15l1  is specifi c to 
hematopoietic cells and has homology to a yeast gene for vesicle docking  [  82,   83  ] . Iron traffi cking 
experiments in reticulocytes indicate that transferrin cycling is defi cient, and it is proposed that the 
product of  Sec15l1  is directly involved in vesicular exocytosis  [  82  ] , docking, fusion, or cargo deliv-
ery in erythroid precursors  [  84  ] .  

   4.5  nm1054  Mouse and  Steap3  Knockout Mouse 

 The  nm1054  mouse appeared spontaneously in a colony at the Jackson Laboratory  [  85  ] . This mouse 
has the characteristics of moderately severe, congenital, hypochromic, microcytic anemia, with an 
elevated red cell zinc protoporphyrin, consistent with functional erythroid iron defi ciency  [  85  ] . 
However, analysis of serum and tissue iron status indicates that  nm1054  mice are not systemically 
iron defi cient. Fleming and colleagues  [  86  ]  have identifi ed that deletion of the gene for  Steap3  
(6- transmembrane epithelial antigen of the prostate 3) is responsible for this phenotype.  Steap3  knock-
out mice also share this phenotype. Steap3 is an endosomal ferrireductase required for effi cient 
transferrin-dependent iron uptake in erythroid cells. However, both  nm1054  and  Steap3  −/− erythroid 
precursors retain some residual ferrireductase as well as iron uptake activity, suggesting that there are 
other ways of reducing iron in the transferrin-cycle endosome  [  86  ] . Steap2 and Steap4 are ferrire-
ductases that are expressed in erythropoietic tissues, which makes them candidates for redundant fer-
rireductases in the erythroid transferrin-cycle endosome  [  87  ] . Interestingly, three Steap proteins (2, 3, 
and 4) also have cupric reductase activity  [  87  ] , suggesting the possibility of bifunctional action of these 
proteins. Use of genetically manipulated mice should clarify the functions of Steap 2 and 4 in vivo.   

   5 Mice Defi cient in Iron-Related Proteins 

 Table  29.4  summarizes the phenotype of several mouse lines that are defi cient in certain iron-related 
proteins. These mice provide insight into the in vivo functions of these proteins.  
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   Table 29.4    Mice defi cient in iron-related proteins   

 Protein  Mouse and genetic defect  Phenotype  References 

 Transferrin  Hypotransferrinemic 
( Tf    hpx/hpx  ) mouse, splicing 
defect 

 Severe anemia, iron overload   [  88–  90  ]  

 Transferrin receptor 1   Tfrc  knockout mouse  Embryonic death with anemia 
and apoptosis of 
neuroepithelium 

  [  91  ]  

  β 2-Microglobulin   B2m  knockout mouse  Increased body iron, splenic iron 
sparing, decreased hepcidin 

  [  92–  94  ]  

 Ceruloplasmin   Cp  knockout mouse  Hepatic and regional CNS iron 
overload, mild anemia 

  [  97,   101,   102  ]  

 Ceruloplasmin/hephaestin   Cp  and  Heph  double-defi cient 
mouse 

 Retinal iron accumulation and 
degeneration 

  [  100,   103  ]  

 H-Ferritin   Fth  knockout mouse  Embryonic lethal in homozy-
gotes, heterozygotes have 
normal brain iron levels with 
oxidative stress 

  [  104,   105  ]  

 Haptoglobin   Hp  knockout mouse  Increased duodenal ferroportin 
and iron transport, increased 
splenic and renal iron 

  [  106  ]  

 Haptoglobin/Hfe   Hp  and  Hfe  double-knockout 
mouse 

 Milder phenotype than 
 Hfe   −/−   mouse 

  [  107  ]  

 Hemopexin   Hx  knockout mouse  Increased regional CNS iron, 
increased renal injury after 
intravascular hemolysis 

  [  109–  111  ]  

 Irp1   Irp1  knockout mouse  No overt abnormalities   [  114,   115  ]  
 Irp2   Irp2  knockout mouse  Microcytic anemia, increased 

duodenal and liver iron 
  [  116,   117  ]  

 Heme oxygenase 1   Hmox1  knockout mouse  Anemia, low serum iron, 
increased hepatic and renal 
iron 

  [  121  ]  

 Flvcr (feline leukemia 
virus, subgroup C 
receptor) 

  Flvcr  knockout mouse  Macrocytic anemia with 
proerythroblast maturation 
arrest 

  [  123  ]  

 Duodenal cytochrome B   Cybrd1  knockout mouse  Little impact on body iron stores   [  125  ]  

   5.1 Hypotransferrinemic ( Tf   hpx/hpx  ) Mouse 

 Congenital hypotransferrinemia occurs rarely in humans and a model of this condition is the 
hypotransferrinemic mouse. The  hpx  mutation in the transferrin gene ( Tf ) occurred spontaneously in 
an inbred mouse colony  [  88  ] . The mice are born alive but die from severe anemia before weaning if 
they are not treated with exogenous transferrin or red blood cell transfusions  [  88  ] . The  hpx  mutation 
is a point mutation that results in an error in mRNA splicing  [  89  ] . Therefore, no normal  Tf  mRNA is 
made from the  hpx  allele, but a small amount of mRNA containing a 27-base-pair deletion is pro-
duced from the use of cryptic splice sites  [  89  ] . Consequently, homozygous  Tf    hpx/hpx   mice have less 
than 1% of normal levels of a shortened transferrin molecule containing a 9-amino-acid deletion 
near the carboxy terminus  [  89  ] . Despite their severe transferrin defi ciency,  Tf    hpx/hpx   mice initially 
given transferrin injections can survive after weaning without any further treatment. They develop 
massive iron overload in the liver, kidney, heart, and exocrine pancreas, while the spleen is spared 
 [  89  ] . Hepcidin mRNA expression remains low  [  90  ] , suggesting that the induction of hepcidin by 
iron is trumped by an inhibitory signal linked to erythropoietic drive. The hepatic iron concentration 



63929 Mammalian Models of Iron Homeostasis 

of  Tf   hpx/hpx   mice is approximately 100-fold greater than that of wild-type mice and at least 15-fold 
higher than  Hfe  knockout mice  [  89  ] . However, there is no histologically detectable fi brosis in the 
liver or pancreas in the  Tf   hpx/hpx   mouse  [  89  ] , suggesting that mice may be resistant to the profi brogenic 
effects of iron overload.  

   5.2 Transferrin Receptor ( Tfrc ) Knockout Mouse 

 Indicative of the key role of the transferrin receptor in early development, Levy et al.  [  91  ]  demon-
strated that  Tfrc  knockout mice undergo embryonic death with anemia and apoptosis of primitive 
neuroepithelium. It appears that inadequate iron uptake leads to neuronal apoptosis, but that other 
tissues can obtain suffi cient iron for development through mechanisms independent of the transferrin 
cycle. Haploinsuffi ciency for  Tfrc  results in microcytic, hypochromic erythrocytes, along with normal 
hemoglobin and hematocrit values (due to a compensatory increase in the number of red cells)  [  91  ] . 
Although transferrin saturation is normal,  Tfrc  heterozygotes have lower levels of tissue iron  [  91  ] .  

   5.3  b 2-Microglobulin ( B2m ) Knockout Mouse 

  β 2-Microglobulin (B2M) forms a heterodimer with MHC class I molecules and with many atypical 
MHC class I–like proteins, including HFE. B2M is involved in the appropriate intracellular traffi ck-
ing of its partner proteins, and targeted deletion of  B2m  in mice causes immune defi cits and iron 
overload similar to HH type 1  [  92,   93  ] . Like  Hfe  knockout mice,  B2m  knockout mice have decreased 
hepcidin expression in the liver  [  94  ] . The  HFE  C282Y mutation disrupts the binding of HFE to B2M 
resulting in impaired intracellular transit, accelerated degradation, and failure of the C282Y protein 
to be presented normally at the cell surface  [  95  ] . Therefore, the abrogation of the interaction with 
B2M provides a basis for the impaired function of the HFE C282Y protein in HH type 1.  

   5.4 Ceruloplasmin ( Cp ) Knockout Mouse 

 Hereditary aceruloplasminemia is a rare autosomal recessive disorder characterized by iron overload, 
anemia, progressive neurodegeneration, diabetes, and retinal degeneration  [  3,   96,   97  ] . This condition 
is caused by mutations in the ceruloplasmin ( CP ) gene, resulting in the absence of ceruloplasmin, a 
multicopper ferroxidase.  Cp  knockout mice have a progressive increase in iron levels within Kupffer 
cells and splenic macrophages, as well as in hepatocytes  [  97  ] . Ferrokinetic studies in  Cp  knockout 
mice show no abnormalities in cellular iron uptake but a striking impairment in the egress of iron from 
macrophages and hepatocytes  [  97  ] . These results indicate that ceruloplasmin plays an important role 
in determining the rate of iron effl ux from cells with mobilizable iron stores. It is now appreciated that 
ceruloplasmin stabilizes ferroportin expression at the cell surface  [  98  ]  and that glycosylphosphati-
dylinositol (GPI)-linked ceruloplasmin is the predominant form expressed in brain  [  99  ] . 

 Unlike patients with aceruloplasminemia, the original line of  Cp  knockout mice does not mani-
fest signifi cant brain iron overload, retinal degeneration, or neuropathy even at 24 months of age 
 [  100  ] . Another line of  Cp  knockout mice shows increased iron deposition in several brain regions, 
including the cerebellum and brainstem. Increased lipid peroxidation is also seen in some regions  [  101  ] . 
Of interest, these mice have defi cits in motor coordination that are thought to be associated with a 
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loss of brainstem dopaminergic neurons  [  101  ] . In the cerebellum of these mice, iron accumulation 
occurs mainly in astrocytes and is accompanied by a signifi cant loss of these cells  [  102  ] . In contrast, 
Purkinje neurons in  Cp  knockout mice do not accumulate iron but express high levels of Dmt1, 
suggesting that these cells may be iron deprived: there is also a signifi cant reduction in the number 
of Purkinje neurons  [  102  ] . It has been proposed that neuronal iron starvation with associated astro-
cyte and microglial iron overload may contribute to the neurodegeneration seen in aceruloplas-
minemia  [  99  ] . 

 In order to examine the effect of combined defi ciency of ceruloplasmin and hephaestin on the 
retina, the  Cp  knockout mouse was crossed with the  sla  mouse. The resulting compound mutant 
mouse has retinal iron accumulation with secondary increases in ferritin and, ultimately, retinal 
degeneration  [  100  ] . Body iron status has not yet been reported for this mouse strain, but longevity is 
decreased  [  100,   103  ] .  

   5.5 H-Ferritin ( Fth ) Knockout Mouse 

 Deletion of the H-ferritin gene ( Fth ) in mice results in early embryonic lethality  [  104,   105  ] . 
Haploinsuffi ciency for  Fth  does not change brain iron levels, but the levels of H-ferritin are decreased 
by more than 50%  [  105  ] . Interestingly, the brain expression of transferrin, transferrin receptor 1, 
L-ferritin, Dmt1, and ceruloplasmin are all increased in  Fth   +/−   mice, suggestive of an iron-defi cient 
state. There is also evidence of increased oxidative stress in the brain of these mice  [  105  ] .  

   5.6 Haptoglobin ( Hp ) Knockout Mouse 

 Haptoglobin is the plasma protein with the highest binding affi nity for hemoglobin. It delivers any 
hemoglobin in the plasma to the reticuloendothelial system, thus reducing loss of hemoglobin 
through the glomeruli and allowing heme-iron recycling  [  106  ] . Analysis of  Hp  knockout mice 
reveals that they export signifi cantly more iron from the duodenal mucosa to plasma. Increased iron 
export from the duodenum correlates with increased duodenal expression of ferroportin at both the 
protein and mRNA levels, whereas hepatic hepcidin expression remains unchanged  [  106  ] . Splenic 
and renal iron concentrations are increased. Marro and coworkers  [  106  ]  suggest that haptoglobin, by 
controlling plasma levels of hemoglobin, participates in the regulation of ferroportin expression, 
thus infl uencing iron transfer from duodenal mucosa to plasma. 

 Interestingly, haptoglobin defi ciency also infl uences the phenotype of  Hfe  knockout mice.  Hfe  
and  Hg  compound mutant mice accumulate signifi cantly less hepatic iron than  Hfe  knockout mice, 
suggesting that haptoglobin-mediated heme-iron recovery might contribute to iron loading in  HFE -
associated HH  [  107  ] .  

   5.7 Hemopexin ( Hx ) Knockout Mouse 

 Hemopexin is an acute-phase plasma glycoprotein produced mainly in the liver and released into 
plasma where it binds heme with high affi nity and delivers it to the liver  [  108  ] . The  Hx  knockout 
mouse was developed to evaluate the in vivo effect of hemopexin defi ciency, and an interesting phe-
notype was observed in the brain  [  108  ] . These mice have a twofold increase in the number of iron-
loaded oligodendrocytes in the basal ganglia and thalamus, but there is no increase in H-or L-ferritin 
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expression in these regions  [  109  ] . However, there is a substantial decrease in the number of 
ferritin-positive cells in the cerebral cortex of the knockout mouse  [  109  ] . These results suggest that 
hemopexin may play a role in controlling iron distribution within brain. As anticipated from 
hemopexin’s role in heme scavenging, the  Hp  knockout mouse has signifi cantly more renal damage 
after phenylhydrazine-induced hemolysis  [  110  ]  and increased endothelial activation and vascular 
permeability after heme overload  [  111  ] .  

   5.8  Irp1  or  2  Knockout Mice 

 The two iron regulatory proteins, IRP1 and IRP2, bind to the mRNAs of ferritin, transferrin receptor, 
and other target genes to control the expression of these proteins at the posttranscriptional level 
 [  3,   4,   7,   112  ] . In their native conformation, both IRPs have a high binding affi nity for stem-loop 
structures called iron-responsive elements (IREs) present in the mRNAs of their target genes. IRP1 
is an iron–sulfur cluster protein that loses its RNA-binding activity in iron-replete conditions, 
whereas IRP2 is degraded by the proteasome. 

 Genetic ablation of Irp1 and 2 in mice has been informative about the in vivo functions of these 
proteins. Complete loss of both Irp1 and 2 prevents viability of murine zygotes beyond the blastocyst 
stage of embryonic development  [  113  ] .  Irp1  knockout mice develop no overt abnormalities  [  114, 
  115  ] .  Irp2  knockout mice develop microcytic anemia  [  116,   117  ]  and altered body iron distribution 
with duodenal and hepatic iron loading  [  118  ] . In addition, the Ire/Irp system is essential to maintain 
the structural and functional integrity of the intestine  [  112  ] . One line of  Irp2  knockout mice develops 
adult-onset neurodegeneration  [  118  ]  while another line does not  [  119  ] . Irp2 is sensitive to iron status 
and can compensate for the loss of Irp1 by increasing its binding activity  [  114  ] . Therefore, Irp2 may 
be the chief physiologic iron sensor in vivo  [  4  ] .  

   5.9 Other Mice Defi cient in Iron-Related Proteins 

 Heme oxygenase 1 (Hmox1) has been targeted for gene deletion in mice to provide insight into a 
case of human HMOX1 defi ciency that was characterized by growth retardation, hemolytic anemia, 
liver and kidney iron accumulation, and kidney injury  [  120  ]  The  Hmox1  knockout mouse has ane-
mia, low serum iron, and increased hepatic and renal iron  [  121  ] . These results are consistent with an 
important role for Hmox1 in the reutilization of heme iron. 

 As its name connotes, the feline leukemia virus (subgroup C) receptor (FLVCR) was cloned as a 
viral receptor and was subsequently found to be a heme exporter  [  3,   122  ] .  Flvcr  knockout mice 
develop macrocytic anemia with proerythroblast maturation arrest, which suggests that erythroid 
precursors must export excess heme to ensure survival  [  123  ] . 

 Duodenal cytochrome b (Dcytb, Cybrd1) is an iron-regulated ferric reductase that is highly 
expressed in duodenal enterocytes  [  124  ] . While knockout of  Dcytb  in mice has little effect on their 
body iron status  [  125  ] , the potential role in Dcytb in iron absorption is still being evaluated  [  124  ] .   

   6 Defects in Mitochondrial Iron Metabolism 

 The sideroblastic anemias are a group of disorders characterized by a variable population of hypo-
chromic red cells in the blood and by ringed sideroblasts in the bone marrow  [  3  ] . The unifying 
characteristic of all sideroblastic anemias is the ring sideroblast, which is a pathological erythroid 
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precursor containing iron-loaded mitochondria localized around the nucleus, thereby creating a ring-like 
appearance  [  126  ] . Three forms of hereditary sideroblastic anemia are caused by defects in genes 
present on the X chromosome (mutations in the  ALAS2 ,  ABCB7 , or  GRLX5  gene). For the fi rst two 
of these forms, mutant mouse models have been created. Mouse models have also been generated for 
erythropoietic protoporphyria, Friedreich ataxia, and mitoferrin 1 defi ciency (Table  29.5 ).  

   6.1 Mouse Models of X-Linked Sideroblastic Anemia:  Alas2  Mutant Mice 

 The most frequent form of inherited sideroblastic anemia is X-linked sideroblastic anemia (XLSA), 
caused by mutations in the erythroid-specifi c  ALAS2  gene  [  3  ] . ALAS2 catalyzes the fi rst step of the 
heme biosynthetic pathway in erythroid cells. Hemizygous XLSA males have microcytic anemia 
with iron overload, indicating that XLSA belongs to the group of iron-loading anemias. Various 
mutations in  ALAS2  cause decreased ALAS2 activity in bone marrow erythroblasts, with resultant 
impairment of heme biosynthesis and insuffi cient protoporphyrin IX to use all the available iron 
(excess iron can be stored as mitochondrial ferritin)  [  127  ] . 

 Knockout of the  Alas2  gene in mice results in arrest of erythroid differentiation, and an abnormal 
hematopoietic cell fraction emerges that accumulates a large amount of iron diffusely in the cyto-
plasm. Typical ring sideroblasts are not found  [  128  ] . Embryonic death occurs by day 11.5. However, 
when human ALAS2 is expressed in these mice at approximately 50% of normal activity, most of 
the primitive erythroid cells are transformed into ring sideroblasts while the majority of the circulat-
ing defi nitive erythroid cells become siderocytes  [  129  ] . These results suggest that a partially depleted 
heme supply provokes ring sideroblast formation.  

   Table 29.5    Murine models of altered mitochondrial iron metabolism   

 Protein  Mouse genotype  Phenotype  References 

 Erythroid 
5-aminolevulinate 
synthase (ALAS2) 

  Alas2  knockout mouse  Increased iron, but no ring sideroblasts, 
in primitive erythroid cells. 
Embryonic lethal by day 11.5 

  [  128  ]  

  Alas2  knockout mouse 
with transgenic rescue 
of low activity ALAS2 

 Ring sideroblasts in primitive 
erythroid cells 

  [  129  ]  

 ATP-binding cassette 
transporter Abcb7 

  Abcb7  knockout mouse  Mid-gestational death   [  131  ]  
  Abcb7   E433K   mouse  Siderocytosis   [  132  ]  

 Ferrochelatase   Fech   m1Pas   mouse  Homozygous mouse has microcytic 
hypochromic anemia and severe 
porphyria 

  [  135  ]  

  Fech  knockout mouse 
(exon 10 deletion) 

 Homozygous state is embryonic lethal. 
Heterozygotes have decreased 
ferrochelatase activity and mild 
porphyria 

  [  133  ]  

 Frataxin   Fxn  knockout mouse  Embryonic lethal   [  136  ]  
 Knock-in of GAA repeat 

mutation 
 No anomalies of motor coordination 

or iron metabolism 
  [  137  ]  

  Fxn  knockout mice with 
human mutant  FXN  
YAC constructs 

 Progressive neurodegeneration 
and cardiac pathology 

  [  138  ]  

 Mitoferrin 1   Mfrn1  knockout mouse  Embryonic lethal with profound anemia   [  141  ]  
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   6.2  Mouse Models of X-Linked Sideroblastic Anemia with Ataxia: 
 Abcb7  Mutant Mice 

 XLSA with ataxia is a rare form of inherited sideroblastic anemia of early onset, associated with 
spinocerebellar ataxia and cerebellar hypoplasia  [  130  ] . This form of sideroblastic anemia is due to 
partial loss-of-function mutations in the ATP-binding cassette transporter ABCB7 which cause 
mitochondrial accumulation of iron, elevated free erythrocyte protoporphyrin IX levels, and mild 
hypochromic microcytic anemia: examination of bone marrow shows ringed sideroblasts  [  3,   130  ] . 
ABCB7 is thought to export a mitochondrially derived metabolite required for cytosolic iron–sulfur 
cluster (ISC) biogenesis. It is an essential protein, as  Abcb7  knockout mice undergo mid-gestational 
death  [  131  ] . To model the severe E433K mutation in humans, an  Abcb7   E433K   mutant mouse was cre-
ated. This strain has siderocytosis but no ring sideroblasts  [  132  ] . The absence of ring sideroblasts in 
these mice led Pondarre et al.  [  132  ]  to suggest that there is something biologically distinctive with 
respect to mitochondrial iron handling and/or toxicity between human and murine erythroid 
precursors.  

   6.3 Mouse Model of Erythropoietic Protoporphyria:  Fech   m1Pas   Mouse 

 Erythropoietic protoporphyria is caused by decreased activity of the mitochondrial enzyme ferro-
chelatase, the terminal enzyme of the heme biosynthetic pathway, that catalyzes the insertion of iron 
into protoporphyrin IX to form heme  [  3  ] . Clinical symptoms result from an accumulation of proto-
porphyrin IX behind the partial enzyme block: they include lifelong photosensitivity and, in about 
2% of patients, severe liver disease. The inheritance of erythropoietic protoporphyria is usually 
described as an autosomal dominant disorder with incomplete penetrance: missense, nonsense, and 
splicing mutations have been identifi ed in the  FECH  gene  [  3  ] . Knockout of the murine  Fech  gene 
results in embryonic lethality, indicating the critical importance of ferrochelatase  [  133  ] . Microcytic 
anemia occurs in 20–60% of patients with erythropoietic protoporphyria  [  134  ] . This anemia is not 
dyserythropoietic, and there is no iron overload but rather iron defi ciency. Therefore, ferrochelatase 
defi ciency in erythropoietic protoporphyria appears to result in a steady state in which decreased 
erythropoiesis is matched by reduced iron absorption and supply  [  134  ] . 

 A mouse model of erythropoietic protoporphyria, the homozygous  Fech   m1Pas   mouse, develops a 
similar microcytic anemia, along with accumulation of protoporphyrin IX and liver injury  [  135  ] . 
This mouse has a point mutation in the  Fech  gene resulting in about a 95% decrease in ferrochelatase 
activity. In this mouse model, there is increased expression of transferrin and redistribution of iron 
from peripheral tissues to the spleen, while serum iron, ferritin, and hepcidin mRNA levels are nor-
mal  [  135  ] . Further investigation is needed to understand the cause of microcytic anemia in these 
mice and in patients with erythropoietic protoporphyria.  

   6.4 Mouse Models of Friedreich Ataxia:  Fxn  Mutant Mice 

 Friedreich ataxia, the most common hereditary ataxia, is an autosomal recessive neurodegenerative 
disease characterized by progressive ataxia associated with cardiomyopathy and increased incidence 
of diabetes  [  8  ] . This condition is caused by reduced levels of frataxin, a highly conserved mitochon-
drial iron chaperone involved in ISC biogenesis. Most patients are homozygous for a large GAA 
triplet expansion within the fi rst intron of the frataxin ( FXN ) gene. The pathophysiologic consequences 
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of frataxin defi ciency are a disruption of ISC biosynthesis, mitochondrial iron overload coupled with 
cellular iron dysregulation, and increased sensitivity to oxidative stress  [  8  ] . 

 Knockout of  Fxn  in the mouse leads to early embryonic lethality, demonstrating an important role 
for frataxin during mouse development  [  136  ] . Heterozygous  Fxn   +/−  mice express about 50% of wild-
type frataxin levels but do not have a phenotype  [  8  ] . Using a conditional gene-targeting approach, 
Puccio et al.  [  136  ]  generated a striated muscle  Fxn –defi cient mouse and a neuron/cardiac muscle 
 Fxn –defi cient mouse, which together reproduce some features of the human disease: cardiac hyper-
trophy without skeletal muscle involvement, large sensory neuron dysfunction, and low activities of 
mitochondrial and extramitochondrial ISC proteins. Another mouse model contains a knock-in of 
the GAA repeat  Fxn  mutation  [  137  ] . These GAA repeat knock-in mice were crossed with  Fxn  
knockout mice to obtain double heterozygous mice expressing 25–36% of wild-type frataxin levels. 
However, these mice do not develop anomalies of motor coordination or iron metabolism  [  137  ] , sug-
gesting that their frataxin levels are suffi cient to preserve ISC biogenesis. Using an innovative 
approach, Al-Mahdawi et al.  [  138  ]  generated “humanized” GAA repeat expansion mice by combin-
ing the constitutive  Fxn  knockout with the transgenic expression of a yeast artifi cial chromosome 
(YAC) carrying the human  FXN  gene with GAA triplet expansion. These mice have coordination 
defects and progressive neuronal and cardiac pathology, and should serve as a useful model to test 
potential therapeutic agents.  

   6.5 Mitoferrin 1 ( Mfrn1 ) Knockout Mouse 

 Mitoferrin 1 is involved in the transport of iron into the mitochondrion  [  139,   140  ] . It is located in the 
inner mitochondrial membrane and is a member of the mitochondrial solute carrier family 
(SLC25A37). Knockout of  Mfrn1  in mice results in embryonic lethality with profound anemia, 
demonstrating the essential role of mitoferrin 1  [  141  ] . Mitoferrin 1 is expressed mainly in erythroid 
cells, but its homolog mitoferrin 2 is expressed in non-erythroid tissues, and may play a similar 
transport role there  [  139,   140  ] .   

   7 Mice with Floxed Iron-Related Genes 

 It is of great interest to be able to selectively delete iron-related genes in various cell types to assess 
their function and impact. This can be accomplished using the Cre–loxP system, and this approach 
has already been applied to several iron-related genes (Table  29.6 ). The Cre–loxP system utilizes the 
ability of Cre recombinase to catalyze recombination between two loxP sites in DNA  [  142,   143  ] . To 
accomplish cell-selective gene deletion, transgenic mice containing an iron-related gene fl anked by 
loxP sites are crossed with transgenic mice containing a  Cre  gene construct with a cell-selective 
promoter. The resulting mice contain both the  Cre  gene construct and the loxP-fl anked iron-related 
gene (fl oxed gene). In cells where Cre recombinase is expressed, the fl oxed iron-related gene will be 
deleted. There are now a substantial number of available mouse strains that already contain the  Cre  
gene driven by either ubiquitous or cell-selective promoters. When using the Cre–loxP system, it is 
important to evaluate the specifi city and effi ciency of gene deletion  [  142  ] .  

 Using the Cre–loxP approach, studies have found that hepatocyte-selective deletion of  Hfe   [  144  ]  
or  Tfr2   [  46  ]  results in an HH phenotype, suggesting that Hfe and Tfr2 act in hepatocytes to regulate 
hepcidin expression. Deletion of either  Dmt1  or  Fpn  in villus enterocytes results in iron-defi ciency 
anemia, highlighting the importance of these transporters in dietary iron absorption  [  52,   65  ] . The 
developing hippocampus may be particularly susceptible to iron defi ciency, and selective knockout 
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of  Dmt1  in hippocampal neurons provides the fi rst conditionally targeted model of iron uptake in the 
brain  [  145  ] . Deletion of  Dmt1  in these mice disrupts hippocampal neuronal development and spatial 
memory behavior. Cell-selective deletion of  Irp2  (with or without  Irp1 ) has been used to investigate 
its action in the intestine and liver  [  112,   146  ] . Some mouse models of Friedreich ataxia have used 
cell-selective deletion of the frataxin gene  [  136  ] . In the future, it is likely that more mice with fl oxed 
iron-related genes will be generated, thus allowing investigation of the in vivo consequences of cell-
selective deletion of these genes.  

   8 Animal Models of Dietary Iron Defi ciency 

 Iron defi ciency is the most prevalent micronutrient defi ciency in the world, and infants and young 
children are particularly vulnerable  [  147,   148  ] . The effects of iron defi ciency on iron metabolism, 
brain function, and behavior have been widely studied in animal models, often using rodents  [  149–
  151  ] . Iron defi ciency is usually induced by dietary iron restriction, and such models provide con-
vincing evidence that, despite iron repletion, iron defi ciency during the brain growth spurt alters 
neurotransmission, myelination, and gene and protein profi les  [  150,   151  ] . Impaired developmental 
outcome has also been shown in human and monkey infants with fetal/neonatal iron defi ciency 
 [  149  ] . Therefore, cross-species studies indicate that there is a vulnerable period in early develop-
ment that may result in long-lasting neurobehavioral damage  [  150  ] .  

   9 Animal Models of Iron Overload Produced by Exogenous Iron 

 In order to study the effects of iron overload, animal models have been developed using dietary iron 
supplementation (e.g., carbonyl iron, ferrocene) or parental iron administration (e.g., iron-dextran, 
iron-sorbitol). Many species have been used, but studies in rodents are most common. Dietary car-
bonyl iron supplementation produces substantial hepatic iron overload in a periportal distribution 
with iron deposition predominantly in hepatocytes  [  152  ] , which mimics the pattern of iron loading 
in HH type 1. Parenteral administration of iron chelates produces hepatic iron overload with pre-
dominant accumulation in Kupffer cells  [  153  ] . There is an extensive body of literature describing the 

   Table 29.6    Mice with fl oxed iron-related genes   

 Gene  Observations  References 

  Hfe   Selective knockout in hepatocytes (but not in villus enterocytes) produces HH 
phenotype 

  [  144,   160  ]  

  Tfr2   Selective knockout in hepatocytes produces HH phenotype   [  46  ]  
  Dmt1 (Slc11a2)   Selective knockout in intestine produces iron-defi ciency anemia   [  65  ]  

 Selective knockout in hippocampus disrupts hippocampal neuronal development 
and spatial memory behavior 

  [  145  ]  

  Fpn (Slc40a1)   Selective knockout in intestine produces iron-defi ciency anemia   [  52  ]  
  Irp2   Selective knockout in liver or intestine causes tissue-specifi c iron loading   [  115,   146  ]  
  Irp1 and 2   Selective knockout of both  Irp1  and  Irp2  in intestine causes malabsorption 

and death 
  [  112  ]  

  Abcb7   Selective knockout in hepatocytes impairs cytosolic iron–sulfur cluster assembly   [  131  ]  
  Fxn   Selective knockout in neurons/cardiac muscle, liver, or striated muscle is useful 

to model different aspects of Friedreich ataxia 
  [  136,   161  ]  
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hepatotoxicity of iron overload in animal models  [  5,   6,   154–  156  ] . To summarize, iron overload in 
experimental animals can result in oxidative damage to lipids in vivo, once the concentration of iron 
exceeds a threshold level. In the liver, this lipid peroxidation is associated with impairment of mem-
brane-dependent functions of mitochondria (oxidative metabolism) and lysosomes (membrane 
integrity, pH). Iron overload diminishes hepatic mitochondrial respiration primarily through a 
decrease in cytochrome C oxidase activity. In iron overload, hepatocellular calcium homeostasis 
may also be impaired through damage to mitochondrial and microsomal calcium sequestration. 
DNA is also a target of iron-induced damage, and this may have consequences regarding malignant 
transformation. Levels of some antioxidants in the liver are decreased in rodents with iron overload, 
which is also suggestive of ongoing oxidative stress. Therefore, reduced cellular ATP levels, lyso-
somal fragility, impaired cellular calcium homeostasis, and damage to DNA may all contribute to 
hepatocellular injury in iron overload. One limitation of rodent models of iron overload is the diffi -
culty in producing histologic hepatic fi brosis and cirrhosis, despite achieving high hepatic iron levels 
 [  5,   89,   155  ] . However, there is evidence of increased hepatic collagen gene expression and early 
activation of hepatic stellate cells, the key cell type involved in hepatic fi brogenesis  [  5  ] . 

 In humans, elevated cardiac iron leads to diastolic dysfunction, arrhythmias, and dilated cardio-
myopathy. These are major risk factors in patients with secondary iron overload  [  157,   158  ] . The 
effects of iron overload on the heart have been examined in several animal models  [  157  ] . One such 
model involves chronic treatment of mice with iron-dextran, which results in myocardial iron depo-
sition, alterations in myocardial ultrastructure, and impaired cardiac function  [  159  ] . L-type calcium 
channels may be involved in ferrous iron uptake into cardiomyocytes, and pharmacological block-
ade of these channels decreases iron accumulation and associated cardiac dysfunction  [  159  ] . In 
addition, enzymes in the plasma membrane such as Na +  + K + -ATPase may be key targets of damage 
by non-transferrin-bound iron in cardiac myocytes  [  157  ] .  

   10 Concluding Remarks 

 Mammalian models continue to make valuable contributions to our understanding of iron metabo-
lism. Murine models are now available for the major forms of HH, and fi ndings in these mice sup-
port the concept that the pathogenesis of HH types 1, 2, and 3 involves inappropriately low expression 
of hepcidin. Altered hepcidin expression in mice defi cient in Bmp6, Tmprss6, or Smad4 has focused 
attention on the role that these molecules play in iron signaling to hepcidin. Investigation of mice 
with inherited forms of anemia has led to the discovery of novel proteins involved in iron homeosta-
sis (e.g., hephaestin, Steap3). A growing number of murine models are being developed to investi-
gate mitochondrial iron metabolism. Although not emphasized in this chapter, murine transgenic 
technology allows the overexpression of iron-related proteins either globally or in a cell-selective 
manner. The neurobehavioral consequences of dietary iron defi ciency have been widely studied in 
animal models and indicate that there is a vulnerable period in early development that may result in 
long-lasting changes. Exogenous iron administration has been used to study the pathophysiologic 
effects of iron overload, particularly in the liver and heart. In the future, it is anticipated that the 
production of mice with fl oxed iron-related genes will accelerate, thus allowing the study of the in 
vivo consequences of cell-selective deletion of these genes. Transgenic expression of selectively 
mutated and tagged iron-related proteins in mice is also expected to be a powerful tool to further 
unravel the mechanisms of iron homeostasis.      
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    1   Introduction 

 The budding yeast  Saccharomyces cerevisiae  has served as a model eukaryote for the study of basic 
cellular processes common to all eukaryotic cells, including the uptake and utilization of transition 
metals, such as iron. Proteins found in higher or multicellular eukaryotes usually are functionally 
similar to the orthologous proteins in yeast and can frequently be substituted for the yeast protein 
without deleterious effects on the yeast cell. This functional similarity coupled with the genetic 
tractability of yeast have allowed researchers studying human proteins of iron metabolism to quickly 
focus their efforts based on the known functions of the yeast ortholog. 

 There are, of course, limitations to the use of yeast as a model organism for the study of human 
iron metabolism. The most obvious difference is that, as a single-celled organism, yeast has not 
developed systems for the communication of iron balance or the delivery of iron compounds between 
cells. Other differences are more subtle. Fungi acquire iron directly from the environment and have 
evolved strategies for the solubilization of iron that is largely present as insoluble colloidal aggre-
gates of ferric oxyhydroxides. Humans acquire dietary iron from plant and animal sources and thus 
may bypass the solubilization steps required to make iron bioavailable. In the extracellular milieu of 
yeast, soluble iron is found in a variety of chemical forms, and the uptake systems of yeast refl ect 
this variety. Yeast    does not express ferritins and stores excess cellular iron within the vacuole, a 
membrane-bound organelle similar to the mammalian lysosome. Yeast largely relies on transcrip-
tional systems to regulate the uptake and utilization of iron. In contrast, mammalian cells largely rely 
on translational or posttranslational regulatory systems for cellular iron homeostasis. 

 This chapter will summarize the molecular biology of iron uptake and utilization in  S. cerevisiae . 
Where possible, similarities between yeast and humans will be discussed.  

    Chapter 30   
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    2   Iron Uptake at the Cell Surface 

 Most of the proteins involved in the uptake of iron in yeast are homeostatically regulated; that is, 
they are expressed at high levels when cellular iron levels are low and they are expressed at low 
levels when cellular iron levels are high. Examination of the set of proteins that are homeostatically 
regulated by iron reveals the major strategies that yeast cells employ to maintain iron balance. When 
cellular iron levels fall, yeast responds by (1) activating systems of iron uptake, (2) mobilizing intra-
cellular stores of iron, and (3) adjusting cellular metabolism to optimize the use of iron. The genes 
that are activated by intracellular iron depletion are presented in Table  30.1  and Fig.  30.1   [  1–  4  ] .   

  S. cerevisiae  takes up iron in the form of ferric and ferrous salts, low-affi nity ferric chelates (such 
as ferric citrate), and high-affi nity ferric chelates (such as ferric siderophores). Siderophores are a 
heterogeneous group of low-molecular-weight organic compounds that bind ferric iron with 
extremely high affi nity and specifi city. These molecules are synthesized and secreted in their iron-
free form by many species of bacteria and fungi, and graminaceous plants. After secretion, sidero-
phores can bind and solubilize ferric iron, thereby making it available to cellular uptake systems  [  5  ] . 

   Table 30.1    Aft1p/Aft2p target genes and their subcellular location and function   

 ORF name  Gene name  Location  Function 

  Uptake of iron at the cell surface  
 YDR534C  FIT1  Cell wall  Siderophore binding/uptake 
 YOR382W  FIT2  Cell wall  Siderophore binding/uptake 
 YOR383C  FIT3  Cell wall  Siderophore binding/uptake 
 YLR214W  FRE1  Plasma membrane  Metalloreductase 
 YKL220C  FRE2  Plasma membrane  Metalloreductase 
 YOR381W  FRE3  Plasma membrane  Siderophore reductase 
 YNR060W  FRE4  ?  ? reductase 
 YOR384W  FRE5  ?  ? reductase 
 YMR058W  FET3  Plasma membrane  Multicopper oxidase, Fe(II) uptake 
 YER145C  FTR1  Plasma membrane  Permease, Fe(II) uptake 
 YNL259C  ATX1  Cytosol  Cu chaperone, deliver Cu to Ccc2p 
 YDR270W  CCC2  Post-Golgi vesicle  Cu transport into vesicles 
 YHL040C  ARN1  Endosome, plasma 

membrane 
 Ferrichrome transport 

 YHL047C  ARN2/TAF1  ?  TAFC transport 
 YEL065W  ARN3/SIT1  Endosome, plasma 

membrane 
 Hydroxamate siderophore transport 

 YOL158C  ARN4/ENB1  Plasma membrane  Enterobactin transport 
  Effl ux of iron from vacuole to cytosol  
 YLL051C  FRE6  Vacuole  Metalloreductase 
 YLR034C  SMF3 a   Vacuole  Fe(II) transport 
 YFL041W  FET5  Vacuole  Multicopper oxidase, Fe(II) transport 
 YBR207W  FTH1  Vacuole  Permease, Fe(II) transport 
  Other transporters  
 YGR065C  VHT1  Plasma membrane  Biotin transporter 
 YOR316C  COT1  Vacuole  Zn, Co storage/detoxifi cation 
 YKR052C  MRS4 a   Mitochondria  Mitochondrial iron import 
  Metabolic adaptation to low iron  
 YLR205C  HMX1  Endoplasmic reticulum  Heme oxygenase 
 YLR136C  CTH2/TIS11  Cytosol  mRNA degradation 

   a  Predominately regulated by Aft2p. All others predominately regulated by Aft1p. Reproduced with permission from  [  77  ]   
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 S. cerevisiae  is somewhat unusual in that it does not synthesize siderophores, but, similar to most 
fungi, it can take up iron bound to a variety of these iron chelates  [  6  ] . More than half of the genes 
that are activated during intracellular iron depletion are involved directly or indirectly with the 
uptake of siderophore-bound iron. Clearly, these systems allow  S. cerevisiae  to compete with other 
organisms for available environmental iron. 

    2.1   Siderophores and the Cell Wall 

 Before iron compounds can reach the plasma membrane of yeast, they must fi rst pass through the 
cell wall. The cell wall of yeast is a rigid structure consisting of layers of interlinked ß-1,3 glucan, 
ß-1,6 glucan, chitin and mannoproteins  [  7  ] . The cell wall is a highly dynamic, porous structure, but 
the passage of higher molecular weight molecules is restricted. As cellular iron levels fall, yeast 
expresses a family of three GPI-linked cell wall mannoproteins called Fit1, 2, and 3  [  8  ] . The  FIT  
genes are the most strongly induced of all the genes expressed during cellular iron depletion, but 
their exact function is unclear. Expression of the  FIT  proteins enhances the retention of ferrichrome, 
a hydroxamate siderophore, in the cell wall and enhances the uptake of ferrichrome and ferrioxam-
ine B at the cell surface. The  FIT  proteins may function by increasing the permeability of the cell 
wall to siderophores or by enhancing their retention in the periplasmic space.  

  Fig. 30.1    Iron homeostasis in  Saccharomyces cerevisiae . Proteins expressed as part of the Aft1 and 2 regulon are 
labeled in  black text . The low affi nity iron transporters Smf1 and Fet4 are also shown. Genes that are downregulated 
during iron defi ciency are indicated in  gray text . Modifi ed and reproduced with permission from  [  77  ]        
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    2.2   The Reductive System of Iron Uptake 

 Iron compounds that reach the cell surface can become substrates for two genetically separate systems 
of iron uptake, the reductive and the nonreductive systems. In the reductive system, the ferric 
substrate is reduced at the cell surface prior to uptake of the free ferrous iron ion. This reduction step 
is carried out by a family of broad-specifi city metalloreductases, the  FRE  family.  FRE1  and  FRE2  
encode the majority of the cell surface reductase activity and are strongly induced by cellular iron 
depletion, or, in the case of  FRE1 , copper depletion  [  9–  15  ] . The  FRE  reductases are polytopic inte-
gral membrane proteins with binding sites for heme, FAD, and NADPH, and  Fre1     has been shown 
to bind heme as a b-type fl avocytochrome  [  16  ] . Fre1 and Fre2 can catalyze the reduction of oxidized 
forms of iron and copper, as well as a variety of one-electron acceptors. Although they were initially 
characterized as ferric citrate reductases, Fre1 and Fre2 can also reduce the ferric iron in siderophore 
chelates, such as ferric enterobactin, ferrichrome, and ferrioxamine B  [  17  ] . Because the sidero-
phores only bind ferric iron with high affi nity and bind ferrous iron with much lower affi nity, this 
reduction of the bound ferric iron to the ferrous form leads to the dissociation of the ferrous iron 
from the siderophore, making the ferrous iron available to ferrous-specifi c transporters. Additional 
paralogs of the  FRE  family are expressed during cellular iron depletion  [  18  ] , and two of these, Fre3 
and Fre4, exhibit the capacity to reduce ferric hydroxamate siderophores. The  FRE  family of 
reductases exhibits sequence conservation with the STEAP family of proteins found in mammals. 
Recent studies have shown that Steap3 is also a ferric reductase that is required for transferrin-
dependent iron uptake in erythroid cells  [  19  ] . Steap2, 3, and 4 are both ferric and cupric reductases 
and are predicted to require fl avin, heme, and NADPH cofactors  [  20  ] . 

 Uptake of reduced iron at the cell surface occurs through both high-affi nity and low-affi nity trans-
porters. The high-affi nity ferrous iron transport complex is strongly induced during iron depletion 
and is composed of a copper-dependent oxidase encoded by  FET3   [  21  ]  and a permease encoded by 
 FTR1   [  22  ] . Ferrous iron is the only known substrate for this complex, and the iron must be oxidized 
prior to uptake in a reaction that requires copper metallation of Fet3 and the consumption of oxygen 
 [  23–  26  ] . The ferric iron is then delivered to the cytosol by the Ftr1 permease. The advantage gained 
by this curious coupling of oxidation and transport is not clear, but this mechanism may contribute 
to the high affi nity of the complex or to its specifi city for ferrous ions. Copper insertion into Fet3 
occurs intracellularly in the lumen of the late secretory pathway  [  27  ] , and two proteins required for 
this process are the copper ATPase Ccc2  [  28  ]  and the cytosolic copper chaperone Atx1  [  29  ] . Atx1 
binds cytosolic copper and delivers it to a methionine-rich domain of Ccc2, which then pumps the 
copper into the post-Golgi vesicle. Both  ATX1  and  CCC2  are transcriptionally regulated by iron 
rather than by copper, supporting their primary role in iron rather than copper homeostasis. 

 Cells containing adequate levels of intracellular iron transcriptionally downregulate the high-
affi nity ferrous iron uptake complex, and uptake of iron under these conditions occurs through low-
affi nity transporters with broader transition metal specifi city. Yeast expresses three members of the 
Nramp family of divalent metal transporters, called Smf1, 2, and 3  [  30  ] . Smf1 is primarily a plasma 
membrane transporter of manganese, but it can also transport iron and cobalt, and yeast overexpress-
ing Smf1 accumulates higher levels of intracellular iron  [  31  ] . A second low-affi nity transporter of 
broad metal ion specifi city is encoded by  FET4 . Fet4 exhibits transport activity for ferrous iron, zinc, 
copper, and cadmium  [  32–  34  ] . This transporter is strongly induced under conditions of reduced 
oxygen tension and may constitute the major source of iron transport activity during hypoxic or 
anaerobic growth, when the oxygen-dependent Fet3/Ftr1 complex is inactive  [  26,   35  ] . 

 Although the reductive iron uptake system of yeast is not precisely duplicated in human cells, 
several orthologous proteins are involved in human iron transport. Members of the yeast SMF family 
of divalent metal transporters are homologous to the major ferrous iron transporter of humans, 
DMT1  [  36  ] . Transporters of this family are present in most eukaryotes and primarily function in the 
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uptake of either manganese or iron (and sometimes both). Although humans are not known to express 
a transport complex similar to Fet3/Ftr1, multicopper oxidases homologous to Fet3 have a clear role 
in iron homeostasis. Ceruloplasmin is a multicopper oxidase found in human serum and on the sur-
face of glial cells and appears to be required for cellular iron effl ux, rather than uptake, as is the case 
with Fet3  [  37  ] . Hephaestin, another membrane-bound multicopper oxidase, is involved in the effl ux 
of iron from the basolateral surface of the enterocyte  [  38  ] . For both ceruloplasmin and hephaestin, 
recent evidence suggests that their role in cellular iron effl ux occurs through an interaction with fer-
roportin, the mammalian ferrous iron effl ux pump  [  39  ] . The ferroxidase activity is required to trans-
fer the ferrous iron from ferroportin to the circulating ferric iron carrier transferrin. Human orthologs 
of Atx1 and Ccc2 share activities similar to the yeast proteins, that is, binding and transporting cop-
per  [  40,   41  ] . However, the primary role of the human copper-transporting ATPases is not in iron 
homeostasis, but in copper effl ux. Mutations in ATP7A and ATP7B lead to Menkes and Wilson 
diseases, respectively. In the case of Menkes disease, defects in ATP7A result in poor absorption of 
dietary copper and defi ciencies of copper-dependent enzymes, while in the case of Wilson disease, 
mutations in ATP7B result in cellular copper overload, especially in the liver.  

    2.3   Nonreductive Uptake of Iron 

 The nonreductive iron uptake system of yeast is specifi c for siderophore–iron chelates. Under condi-
tions of iron depletion,  S. cerevisiae  expresses a family of four homologous transporters of the ARN/
SIT subfamily of the major facilitator superfamily  [  42  ] . These transporters are unique to fungi, are 
predicted to have 14 membrane-spanning domains, and are likely energized by proton symport. 
Each of these transporters exhibits specifi city for a group of fungal and/or bacterial siderophores 
(Table  30.2 ). Siderophores can be broadly grouped into two classes based on the moieties that coor-
dinate the iron. Fungi generally produce hydroxamate-type siderophores, such as ferrichromes, 
while gram-negative bacteria produce catecholate-type siderophores, such as enterobactin. Arn1, 2, 
and 3 transport a variety of trihydroxamate siderophores, while Arn4 transports only catecholate 
siderophore  [  43–  49  ] . The siderophore substrates for an individual transporter can be structurally 
heterogeneous. For example, Arn3/Sit1 transports several types of ferrichromes, which are cyclic, 
peptide-linked trihydroxamates, as well as ferrioxamine B, which is a linear, peptide-linked trihy-
droxamate that is about half the size of ferrichrome. Siderophores that lack bound iron do not com-
pete with ferric siderophores for uptake and thus are not substrates for the transporters  [  50  ] . This 
substrate diversity and specifi city for the iron-bound form suggest that the ARN transporter primar-
ily recognizes the hexadentate iron coordination site of the siderophore and that the remaining side 
chains have lesser infl uence on substrate recognition.  

   Table 30.2    Siderophore 
substrates of ARN/SIT family 
of transporters   

 Transporter  Siderophore substrate   K  
t
  ( m M) 

 Arn1p  Ferrichromes a   0.9 
 Arn2p/Taf1p  Triacetylfusarinine C  1.6 
 Arn3p/Sit1p  Ferrioxamine B  0.5 

 Ferrichromes a   2.3 
 Arn4p/Enb1p  Enterobactin  1.9 

   a  Ferrichromes include ferrichrome, ferrichrome A, ferricrocin, fer-
richrycin, ferrirhodin, and ferrirubin. Some strain-specifi c variation in 
the specifi city of Arn1 and Arn3 for different ferrichromes has been 
reported. Reproduced with permission from  [  77  ]   
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 Two members of the ARN/SIT transporter family exhibit posttranslational regulation through 
their localization in the late secretory pathway. While Arn4 traffi cs directly to the plasma mem-
brane after synthesis, the ferrichrome transporters, Arn1 and Arn3, are sorted directly from the 
trans-Golgi network (TGN) to the vacuole for degradation when their respective siderophore sub-
strates are not present in the extracellular medium  [  51,   52  ] . Arn1 is recognized at the TGN by 
Gga2, a clathrin adaptor protein that directs cargo to the endosomal pathway  [  53  ] . In the late endo-
some, Arn1 is ubiquitinated by Rsp5, which allows Arn1 to be captured by the multivesicular body 
for delivery to the vacuolar lumen. Thus, in the absence of ferrichrome, Arn1 is never expressed on 
the cell surface and is degraded with a half-life of approximately 10 min. In the presence of sidero-
phore substrates, however, Arn1 and Arn3 are captured at the TGN and diverted to the plasma 
membrane. In the case of Arn1, this is triggered by the binding of ferrichrome to a high-affi nity 
receptor site on the extracytosolic face of the transporter, and ferrichrome is thought to gain access 
to intracellular Arn1 through fl uid-phase endocytosis  [  54  ] . Uptake of siderophore substrates at the 
plasma membrane is accompanied by the endocytic cycling of Arn1 and Arn3, which also requires 
ubiquitination by Rsp5. The purpose of this intracellular traffi cking is not clear, but this may have 
evolved to protect the cell from potentially toxic small molecules that could also be transported 
nonspecifi cally by Arn1 and Arn3. Degradation of the transporters in the absence of their sidero-
phore substrates could ensure that yeast cells do not inadvertently take up toxic compounds mas-
querading as siderophores. 

 Siderophore transporters of the ARN/SIT family are not present in the genomes of higher eukary-
otes, but the regulated intracellular traffi cking of these transporters is similar in some ways to the 
regulation of ferroportin, the basolateral iron effl ux pump of mammals. Ferroportin activity is regu-
lated by hepcidin, a peptide hormone that controls iron homeostasis in mammals. Hepcidin binds to 
a receptor domain on the extracellular face of ferroportin, which triggers the endocytosis and even-
tual degradation of the transporter  [  55  ] . 

 Humans are not known to utilize siderophores as nutritional sources of iron, although these are 
certainly secreted by the intestinal fl ora of humans. Humans do, however, express siderophore-bind-
ing proteins, called lipocalins or siderocalins, that appear to function primarily in innate immunity by 
withholding iron–siderophore complexes from microbial pathogens  [  56–  58  ] . Additional evidence 
suggests that the siderophore-binding proteins have a role in human physiology beyond their role in 
innate immunity, and this role may involve binding an endogenously produced siderophore-like 
ligand. Two reports indicate that catechol-like molecules serve as iron ligands both within cells and 
in the systemic circulation, enabling the iron:catechol complex to be bound by siderocalin  [  59,   60  ] .  

    2.4   Heme Iron Uptake 

  S. cerevisiae  differs from pathogenic yeast, such as  Candida albicans , in that it does not use heme 
as a nutritional source of iron. Under conditions of cellular iron depletion,  S. cerevisiae  does not take 
up signifi cant quantities of heme iron  [  61,   62  ] . This yeast does have the capacity to take up heme 
iron, however, and heme transport is activated under conditions of heme defi ciency  [  63  ] . Heme defi -
ciency occurs naturally during periods of hypoxic growth, as heme synthesis is highly dependent on 
molecular oxygen. Laboratory strains of yeast with defects in heme biosynthesis have been engi-
neered, and these strains also exhibit inducible heme uptake. No high-affi nity transporters for heme 
have been identifi ed in any fungal species, and indirect evidence suggests that heme uptake may be 
a genetically complex trait in this species. Pug1, a transporter with limited capacity for the effl ux of 
heme and the uptake of protoporphyrin IX, has been identifi ed in yeast, but this protein bears no 
homology with the heme effl ux pump of mammals, FLVCR  [  64  ] .   
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    3   Iron Storage 

 Yeast stores excess iron in the vacuole, and although the molecular form of the iron is unknown, the 
vacuole also contains amino acids and polyphosphate that could potentially interact with iron to 
maintain its solubility. When yeasts are grown in media containing high concentrations of iron, 
vacuoles accumulate iron through the activity of Ccc1, a transporter specifi c for iron and manganese 
located on the vacuolar membrane  [  65,   66  ] . Yeast lacking  CCC1     exhibits sensitivity to high concen-
trations of iron, indicating that sequestration of iron in the vacuole is important for detoxifi cation of 
the metal. CCC1 is transcriptionally activated under iron-replete conditions by the transcription fac-
tor Yap5  [  67  ] . Yap5 is a member of a family of yeast transcription factors with similarity to mam-
malian AP-1. Other members of this family respond to oxidative stress and cadmium, while Yap5 
appears to be the only family member that responds to excess iron. 

    3.1   Mobilization of Iron Stores 

 Yeast can grow for several generations in iron-free medium, indicating that iron stored within the 
cell can be mobilized for use in iron-dependent processes. Growth in iron-poor medium activates 
the expression of several genes involved in vacuolar iron mobilization, and these genes essentially 
duplicate the reductive transport system found on the plasma membrane. Fre6, a member of the 
 FRE  family of metalloreductases, is activated during iron depletion and is expressed exclusively 
on the vacuolar membrane  [  68,   69  ] . Fre6 activity is required for the reduction of vacuolar iron 
prior to its export from the organelle to the cytosol. Fet5 and Fth1 are paralogs of the high-affi nity 
plasma membrane ferrous iron transport complex, Fet3 and Ftr1, and are also expressed as a com-
plex on the vacuolar membrane  [  70  ] . Smf3 is a paralog of Smf1 and 2 and is also found exclu-
sively on the vacuolar membrane  [  69  ] . Together, Fet5/Fth1 and Smf3 can transport ferrous iron 
produced by the reductase activity of Fre6, mobilizing the iron from the vacuole to the cytosol. 
The requirement of Fre6 in this process suggests that the majority of the iron stored in the vacuole 
is in the ferric form. 

 The vacuole is a site of storage for metal ions other than iron, such as zinc, copper, manganese, 
and cobalt. Yeast cells grown in iron-poor medium exhibit greater sensitivity to the toxic effects of 
these other metals than yeast grown in iron-rich medium. Cells grown in iron-poor medium also 
induce the expression of Cot1, a vacuolar transporter primarily involved in the vacuolar accumula-
tion of zinc and cobalt  [  71,   72  ] . Expression of Cot1 during iron defi ciency is thought to protect cells 
by sequestering these metals in the lumen of the vacuole  [  73  ] . 

 Although the vacuole appears to be the primary site of iron storage in yeast, substantial quantities 
of iron are present in the mitochondria. Mitochondria are the sites of heme biosynthesis and iron–
sulfur cluster assembly as well as the location of the respiratory enzymes, which are rich in heme 
and iron–sulfur clusters. Although no evidence exists for the mobilization of iron from mitochondria 
during growth in iron-poor medium, heme and iron–sulfur proteins represent a large pool of cellular 
iron that could potentially be mobilized for other purposes during iron defi ciency. Yeast cells grow-
ing on iron-poor medium induce the expression of Hmx1, the yeast heme oxygenase, and can degrade 
heme to liberate the iron for other metabolic purposes  [  74  ] . Heme is also an important regulatory 
molecule in yeast and, in conjunction with the Hap1 and Hap2/3/4/5 transcription factors, can acti-
vate the expression of a number of genes involved in aerobic growth, including the iron-rich respira-
tory cytochromes. Thus, expression of Hmx1 during iron defi ciency also serves to degrade heme and 
downregulate the expression of iron-containing proteins.  
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    3.2   Mitochondrial Iron for the Synthesis of Heme and Iron–Sulfur Clusters 

 Much of the iron taken up by the yeast cell is dedicated to the synthesis of heme and the assembly 
of iron–sulfur clusters (ISCs), both of which occur within mitochondria. While a detailed descrip-
tion of the machinery dedicated to the synthesis of these cofactors is beyond the scope of this chap-
ter, the infl uence of these systems on cellular iron homeostasis will be described (see also Chap. 2). 
Iron can enter mitochondria through multiple mechanisms, not all of which have been identifi ed. 
Mrs3 and Mrs4 encode mitochondrial carrier proteins that can transport iron into the mitochondrial 
matrix  [  75  ] . Mrs4 is transcriptionally activated by iron depletion, suggesting that cells attempt to 
maintain the import of iron into mitochondria in the face of falling intracellular iron levels. A murine 
ortholog of Mrs3 and 4, termed mitoferrin, is required for the insertion of iron into heme, and muta-
tion of the zebrafi sh ortholog results in a profound defect in heme and ISC synthesis  [  76  ] .   

    4   Iron and Cellular Metabolism 

 The nutritional requirement of yeast for iron changes according the metabolic state of the cell, and 
changes in iron availability can result in changes in cellular metabolism. Glucose is the preferred 
carbon source for  S. cerevisiae , and this species can metabolize the products of glycolysis through 
either fermentation or respiration. Happily, yeast preferentially ferment glucose to ethanol, but when 
glucose is limiting, nonfermentable carbon sources, such as ethanol, acetate, or lactate, can be con-
verted to carbon dioxide and water through the TCA cycle and oxidative phosphorylation. When 
yeasts are grown in iron-poor media, they rely exclusively on the fermentation of glucose, as cells 
cannot grow on iron-poor media containing only nonfermentable carbon sources  [  77  ] . Similarly, 
yeast lacking high-affi nity iron uptake also cannot grow on nonfermentable carbon sources  [  78  ] . 
Presumably, this respiratory defect is due to a lack of activity of iron-dependent respiratory enzymes, 
but this has not been rigorously tested. Conversely, yeasts grown on nonfermentable carbon sources 
accumulate larger amounts of intracellular iron than do yeasts grown on glucose, and transcription 
of the high-affi nity ferrous transport complex is increased upon a shift to respiration  [  79  ] . This 
increased expression requires the Snf1/Snf4 kinase complex. Iron limitation has been shown to 
increase the phosphorylation of Snf1  [  80  ] , which activates the expression of genes involved in glu-
cose uptake and metabolism. 

    4.1   Metabolic Alterations Controlled by Cth2/Tis11 

 Several lines of evidence suggest that under conditions of iron defi ciency, yeasts alter their utiliza-
tion of iron by downregulating nonessential iron-requiring metabolic pathways and shifting to iron-
independent metabolic pathways. Analysis of the transcriptome of yeast indicates that mRNAs 
encoding heme and iron–sulfur proteins are downregulated in iron-defi cient cells  [  2,   4  ] . The tran-
scripts encode proteins of the TCA cycle, respiratory cytochromes, heme and biotin biosynthetic 
pathways, and ISC proteins involved in the synthesis of amino acids. Many of these changes are 
mediated in part by the activities of RNA-binding proteins expressed during iron defi ciency. Cth2 
and Cth1 are members of the tristetraprolin family of RNA-binding proteins, and they recognize 
AU-rich elements in the 3 ¢ UTR of specifi c mRNA transcripts  [  2,   80  ] . Mammalian versions of these 
proteins are involved in the regulation of the immune response. Expression of Cth2 is greatly 
increased during iron defi ciency, and Cth1 expression also increases slightly in milder iron defi ciency. 
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Binding of Cth2 to mRNA transcripts leads to destabilization and degradation of the mRNA. This 
has been specifi cally shown for  SHD4  and  ACO1  mRNAs, which encode the heme-binding subunit 
of succinate dehydrogenase and aconitase, respectively. Thus, during iron defi ciency, yeast cells syn-
thesize a protein that downregulates the expression of many genes involved in iron utilization.  

    4.2   Alteration of Biotin Acquisition 

 Under conditions of iron defi ciency, yeast shifts from biosynthesis of biotin to uptake of exogenous 
biotin from the medium  [  4  ] .  S. cerevisiae  can synthesize biotin from 7-keto, 8-amino-, and 7, 
8-diamino-pelargonic acid precursors, and the ultimate step of this pathway is catalyzed by Bio2, an 
iron–sulfur protein  [  81,   82  ] . The biosynthetic enzymes Bio2, Bio3, and Bio4 are expressed when 
cells are grown in iron-rich medium, but transcription is shut off in iron defi ciency. Iron defi ciency 
also activates the transcription of  VHT1 , which encodes the plasma membrane high-affi nity trans-
porter for biotin. Thus, yeast reciprocally regulates the uptake and biosynthesis of biotin, relying 
exclusively on uptake when iron is low and shifting to biosynthesis when iron is high.   

    5   Regulators of the Iron Defi ciency Response: Aft1 and 2 

 Yeast iron homeostasis is primarily controlled by the transcription factor Aft1 and, to a lesser extent, 
Aft2 (Fig.  30.2 )  [  78,   83–  85  ] . These transcription factors activate the set of genes that constitute the 
major response to iron defi ciency in yeast  [  1,   3,   4  ] . No mammalian orthologs of these proteins have 
been identifi ed, and they do not appear to be conserved among other fungal species. Aft1 and Aft2 
recognize and bind to consensus sequences (PyPuCACCC) present in one or more copies in the 
upstream region of their respective target genes. Aft2 is 39% identical to Aft1 and recognizes a par-
tially overlapping set of genes with similar consensus sequences, but the effects of Aft2 are largely 
unapparent unless Aft1 is deleted. An exception to this is the transcriptional activation of  SMF3  and 
 MRS4 , which are targets for Aft2, but not Aft1.  

 Aft1 is constitutively expressed in growing yeast cells, and under conditions of iron depletion, 
Aft1 accumulates in the nucleus, where it binds DNA and activates the transcription of the set of 
genes described in Table  30.1   [  86  ] . Under conditions of iron suffi ciency, Aft1 is predominately located 
in the cytosol, where it is inactive. Aft1 may be continuously cycling in and out of the nucleus, and 
some evidence suggests that iron exerts its effects at the level of nuclear export. Aft1 requires the 
karyopherin Pse1 for import into the nucleus and the nuclear exportin Msn5 for export to the cytosol 
 [  87,   88  ] . Some investigators report that Aft1 undergoes an intermolecular interaction in the presence 
of iron that leads to the formation of Aft1 dimers, which are exported from the nucleus. 

 Aft1 appears to sense the levels of intracellular iron, but whether it directly binds iron is not 
known. Several components of the mitochondrial iron–sulfur cluster assembly system are required 
for the inactivation of Aft1 in the presence of iron, leading to the hypothesis that Aft1 senses cellular 
iron levels in the form of a product of the ISC assembly system. Deletion of the monothiol glutare-
doxin Grx5; depletion of the yeast frataxin homologue, Yfh1; or depletion of glutathione all lead to 
loss of both ISC assembly and iron-dependent Aft1 inactivation  [  89–  91  ] . Aft1 inactivation also 
requires Atm1, a mitochondrial inner membrane transporter that is thought to export a product of the 
ISC assembly system. The components of the cytosolic ISC machinery appear not to be required for 
the inactivation of Aft1, as their depletion does not result in the constitutive expression of the Aft1-
regulated genes. These observations suggest that Aft1 responds to changes in the levels of a product 
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of the mitochondrial ISC assembly machinery and that the levels of this ISC product are proportional 
to the levels of metabolically available cellular iron. 

 Iron-dependent inactivation of Aft1 requires the activities of several additional proteins that 
directly interact with the transcription factor. Grx3 and Grx4 are monothiol glutaredoxins required 
for the inactivation and cytosolic accumulation of Aft1  [  92,   93  ] . Both glutaredoxins can bind to 
Aft1, and a conserved cysteine residue in the glutaredoxin active site is required for both binding and 
inactivation. Fra1 and Fra2 are two additional proteins that are individually required for the inactiva-
tion of Aft1  [  94  ] . Fra1 and Fra2 interact in the cytosol as a complex, and the complex can directly 
bind to Grx3 and Grx4. In vitro, Grx3 and Grx4 can form heterodimers with Fra2 that bind a [2Fe–
2S] cluster, and the presence of the ISC may be communicated to Aft1 as it cycles through the cyto-
sol  [  95  ] . A clearer picture of the molecular events controlling the response of Aft1 to iron must await 
further research. 

 Several coregulators of Aft1 have been identifi ed. Heme is required for the activation of a subset 
of the Aft1 regulon, as some of these genes, such as Fet3, are repressed in the absence of heme  [  96  ] . 

  Fig. 30.2    A model of regulation of transcription by Aft1. ( a ). In cells lacking iron, production of ISCs is low. Aft1 
continuously cycles between the nucleus and cytosol, and in the absence of ISCs, Aft1 accumulates in the nucleus and 
activates transcription. ( b ). In cells replete with iron, production of ISCs is high. ISCs bind to the Grx3/4 and Fra1/2 
complex, which interacts with Aft1 to promote its retention in the cytosol. Aft1 may form a dimer in iron-replete cells. 
Modifi ed and reproduced with permission from  [  77  ]        
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This repression is mediated by the coregulators Tup1 and Hda1  [  97  ] . Other genes in the Aft1 regulon 
are not repressed in the absence of heme, such as Arn1, and Cti6 is required to escape this repression 
 [  97,   98  ] . This regulation by heme may allow the cells to coordinate iron uptake with oxygen avail-
ability. Activation of some Aft1 target genes requires the Tup1, Ssn6, and Nhp6 coregulators, and 
the mediator complex has also been reported to specifi cally repress the Aft1 regulon  [  46,   99,   100  ] .  

    6   Yeast as a System for Xenoprotein Expression 

 Much of the utility of yeast as a model system for human iron metabolism has been based on the 
shared functions of the endogenous yeast proteins and their human orthologs. However, yeast can 
also serve as a model organism for expression and functional characterization of xenoproteins, thus 
allowing the investigator to exploit the genetic tractability of  S. cerevisiae . This genetic tractability 
was used to identify poly r(C)-binding protein (PCBP1) as a human protein that functions as an iron 
chaperone for the delivery of iron to ferritin  [  101  ] . Human ferritins were expressed in a yeast strain 
that contained an iron-sensing reporter gene, and PCBP1 was selected from a human cDNA library 
on the basis of its capacity to deliver iron to ferritin and thereby activate the iron-sensing reporter. 
The utility of the yeast system can be expanded to include the study of human proteins that confer 
functions that do not naturally occur in yeast but can be measured and studied. Thus, yeast may 
prove useful in identifying additional human genes involved in iron homeostasis.      
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    1   Zebrafi sh as a Model for Human Erythropoiesis 

 Zebrafi sh are small freshwater fi sh in the teleost infraclass of ray-fi nned fi shes ,  which have been 
developed as a laboratory model for the study of genetics and developmental biology. Zebrafi sh 
hematopoiesis, like human hematopoiesis, occurs in two phases, a short-lived primitive or embry-
onic phase, which primarily generates erythrocytes and macrophages, followed by a defi nitive or 
adult phase, which continues to produce all the blood lineages throughout the life of the organism 
(reviewed in  [  1  ] ). Similar to mammalian embryos, the primary sites of hematopoiesis shift in the 
zebrafi sh embryo. During development, the location of mammalian hematopoiesis shifts location 
from ventral blood islands in the yolk sac, to the liver, and then to the bone marrow. In the zebrafi sh, 
hematopoiesis transitions from the embryonic rostral blood islands and intermediate cell mass (ICM) 
to the aorto-gonado-mesonephric region and posterior blood island  [  1  ] . In the adult zebrafi sh, 
hematopoiesis occurs in the kidney and thymus  [  1,   2  ] . 

 Similar to human hematopoietic stem cells, zebrafi sh hematopoietic stem cells follow a conserved 
genetic program and differentiate into three major lineages: erythroid, myeloid, and lymphoid. 
Zebrafi sh primitive hematopoietic progenitors (Fig.  31.1 ) express transcription factors such as  scl , 
 fl i1 ,  gata-2 ,  hhex ,  lmo2 , and  tif1 g    [  3–  6  ] . A group of  scl  + progenitor cells express  gata-1  and are des-
tined to become erythrocytes  [  5–  7  ] . As the erythrocytes develop, they begin to express the genes 
required for hemoglobin synthesis and iron uptake  [  1  ] . Resembling human hemoglobin, zebrafi sh 
hemoglobin contains four globin chains ( a  

2
  b  

2
 ) and a switch occurs from expression of embryonic 

globin genes to adult globin genes  [  8,   9  ] . Unlike human defi nitive erythrocytes, which lack nuclei, 
zebrafi sh erythrocytes retain their nuclei in both the primitive and defi nitive stages of hematopoiesis.  

 Zebrafi sh embryos are transparent, facilitating observation of erythrocyte development and iden-
tifi cation of embryos with defi ciencies in iron metabolism and hemoglobin production. Embryonic 
erythrocytes begin to circulate at 36 h post-fertilization (hpf). Three criteria may be used to determine 
that zebrafi sh embryos are anemic (1) a decrease in the estimated number of circulating erythrocytes, 
(2) increased pallor of erythrocytes, and (3) decreased hemoglobin staining with  o -dianisidine.  

    Chapter 31   
 Zebrafi sh Models of Heme Synthesis 
and Iron Metabolism       

         Paula   Goodman   Fraenkel           



670 P.G. Fraenkel

    2   Genetic Screens 

 Large-scale chemical mutagenesis screens, performed in Tübingen, Germany, and Boston, Massachusetts 
 [  10,   11  ] , were used to identify a variety of zebrafi sh mutants with defects in embryonic erythropoiesis 
 [  12,   13  ] . Male founder fi sh (P generation) were treated with ethylnitrosourea (ENU) to introduce ger-
mline mutations in their gametes (Fig.  31.2 ). The F 

1
 -progeny of these males were bred to generate a 

second generation (F 
2
 ). Fish in the F 

2
 -generation were bred to their siblings in order to uncover reces-

sive mutations causing anemia in the F 
3
 -progeny (reviewed in  [  14  ] ). In this manner, more than 20 

complementation groups were identifi ed, with the majority named for varieties of wine.   

    3   Microinjection Techniques 

 An advantage of the zebrafi sh system is the ease with which gene expression may be modifi ed in the 
embryo via microinjection at the unicellular stage. Injection of cRNA or cDNA may be used to 
overexpress a gene of interest and assess the effect on a particular mutant. This technique has been 
particularly helpful in confi rming the function of mutated genes. In addition, DNA constructs con-
taining promoters, linked to sequences encoding fl uorescent proteins, have been injected into 
zebrafi sh embryos to generate transgenic lines of zebrafi sh with fl uorescent labeling of particular 
cells. This technique has been used to study erythroid development  [  15  ]  and hematopoietic stem cell 
transplantation  [  16,   17  ] . 

 Morpholino knockdown technology  [  18  ]  has been used extensively to validate observations in 
zebrafi sh mutants and has provided critical data where mutants are not available. Morpholinos are 
chemically synthesized antisense oligonucleotides, modifi ed to resist cellular degradation, which 
either inhibit translation or splicing of a specifi c mRNA. After injection into the unicellular embryo, 
the morpholino is distributed to the daughter cells and may continue to be effective for up to 3 days 
post-fertilization (dpf). Epistatic relationships between genes may be assessed by co-injecting a 
particular morpholino with cRNA or cDNA encoding another gene.  

  Fig. 31.1    Formation of early blood precursors in the zebrafi sh embryo. ( a  and  b ) Whole-mount in situ hybridization 
with  scl  at the 8 somite stage, marking the bilateral stripes of mesoderm, which will migrate to form the ICM. Anterior 
hematopoietic precursors are evident in the rostral blood island (RBI) ( arrow ). ( c  and  d)  Whole-mount in situ hybrid-
ization with  gata-1  at the 16 somite stage. ( e ) Whole-mount in situ hybridization with  gata-1  at 24 hpf, marking 
erythroid precursors in the ICM, preceding the onset of circulation. ( f  )  o -dianisine staining of hemoglobin at 48 hpf in 
circulating erythrocytes, noted prominently in the ducts of Cuvier over the yolk sac ( arrow ). Reprinted, with permis-
sion, from  [  1  ]   © 2005 by Annual Reviews (  www.annualreviews.org    )       
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    4   Zebrafi sh Models with Defi ciencies in Heme Synthesis 

 Hemoproteins are essential for cellular functions including oxygen binding, oxygen metabolism, 
and electron transfer (reviewed in  [  19  ] ). Hemoglobin, the most abundant hemoprotein in human 
adults, is produced in developing erythrocytes. Production of hemoglobin requires synthesis of the 
heme prosthetic group, insertion of iron into its center, and synthesis of the globin protein. Synthesis 
of heme occurs in mammalian cells via the actions of eight enzymes (reviewed in  [  19  ] ). Analysis of 
zebrafi sh anemia mutants indicates that the same process is conserved in the zebrafi sh. 

  Fig. 31.2    Schematic of large-scale screen for recessive mutations in zebrafi sh. Ethylnitrosourea (ENU) is used to 
generate mutations in the premeiotic germ cells of male founders, which are crossed to wild-type females to produce 
the F 

1
  progeny. F 

1
  fi sh are bred to create F 

2
  families. F 

2
  siblings are incrossed. The resulting F 

3
  progeny are 25% wild-

type (+/+), 50% heterozygous (+/m), and 25% homozygous (m/m) for a recessive mutation. Reprinted, with permis-
sion of Macmillan Publishers, Ltd., from  [  14  ]        
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  4.1 Alas2 

Positional cloning of  sauternes  ( sau ), the fi rst zebrafi sh anemia mutant to be characterized geneti-
cally  [  20  ] , revealed that each of the two  sau  alleles exhibits a mutation in  alas2 , the ortholog of the 
human gene encoding the erythroid-specifi c isoform of the enzyme  d -aminolevulinate synthase 2 
(ALAS2 or ALAS-E). This enzyme catalyzes the condensation of glycine and succinyl CoA to yield 
 d -aminolevulinic acid, the fi rst step in heme biosynthesis. Similar to mammalian  models,  alas2  was 
specifi cally expressed in zebrafi sh erythrocytes while  alas1 , the ortholog of  d -aminolevulinate syn-
thase 1 (ALAS1 or ALAS-N), was expressed ubiquitously  [  20  ] . The protein sequence encoded by 
zebrafi sh  alas2  was highly conserved in comparison to mouse, rat, human, and toadfi sh ALAS2. As 
expected, the erythrocytes in  sau  mutants exhibited lower levels of heme and experimental overex-
pression of  alas2  rescued hemoglobin production in the  sau  mutants, confi rming that the anemia was 
due to ALAS2 defi ciency  [  20  ] . 

 The  sau  phenotype demonstrates both similarities and differences to mammalian models of 
ALAS2 defi ciency.  Sau  mutant erythrocytes exhibited maturation arrest, characterized by persistent 
expression of  gata-1  and  b  

e2
 , an embryonic  b -globin gene  [  20  ] . Similarly, defects in erythrocyte 

maturation and globin expression have been observed in erythrocyte differentiation experiments 
utilizing ALAS2-defi cient mouse embryonic stem cells  [  21,   22  ] . Mutations in ALAS2 in humans 
 [  23–  25  ]  result in the disease congenital sideroblastic anemia (CSA). Although  sau  zebrafi sh, like 
CSA patients, exhibit hypochromic microcytic anemia, they do not display the characteristic ring 
sideroblasts caused by iron deposition in the mitochondria of erythrocytes in affected patients. The 
reason for this difference is not known, although it has been proposed that it may be due to differ-
ences in iron metabolism in zebrafi sh embryos  [  20  ] . 

    4.2   Porphyria Models 

 Zebrafi sh mutants have been identifi ed with defects in the enzymes that follow ALAS2 in the heme 
biosynthetic pathway. These mutants exhibit autofl uorescence in erythrocytes, hepatocytes, or yolk 
sac and are models for human porphyrias, diseases in which fl uorescent porphyrin intermediates 
accumulate due to defi ciencies in heme synthetic enzymes. In  yqem , which exhibits a mutation in 
uroporphyrinogen III decarboxylase ( UROD )  [  26  ] , homozygous mutant zebrafi sh embryos exhibit 
fl uorescent erythrocytes, which hemolyze when exposed to light  [  12  ] . Photosensitivity is a charac-
teristic of the human disease hepatoerythropoietic porphyria (HEP), which is caused by defi ciency 
of  UROD .  Montalcino  exhibits hypochromic anemia and yolk sac fl uorescence due to a mutation in 
protoporphyrinogen III oxidase ( PPO )  [  27  ]  and is a model for the human disease variegate porphyria 
(VP), which is caused by mutations in  PPO . Overexpression of the human ortholog for  PPO  resulted 
in partial rescue of the embryonic anemia in  montalcino  mutants, consistent with a conserved func-
tion for the enzyme  [  27  ] . A mutation in  ferrochelatase , the fi nal enzyme in the heme biosynthetic 
pathway, which inserts iron into protoporphyrin IX, results in the zebrafi sh mutant  dracula   [  28  ] . 
This mutant exhibits autofl uorescent erythrocytes and hepatocytes  [  28  ] , reminiscent of the human 
disease erythropoietic porphyria (EP), in which patients exhibit mutations in  ferrochelatase , eryth-
rocytes are autofl uorescent, and toxic porphyrins accumulate in the liver.  

    4.3   Glutaredoxin5 

 Positional cloning of the gene affected in the zebrafi sh mutant  shiraz  ( sir ) resulted in the identifi cation 
of a new gene regulating heme synthesis (Fig.  31.3 ).  Sir  homozygotes exhibit severe hypochromic 
anemia and impaired hemoglobin production, yet morpholino knockdown of  UROD  or  ferrochelatase  



  Fig. 31.3    Deletion of  grx5  causes hypochromic anemia in  sir  via increased activity of iron regulatory protein 1 
(IRP1). ( a ,  b ) Photomicrographs in bright fi eld ( a ) or dark fi eld with epifl uorescent light source ( b ) of wild-type 
embryos injected with  ferrochelatase  morpholino, which causes erythrocyte autofl uorescence ( top ), while  sir  ( bottom ) 
embryos are unaffected. ( c – n )  o -dianisidine staining in embryos at 48 hpf ( c ) wild type; ( d )  sir  mutant. ( e – j )  sir  
mutants injected with  alas2  cDNA constructs: ( e )  alas2  cDNA lacking the 5’UTR; ( f )  alas2  cDNA with the entire 
5’UTR; ( g )  alas2  cDNA with 5’ IRE six-base loop (CAGUGC) deleted; ( h )  alas2  cDNA loop 5’-GCTCGG-3’; ( i )  alas2  
cDNA loop 5’-C C G A GC-3’; ( j )  alas2  cDNA loop 5 ¢ -CAG  Δ  GC-3 ¢ . ( k – n )  sir  mutants injected with  IRP1  morpholino 
( k ) or  IRP1  four-base morpholino mismatch ( l ), injected with both  IRP1  morpholino and  IRP1  cDNA ( m ), and 
injected with  IRP2  morpholino ( n ). Mutated nucleotides are underlined. ( o ) Model for the role of Fe-S cluster produc-
tion in erythroid heme synthesis. Reprinted, with permission of Macmillan Publishers, Ltd., from  [  29  ]        
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failed to produce autofl uorescence. This indicated an absence of porphyrin intermediates and 
suggested that the fi rst step in heme synthesis, catalyzed by ALAS2, was impaired  [  29  ] . While most 
of the mutants identifi ed in the Tübingen and Boston screens were due to point mutations, positional 
cloning of  sir  revealed a deletion of approximately 150 kb on linkage group 20  [  29  ] . Glutaredoxin5 
( grx5 ), previously characterized in yeast as a gene required for Fe-S cluster biosynthesis in mito-
chondria  [  30,   31  ] , was identifi ed as a candidate gene in the deleted region.  Grx5  expression was 
absent in  sir , while overexpression of either yeast, mouse, zebrafi sh, or human  grx5  rescued the 
anemia phenotype  [  29  ] . Furthermore, zebrafi sh  grx5  rescued aconitase activity and lysine auxotro-
phy in a  grx5 -deletion strain of yeast  [  29  ] . Taken together, these data indicate that deletion of  grx5  
caused the  sir  anemia phenotype and that zebrafi sh  grx5  has a conserved function in Fe-S cluster 
biosynthesis.  

 The genetic interaction between  grx5  and  IRP1  in the zebrafi sh embryo was demonstrated by a 
series of microinjection experiments  [  29  ] . Iron regulatory proteins (IRPs) bind stem-loop motifs, 
termed iron-responsive elements (IREs), in the 5 ¢  or 3 ¢  untranslated regions (UTRs) of RNAs. IRPs 
binding IREs in the 5’ UTR repress translation, while those binding in the 3 ¢  UTR stabilize the mes-
sage. When iron regulatory protein 1 (IRP1) binds a 4Fe–S cluster, it loses IRE-binding activity and 
transforms to a cytosolic aconitase (reviewed in  [  32  ] ). Overexpression of  alas2  lacking the 5 ¢ -IRE 
rescued  sir , while overexpression of  alas2  with an intact 5 ¢ -IRE failed to rescue the phenotype. In 
addition, morpholino knockdown of  IRP1  rescued the anemia phenotype in  sir , while morpholino 
knockdown of  IRP2  did not. Thus, it appears that  sir  is required to generate the Fe-S cluster that inac-
tivates IRP1  [  29  ] . A mutation in  grx5  has subsequently been identifi ed in a patient with sideroblastic 
anemia and biochemical evidence for increased IRP1 activity, similar to that seen in  sir   [  33  ] .   

    5   Zebrafi sh Models with Defi ciencies in Iron Metabolism 

  5.1 DMT1

Chardonnay  was the fi rst zebrafi sh anemia mutant identifi ed with a defect in an erythroid iron trans-
porter. The  chardonnay  mutation was mapped to the  DMT1  locus, and a point mutation (K264X) 
was identifi ed in the mutants  [  34  ] . DMT1 has been proposed to have two vital roles in cellular iron 
transport (1) at the apical surface of the enterocyte mediating iron entry into the cell  [  35,   36  ]  and (2) 
facilitating exit of iron from the endosome following endocytosis of the holotransferrin/transferrin 
receptor complex  [  37,   38  ] . In zebrafi sh embryos,  DMT1  is expressed in blood precursors as early as 
the 4 somite stage, in circulating erythrocytes at 48 hpf, and subsequently in the intestine at 5 days 
post-fertilization. Functional analysis of zebrafi sh  DMT1  transfected into 293 T cells revealed that 
the wild-type gene encodes a functional iron transporter, while the mutant variant does not  [  34  ] . 
Despite the impaired function of K264X DMT1,  chardonnay  mutants are viable. These resemble the 
 mk  mouse  [  39  ]  and Belgrade rat  [  37  ] , mutants with impaired DMT1 function, which exhibit hypo-
chromic anemia but are still viable. This suggests that DMT1-independent pathways exist for iron 
transport in vivo. 

    5.2   Ferroportin1 

 The existence of a vertebrate iron exporter had been postulated, but was not identifi ed until the posi-
tional cloning of  ferroportin1  ( fpn1 ), the gene affected in the zebrafi sh hypochromic anemia mutant, 
 weissherbst  ( weh ).  Weh  mutants exhibit severe hypochromic anemia and are not viable beyond 14 
dpf. Erythrocyte iron levels, measured by atomic absorption spectroscopy, were decreased in  weh  
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mutants, while intravenous injection of iron dextran rescued the anemia, suggesting that the mutants 
had a defect in iron transport  [  40  ] . The mutation was mapped to a previously unidentifi ed gene with 
ten predicted transmembrane domains. Two alleles of  weh  were identifi ed,  weh   Tp85c   and  weh   Th238  , 
with a missense mutation (L167F) and a nonsense mutation (C361X), respectively  [  40  ] . The cause 
of the anemia phenotype was deemed to be due to impaired transport of iron from maternal iron 
stores to the embryo for the following reasons  [  40  ]  (1)  fpn1  is specifi cally expressed in the yolk 
syncytial layer (YSL), which separates the yolk from the developing embryo; (2) injection of  fpn1-
GFP  cRNA into the yolk of zebrafi sh embryos at the 256-cell stage resulted in localization of the 
protein to the YSL and rescue of the anemia phenotype; and (3) zebrafi sh  fpn1  was shown to func-
tion as an iron exporter when expressed in  Xenopus  oocytes  [  40  ] . Mammalian orthologs of zebrafi sh 
fpn1 (also known as IREG1 or MTP1) were identifi ed and localized to the basolateral surface of 
enterocytes, as well as placenta and liver cells  [  40  ] . Mammalian FPN1 was upregulated in entero-
cytes in response to iron defi ciency and shown to export iron  [  41,   42  ] . 

 The  weh  Tp85c  allele is of particular interest because it encodes a missense mutation (L167F) at a 
conserved residue between the third and fourth predicted transmembrane domains of fpn1, in the 
same region as a cluster of missense mutations identifi ed in patients with an iron overload syn-
drome, termed type 4 hemochromatosis  [  43–  49  ] . Type 4 hemochromatosis is characterized by an 
autosomal dominant pattern of inheritance, accumulation of iron in the reticuloendothelial system, 
absence of hepatic fi brosis, and a tendency for affected patients to develop anemia following vene-
section  [  50,   51  ] . To determine if the zebrafi sh model of fpn1 defi ciency could provide insight into 
the FPN1-related iron overload syndrome,  weh  Tp85c−/− , as well as  weh  Tp85c+/−  and  weh  Tp85c+/+  siblings, 
were treated with a series of intramuscular iron dextran injections at 3 days, 5 weeks, 8 weeks, and 
16 weeks post-fertilization, enabling the mutant animals to reach adult size  [  52  ] . Two months after 
iron injections were discontinued,  weh  Tp85c−/−  erythrocytes exhibited normal size (mean corpuscular 
volume) and hemoglobin content; however, 8 months after the discontinuation of the iron injec-
tions,  weh  Tp85c−/−  exhibited profound microcytic, hypochromic anemia and impairment in erythroid 
maturation  [  52  ] . Histologic evaluation with Perls’ staining revealed iron accumulation in the tips of 
the intestinal villi  [  52  ] , specifi cally in  weh  Tp85c−/− , consistent with a block in iron export from the 
enterocytes into the circulation (Fig.  31.4 ). This pattern of iron accumulation resembles the  sla  
mouse  [  53,   54  ] , which has a defect in intestinal iron export due to a mutation in  hephaestin , the 
basolateral ferroxidase  [  55  ] . Furthermore, even 8 months after iron injections were discontinued, 
the  weh  Tp85c−/−  zebrafi sh exhibited increased iron staining in kidney marrow macrophages and 
hepatic Kupffer cells, consistent with impaired iron export from the reticuloendothelial system. 
Thus, the iron injections were effective initially in treating the anemia, but the impairment in iron 
export resulted in an inability to mobilize stored iron. Despite accumulation of iron in the reticu-
loendothelial system,  weh  Tp85c−/−  adult zebrafi sh exhibited severely impaired hepatic expression of 
the iron regulatory hormone  hepcidin   [  52  ] .  

 Reduction of  hepcidin  expression in  weh  Tp85c−/−  zebrafi sh represents a homeostatic response to 
fpn1 defi ciency. Recently, it has been shown that fpn1 is the receptor for hepcidin: hepcidin modu-
lates iron absorption and iron delivery to erythrocytes by binding fpn1, resulting in its internalization 
and degradation  [  56  ] . The zebrafi sh hepcidin peptide is 52% identical to human hepcidin and has 
been shown to mediate degradation of ferroportin and cellular iron retention in vitro  [  57  ] . In mam-
malian models,  hepcidin  is transcriptionally upregulated in response to infl ammation  [  58,   59  ]  or iron 
overload  [  60  ] , and downregulated in response to anemia, iron defi ciency, or hypoxia  [  58  ] . In the 
zebrafi sh,  hepcidin  has been shown to be induced by bacterial infection  [  59  ]  and iron loading  [  52  ] . 

 The zebrafi sh has proved a useful tool for evaluating mutations in fpn1. Mutant forms of fpn1 
have been overexpressed in zebrafi sh embryos to assess the effects of the mutations on iron trans-
port, using embryonic hemoglobin production as a read-out. Overexpression of H32R or N174I 
in zebrafi sh embryos resulted in severe hypochromic anemia, while overexpression of N144H did 
not  [  61  ] . This correlates with differences in mammalian phenotypic and biochemical data. H32R 
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(the mutation observed in the  fl atiron  mouse)  [  62  ]  and the human mutation N174I  [  63  ]  result in 
loss of iron export function in vitro and are associated with iron accumulation, predominantly 
in macrophages  [  62,   63  ] , while N144H is associated with hepatocyte-dominant iron accumula-
tion  [  64  ] , normal iron export function  [  65  ] , and resistance to hepcidin-mediated impairment in 
iron export  [  66  ] .  

    5.3   Transferrin Receptors and Transferrin 

 Most vertebrate cells absorb iron primarily via the interaction of transferrin with transferrin receptor 
1 (TfR1)  [  67  ] . Transferrin-mediated iron uptake is particularly important for erythroid development, 
as demonstrated by the TfR1 knockout mouse, which is embryonically lethal due to severe anemia, 
growth retardation, and neuronal apoptosis  [  68  ] . The zebrafi sh hypochromic anemia mutant,  chianti  
( cia ), mapped to a zebrafi sh ortholog of  TfR1  on linkage group 2, which was named  TfR1a . Four 
alleles of  cia  were identifi ed, each with a different mutation in  TfR1a . The most severe alleles, 
 cia   hp327   and  cia   hs019  , were embryonically lethal and exhibited mutations in the proposed transferrin-
binding domain  [  69  ] . In contrast to  fpn1 -defi cient  weh   1  , intravenous iron injection into  cia  mutant 

  Fig. 31.4    Fpn1 is required for intestinal iron export in zebrafi sh. Histology of intestinal villi in uninjected wild type 
(WT) ( left ), WT injected with iron ( center ), and  weh   Tp85c−/−   zebrafi sh injected with iron ( right ). Perls’ stain, performed 
at 6 months of age ( a ) and 12 months of age ( b ) revealed nonheme-iron accumulation in the intestinal villi of  weh   Tp85c−/−   
zebrafi sh, but not in controls. ( c ) DAB-enhanced Perls’ staining for nonheme iron at 12 months, for the same speci-
mens as shown in ( b ).  Scale bar  represents 100  m m (Reprinted, with permission, from  [  52  ] )       
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embryos failed to reverse the anemia, demonstrating that  TfR1a  is required for erythroid iron uptake 
from the circulation  [  69  ] . Further supporting the requirement of  TfR1a  for erythroid iron uptake, 
 TfR1a  was expressed specifi cally in hematopoietic cells, knockdown of  TfR1a  reproduced the anemia 
phenotype, and overexpression of  TfR1a  or mouse  TfR1  decreased the severity of the anemia  [  69  ] . 

 A peculiarity of the teleost genome is the existence of duplicated genes, which are hypothesized 
to have arisen during a genome duplication event following the divergence of teleosts and tetrapods 
 [  70,   71  ] .  TfR1b , a homolog of  TfR1a , appears to be the result of such a duplication.  TfR1b  maps to 
zebrafi sh linkage group 24; however, the regions surrounding both  TfR1a  and  TfR1b  exhibit synteny 
with human chromosome 3, the location of human  TfR1   [  69  ] . In contrast to the erythroid-specifi c 
expression of  TfR1a ,  TfR1b  was expressed ubiquitously in the developing embryo  [  69  ] . Morpholino 
knockdown of  TfR1b  resulted in growth retardation and brain necrosis, which was ameliorated by 
overexpression of  TfR1b   [  69  ] . Interestingly, although overexpression of  TfR1b  improved the anemia 
phenotype in  TfR1a  morphants, knockdown of  TfR1b  failed to produce anemia  [  69  ] . Thus, in the 
zebrafi sh, the hematologic and neurologic effects of  TfR1  defi ciency observed in the  TfR1  knockout 
mouse  [  68  ]  are separable due to the differential expression pattern of the zebrafi sh orthologs,  TfR1a  
and  TfR1b . 

 The requirement of  TfR1a  for hemoglobin synthesis in the zebrafi sh presupposes that transferrin 
transports iron in the zebrafi sh. Recently, a zebrafi sh strain,  gavi , was identifi ed with mutations in 
zebrafi sh  transferrin  ( transferrin-a ), exhibiting reduced  transferrin-a  expression and hypochromic 
anemia  [  72  ] , which may be considered a model for the rare human condition atransferrinemia  [  73  ] . 
In zebrafi sh embryos,  transferrin-a  is expressed in the yolk and developing liver  [  72  ] .  Gavi  mutant 
embryos exhibited decreased iron stores in the somites and terminal gut, consistent with impaired 
iron transport from the yolk to the embryo  [  72  ] . Furthermore,  gavi  mutant embryos displayed 
decreased levels of  hepcidin  expression, which failed to recover following iron injection  [  72  ] . 

 Although a zebrafi sh mutant in  TfR2  has not been identifi ed, it has now been shown that  TfR2  is 
expressed specifi cally  [  72  ]  in the liver of the developing embryo and that morpholino knockdown of 
 TfR2  decreases hepcidin expression, while embryonic defi ciency of  fpn1   [  52  ] ,  TfR1a ,  TfR1b,  or 
 DMT1   [  72  ]  did not produce signifi cant effects. Analysis of  hepcidin  expression in zebrafi sh models, 
consistent with observations in mouse models of transferrin  [  74  ]  and TfR2 defi ciency  [  75  ] , provides 
strong support for the hypothesis that transferrin-bound iron regulates transcriptional expression of 
 hepcidin  via interactions with  TfR2 .  

    5.4   Mitoferrin 

 The fi rst erythroid mitochondrial iron transporter was discovered by cloning the mutated gene in the 
zebrafi sh anemia mutant  frascati  ( frs )  [  76  ] .  Mitoferrin  ( mfrn ), a member of the SLC25 family of 
mitochondrial solute transporters, is mutated in several alleles of  frascati  (Fig.  31.5 ).  Mfrn  is highly 
expressed in erythropoietic tissues in zebrafi sh and mouse embryos, upregulated during maturation 
of Friend mouse erythroleukemia (MEL) cells, and rescues the  frascati  phenotype when overex-
pressed in mutant embryos  [  76  ] .  Mfrn -null mouse erythroblasts incubated with  55 Fe-saturated trans-
ferrin failed to incorporate  55 Fe into heme  [  76  ] ; thus, it has been proposed that  mfrn  transports iron 
into the mitochondrion for insertion into protoporphyrin IX by ferrochelatase.  

  Mfrn ’s function as a mitochondrial iron transporter was further supported by its ability to rescue 
mitochondrial iron transport in the   D mrs3/4  yeast strain, which lacks both yeast orthologs of  mfrn  
 [  76  ] . A second mitoferrin gene,  mitoferrin2  ( mfrn2 ), maps to a different locus in the zebrafi sh and is 
ubiquitously expressed, both in zebrafi sh and mouse embryos. While  mfrn2  complements the 
  D mrs3/4  yeast strain, it is unable to rescue  frs , and thus has been proposed as a mitochondrial iron 
transporter for nonerythroid cells  [  76  ] .  
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  Fig. 31.5    Analysis of the zebrafi sh  frs  mutation, the  frs  locus, and expression of  mfrn . ( a ) Wild-type and  frs  embryos 
were stained to detect hemoglobinized cells (top). Juvenile  frs  zebrafi sh (bottom right) show cardiomegaly ( arrow-
head ) from chronic anemia. ( b )  frs  blood erythrocytes show maturation arrest ( right ), compared with erythrocytes 
from wild-type fi sh ( left ). ( c ) Map of the  frs  locus on linkage group 8. The critical bacterial artifi cial chromosome 
(BAC) clones encompassing the  frs  locus and the location of the deletion breakpoint for the defi ciency allele  spt   b333   are 
shown below. ( d ) Whole-mount embryo in situ hybridization at 24 hpf demonstrates expression of  gata-1  and  mfrn  in 
the intermediate cell mass, the site of embryonic hematopoiesis in the zebrafi sh. In contrast,  mfrn  expression is absent 
in spadetail ( spt   b333  ) and  cloche  embryos, mutants with defective hematopoiesis.  Mfrn  RNA expression is normal in  frs  
alleles because the missense mutations would not be expected to affect RNA stability. Reprinted, with permission of 
Macmillan Publishers, Ltd., from  [  76  ]        
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    5.5   Huntingtin 

 The zebrafi sh has been used to identify a role for  hd , the gene affected in Huntington’s disease, in 
iron metabolism  [  77  ] . Huntington’s disease is an autosomal dominant neurodegenerative condition 
caused by the expansion of a trinucleotide CAG repeat in  hd , resulting in an expanded polyglutamine 
(poly-Q) tract in the Huntingtin protein  [  78  ] . Huntingtin has been implicated in a variety of cellular 
processes, including dendrite development, endocytosis, vesicle traffi cking, and apoptosis (reviewed 
in  [  78,   79  ] ). The striatum, a particularly vulnerable part of the brain in Huntington’s disease  [  80,   81  ] , 
has been noted, in affected patients, to exhibit iron accumulation  [  82,   83  ] , biochemical evidence of 
oxidative stress  [  84  ] , and decreased activity of iron-requiring enzymes, such as aconitase  [  85  ]  and 
mitochondrial complexes II–IV  [  86,   87  ] . 

 In the zebrafi sh embryo,  hd  is expressed ubiquitously, but more prominently, at 36 hpf in the ICM 
 [  77  ] , the site of primitive hematopoiesis. Morpholino knockdown of  hd  resulted in a transient 
decrease in hemoglobin production, as well as morphologic defects, including a thin yolk extension 
and brain necrosis  [  77  ] . Diaminobenzidine (DAB)-enhanced Perls’ staining revealed normal amounts 
of nonheme iron in  hd -defi cient erythrocytes, suggesting that erythroid iron uptake was preserved 
 [  77  ] . Injection of iron dextran into the cytoplasm of unicellular embryos has been shown to rescue 
 cia  by providing iron to the embryo  [  69  ] , without requiring transferrin receptor-mediated endocyto-
sis. This technique was applied to  hd -defi cient embryos, resulting in improvement in anemia and the 
yolk extension abnormality  [  77  ] . A model was proposed for  hd  to act downstream of  TfR1a , partici-
pating in the release of iron from endosomes  [  77  ] . The role of  Hd  in cellular iron utilization may help 
to explain the iron accumulation and metabolic abnormalities observed in the striatal neurons of 
patients with Huntington’s disease.   

    6   Future Directions 

    6.1   HFE and Hemojuvelin (HFE2) 

 The most common form of hemochromatosis occurs in middle age and is associated with mutations 
in  HFE , an atypical MHC class I protein (reviewed in  [  50  ] ), while a rarer form of severe, early onset 
hemochromatosis is caused by mutations in  hemojuvelin  ( HFE2 ), a repulsive guidance molecule 
(RGM) family member  [  88  ] . Genomic analysis has failed to identify a close ortholog for human 
 HFE  in the zebrafi sh  [  89  ]  or in other fi sh species, although nine orthologs of MHC class I with dis-
tant homology to HFE have been identifi ed (P. Fraenkel and Y. Gibert, April 14, 2008, unpublished 
data). A zebrafi sh ortholog for  hemojuvelin  has been identifi ed by sequence homology  [  88  ] ; which 
does not regulate  hepcidin  expression in zebrafi sh embryos  [  90  ] .  

    6.2   Screens for Small Molecules Affecting Iron Metabolism 

 The potential use of zebrafi sh to identify pharmacologic agents has begun to be exploited by per-
forming chemical screens. In a chemical screen, zebrafi sh embryos are cultured in wells of microti-
ter plates, each containing a different small molecule or a combination of small molecules. After a 
specifi ed period of incubation, embryos are evaluated for changes in development, gene expression, 
or protein modifi cations. Using this technology, chemical screens have identifi ed small molecules 
affecting the cell cycle  [  91  ] , hematopoietic stem cell proliferation  [  92  ] , vascular development  [  93  ] , 



680 P.G. Fraenkel

and fi n regeneration  [  94  ] . A screen for chemicals affecting iron metabolism has not yet been 
performed, although a screen for chemicals affecting copper metabolism identifi ed small molecules 
with copper-chelating effects  [  95  ] , proving the principle that chemical screens may be used to study 
metal metabolism in zebrafi sh. 

 Although screens for genes affecting hemoglobin production in the zebrafi sh have revealed much 
about iron metabolism, screens for other phenotypes may be useful to identify molecules that affect 
iron homeostasis. For example, a screen for molecules that disturb dorsoventral axis formation 
uncovered dorsomorphin  [  96  ]  as a specifi c inhibitor of BMP signaling and  hepcidin  expression. 
Exposing zebrafi sh embryos to dorsomorphin prior to 8 hpf recapitulated the dorsalized phenotype 
seen in zebrafi sh models of impaired BMP signaling. Injection of dorsomorphin into adult zebrafi sh 
lowered hepatic  hepcidin  expression, while injection of dorsomorphin into mice resulted in decreased 
hepatic  hepcidin  expression and increased serum iron levels  [  96  ] .   

    7   Conclusion 

 The past decade has provided a wealth of zebrafi sh models affecting heme synthesis and iron metab-
olism, and these are relevant to the pathophysiology of a variety of human diseases, including sider-
oblastic anemia, porphyria, atransferrinemia, type 4 hemochromatosis, and Huntington’s disease. 
The use of transposon-based mutagenesis  [  97  ] , which eliminates the need for positional cloning, is 
accelerating the identifi cation of mutated genes. While, in the past, it has not been possible to per-
form gene-targeted knockdowns with germline transmission in the zebrafi sh, new technology using 
zinc fi nger nucleases has made this feasible  [  98  ] . The next stage of scientifi c discovery will utilize 
zebrafi sh models to develop better approaches to treating anemia, porphyria, and disorders of iron 
metabolism.      
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 oral contraceptive and postmenopausal women, 

88 
 pregnancy, 85–86 
 vegetarians  vs.  nonvegetarians, 87  

  Iron-responsive elements (IREs), RNA stem-loop 
structure, 52  

  Iron–sulfur clusters, 659  
  Iron supplementation, 94–95  
  IRP.    See  Iron regulatory proteins (IRP)  

  IRP1 
 cytosolic aconitase, 53 
 iron–sulfur cluster, status of, 53–54  

  IRP2, 54  
  Ischemic heart disease (IHD) 

 defi nition, 373 
 and hereditary hemochromatosis, 376 
 mechanisms, iron-induced injury, 374–375 
 mediator identifi cation, 374 
 preventative measure/therapy, 375   
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  Jak2 inhibitors, 333  
  Juvenile hemochromatosis (Type 2 HH) 

 hemojuvelin-associated (Type 2A HH), 401–402 
 hepcidin-associated (Type 2B HH), 402–403   

  L 
  Labile iron pool (LIP), 33  
  Lipocalin-2 (LCN-2), innate immunity, 235–237  
  Lipopolysaccharide (LPS), immune system, 235–236  
  Liver disease 

 alcoholic 
 pathogenesis, 447–448 
 Perls’ Prussian blue analysis, 447 
 prevalence, 447 

 end-stage 
 cirrhosis-associated iron overload, 443–444 
 pathogenesis, increased iron stores, 442–443 
 pathology, 442 
 prevalence, 441–442 

 NAFLD 
 NASH, 444 
 pathogenesis, iron overload, 444–446  

  Liver histology, iron overload syndromes, 352–353  
  Lymphocytes 

 adaptive immunity 
 genetic control of, 240–241 
 iron toxicity, 241–242 
 T lymphocyte homeostatic balance, 241 

 cytotoxic CD8-positive T lymphocytes, 365   
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  Macrophages 

 immune system, 242 
 iron loading anemias, 323, 330  

  Malaria infection 
 antimalarial activity, iron chelators, 488 
 deep coma, 487–488 
 desferrioxamine, cerebral malaria, 489 
 erythrocytic phase and NTBI, 487 
 hepatic phase and NTBI, 487 
 immune system, 238 
 iron acquisition, intraerythrocytic parasite, 486 
 iron chelation therapy, 488 
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 Malaria infection (cont.) 
 reticulocyte and erythrocyte labile iron and 

plasmodia growth, 486–487 
 transferrin saturation, 487–488  

  Mammalian models 
 dietary iron defi ciency, 645 
 fl oxed iron-related genes, mice, 644–645 
 iron-defi ciency disorders 
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 genetic defects and phenotypes, 636 
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 mitochondrial iron metabolism 
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 Fech m1Pas mouse, 643 
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 mitoferrin 1 (Mfrn1) knockout mouse, 644 
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 hemojuvelin (Hjv) knockout mouse, 633 
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  Mesenchymal iron overload, 346  
  Metabolism, cancer and infection 

 breast cancer, 480 
 cell cycle 
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 iron homeostasis, 41–43 
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 heme biosynthesis, 35–37  
  Mitochondrial myopathy and sideroblastic anemia 

(MLASA), 550  
  Mitoferrin, 8 
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 mitochondrial iron metabolism, 644 
 Zebrafi sh models, 677–678  

  Mixed iron overload, 346  
  Monocyte/macrophage iron homeostasis.   

See  Reticuloendothelial iron metabolism  
  Mouse models.    See  Mammalian models   
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  NaFeEDTA, 93  
  NAFLD.    See  Nonalcoholic fatty liver disease (NAFLD)  
  NASH.    See  Nonalcoholic steatohepatitis (NASH)  
  Natural resistance-associated macrophage protein 1 
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  Nonalcoholic fatty liver disease (NAFLD), 350–351 
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 pathogenesis, iron overload 

  HFE  mutations, 445–446 
 iron depletion treatment, 445  

  Nonalcoholic steatohepatitis (NASH), 444  
  Noncirrhotic chronic liver disease, 350  
  Nongenetic hepatic iron overload 
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 DIOS, 350–351 
 NAFLD, 350–351 
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 viral hepatitis, 351 
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 hepatocellular carcinoma (HCC), 352 
 infl ammatory syndromes, 350  

  Non-heme iron 
 absorption, 102–103 
 food sources, 91  

  Non-HFE hemochromatosis 
 AIO, 409–410 
 autosomal dominant hemochromatosis 

 ferroportin disease (Type 4 HH), 405–408 
  H-ferritin  associated iron overload, 408–409 

 description, 399 
 features, 399, 400 
 recessively inherited hemochromatosis   
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  Nonreductive system, iron uptake, 657–658  
  Non-transferrin-bound iron (NTBI) 
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  NTBI.    See  Non-transferrin-bound iron (NTBI)   
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  Oral iron therapy 

 with ESA, 275–276 
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 iron doses, 274 
 side effects, 273–274  

  Oxidative stress, hepatic pathobiology 
 lipid peroxidation, 359 
 reactive oxygen species, 358–359   

  P 
  Pancreas, iron overload, 369–370  
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 diagnostic scheme, NBIA, 471 
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 infantile neuroaxonal dystrophy (INAD), 470 
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  Parenchymal iron overload, 346  
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 dopaminergic neurons, 463 
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 model, 464 
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  PKD.    See  Pyruvate kinase defi ciency (PKD)  
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 hemojuvelin-associated (Type 2A HH), 401–402 
 hepcidin-associated (Type 2B HH), 402–403 

 TFR2-associated hemochromatosis (type 3 HH), 
403–405  

  Recommended Dietary Allowances (RDA), 88  
  Red cell production, disorders.    See  Erythropoiesis  
  Reductive system, iron uptake, 656–657  
  Reference Nutrient Intakes (RNI), 89  
  Restless leg syndrome (RLS) 
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 Thy-1, 468  

  Restriction fragment length polymorphism (RFLP), 531  
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 IFN- g -mediated pathways, 221–222 
 infections and iron defi ciency, 223 
 iron availability limitation, 221–222 
 NRAMP1, 217–218 
 pro-infl ammatory cytokines, 218  
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 cytokines and reticuloendothelial iron cycling, 307 
 hepcidin, 308–309 
 IL-6, 308  
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   Salmonella , 236–237  
  Salvage pathways 
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 hemoglobin–haptoglobin 
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 hemopexin, 150 
 hereditary hemochromatosis, 149–150 
 plasma clearance studies, 150–152 
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 catabolism of, 157 
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 heme toxicity, 153–154 
 heme transport and iron status, 158 
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 hepcidin 
 BMP signaling pathway, 178–179 
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 hemojuvelin, 178 
 HFE, 180–181 
 HIF, 181–182 
 infl ammation, 182–183 
 model of, 181 
 structure–function analysis, 176–177 
 transferrin receptors, 179–180   
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  Thermoregulation, iron defi ciency 
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  Thiamine-responsive megaloblastic anemia syndrome 
(TRMA), 549–550  

  TIBC.    See  Total iron binding capacity (TIBC)  
  TMPRSS6, 15 

 iron-refractory iron-defi ciency anemia (IRIDA), 
552–554 

 mutant mice, 635  
  Tmprss6 mutant mice, 635  
  Tolerable upper intake level, 88–89  
  Toll-like receptor-4 (TLR4), immune 

system, 235–237  
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  Transferrin 

 gene polymorphisms, 432 
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 iron transport, 11 
 metal binding, 119–120 
 regulation, 125  

  Transferrin-bound plasma iron 
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 transferrin receptor 1-mediated endocytosis, 
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 transferrin-TFR1 interaction, 122  

  Transferrin receptor 2 (TfR2)-associated 
hemochromatosis, 403–405  

  Transferrin receptor (TfR)-mediated iron 
uptake, 212  

  Transferrin receptor 2 mutant mice, 633–634  
  Transferrin receptors, 6–8, 120–121 
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 hepcidin synthesis regulation, 179–180 
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  Dr Adrianne Bendich  has recently retired as Director of Medical Affairs at GlaxoSmithKline 
(GSK) Consumer Healthcare where she was responsible for leading the innovation and medical 
programs in support of many well-known brands including TUMS and Os-Cal. Dr. Bendich had 
primary responsibility for GSK’s support for the Women’s Health Initiative (WHI) intervention 
study. Prior to joining GSK, Dr. Bendich was at Roche Vitamins Inc. and was involved with the 
groundbreaking clinical studies showing that folic acid–containing multivitamins signifi cantly 
reduced major classes of birth defects. Dr. Bendich has coauthored over 100 major clinical research 
studies in the area of preventive nutrition. Dr Bendich is recognized as a leading authority on anti-
oxidants, nutrition and immunity and pregnancy outcomes, vitamin safety and the cost-effectiveness 
of vitamin/mineral supplementation. 

 Dr Bendich, who is now President of Consultants in Consumer Healthcare LLC, is the editor of 
ten books including  Preventive Nutrition: The Comprehensive Guide For Health Professionals , 
Fourth Edition coedited with Dr. Richard Deckelbaum, and is series editor of  Nutrition and Health  
for Springer/Humana Press (www.springer.com/series/7659). The series contains 40 published 

          About the Editors 
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volumes – major new editions in 2010–2011 include  Vitamin D , Second Edition edited by 
Dr. Michael Holick;  Dietary Components and Immune Function  edited by Dr. Ronald Ross Watson, 
Dr. Sherma Zibadi, and Dr. Victor R. Preedy;  Bioactive Compounds and Cancer  edited by Dr. John 
A. Milner and Dr. Donato F. Romagnolo;  Modern Dietary Fat Intakes in Disease Promotion  edited 
by Dr. Fabien DeMeester, Dr. Sherma Zibadi, and Dr. Ronald Ross Watson;  Iron Defi ciency and 
Overload  edited by Dr. Shlomo Yehuda and Dr. David Mostofsky;  Nutrition Guide for Physicians  
edited by Dr. Edward Wilson, Dr. George A. Bray, Dr. Norman Temple, and Dr. Mary Struble; 
 Nutrition and Metabolism  edited by Dr. Christos Mantzoros; and  Fluid and Electrolytes in Pediatrics  
edited by Leonard Feld and Dr. Frederick Kaskel. Recent volumes include:  Handbook of Drug-
Nutrient Interactions  edited by Dr. Joseph Boullata and Dr. Vincent Armenti;  Probiotics in Pediatric 
Medicine  edited by Dr. Sonia Michail and Dr. Philip Sherman;  Handbook of Nutrition and Pregnancy  
edited by Dr. Carol Lammi-Keefe, Dr. Sarah Couch, and Dr. Elliot Philipson;  Nutrition and 
Rheumatic Disease  edited by Dr. Laura Coleman;  Nutrition and Kidney Disease  edited by Dr. Laura 
Byham-Grey, Dr. Jerrilynn Burrowes, and Dr. Glenn Chertow;  Nutrition and Health in Developing 
Countries  edited by Dr. Richard Semba and Dr. Martin Bloem;  Calcium in Human Health  edited by 
Dr. Robert Heaney and Dr. Connie Weaver; and  Nutrition and Bone Health  edited by Dr. Michael 
Holick and Dr. Bess Dawson-Hughes. 

 Dr Bendich served as Associate Editor for  Nutrition  the International Journal; served on the 
Editorial Board of the  Journal of Women’s Health and Gender-Based Medicine ; and was a member 
of the Board of Directors of the American College of Nutrition. 

 Dr Bendich was the recipient of the Roche Research Award, is a  Tribute to Women and Industry  
Awardee, and was a recipient of the Burroughs Wellcome Visiting Professorship in Basic Medical 
Sciences, 2000–2001. In 2008, Dr. Bendich was given the Council for Responsible Nutrition (CRN) 
Apple Award in recognition of her many contributions to the scientifi c understanding of dietary 
supplements. Dr Bendich holds academic appointments as Adjunct Professor in the Department of 
Preventive Medicine and Community Health at UMDNJ and has an adjunct appointment at the 
Institute of Nutrition, Columbia University P&S, and is an Adjunct Research Professor, Rutgers 
University, Newark Campus. She is listed in Who’s Who in American Women.
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  Professor Greg Anderson  is Head of the Iron Metabolism Laboratory at the Queensland Institute 
of Medical Research in Brisbane, Australia, and has worked in the area of iron homeostasis for over 
25 years. He also has adjunct appointments in the School of Chemical and Molecular Biosciences 
and the School of Medicine at the University of Queensland, and at Griffi th University. After gaining 
a BSc with Honors at the University of Newcastle in Australia and an MSc in biochemistry at 
McMaster University in Canada, he commenced his iron career by completing a PhD under the 
tutelage of June Halliday and Lawrie Powell at the University of Queensland on the role of transferrin 
receptors in the small intestine. This was followed by postdoctoral studies on yeast iron uptake in 
Rick Klausner’s group at the US National Institutes of Health. Thereafter, he returned to Australia 
and has been directing his own research laboratory since 1995. 

 Dr Anderson has had long-term interests in basic mechanisms of mammalian iron transport, the 
regulation of iron homeostasis, and disorders of iron metabolism   . He is particularly well known for 
his work on intestinal iron absorption and hemochromatosis and has published widely in these areas. 
His group was one of the fi rst to apply a genetic approach to understanding the mechanisms of intes-
tinal iron transport, and this led to the cloning of the gene encoding hephaestin, an iron oxidase that 
is required for effi cient dietary iron absorption. He has also made signifi cant contributions to the 
understanding of the biology of the iron regulatory hormone hepcidin and showed that hepcidin was 
a target of HFE, the gene mutated in the most common form of hereditary iron loading. In addition 
to providing basic information on the mechanisms underlying iron loading in HFE-related hemo-
chromatosis, Dr Anderson’s group has also contributed to studies on clinical aspects of the disorder, 
population prevalence, and disease penetrance. His group also has a long-term interest in iron metab-
olism during pregnancy and in early infancy. 

 Dr Anderson was an inaugural member of the Board of Directors of the International BioIron 
Society (2003–2007) and returned to the Board in 2011 as President-Elect of the Society. He has 
been involved in the organization of several international BioIron meetings and has received the 
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Society’s Marcel Simon Prize for his contributions to the fi eld. He is also currently a member of the 
Board of the International Biometals Society and heads the Australian Biometals Group. Outside the 
iron area, he is a member of the Council of the Australian Society for Biochemistry and Molecular 
Biology and has served on the Research Committee of the Gastroenterological Society of Australia 
for a number of years.
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  Gordon D. McLaren  is a practicing hematologist and oncologist at the Department of Veterans 
Affairs Long Beach Healthcare System, Long Beach, California and a professor in the Division of 
Hematology/Oncology and the Chao Family Comprehensive Cancer Center at the University of 
California, Irvine. He previously held faculty appointments at Case Western Reserve University, 
Cleveland, Ohio and at the University of North Dakota School of Medicine and Health Sciences, 
where he served as Chief of the Division of Hematology and Oncology at the University and at the 
VA Medical Center in Fargo. He received a BA in chemistry from the University of Missouri and an 
MD from Stanford University School of Medicine. He began his training in internal medicine at 
the Mary Imogene Bassett Hospital (affi liated with Columbia University) in Cooperstown, NY, 
followed by 2 years at the Centers for Disease Control and Prevention in Atlanta. While at the CDC, 
he adapted and validated an erythrocyte protoporphyrin assay for use in the detection of iron defi -
ciency as part of the National Health and Nutrition Examination Survey (NHANES) and received 
the Commendation Medal of the U.S. Public Health Service. He completed his internal medicine 
residency and hematology/oncology fellowship at the University Hospitals of Cleveland and Case 
Western Reserve University. 

 After completing his medical training, Dr. McLaren spent a year as a British-American Research 
Fellow at the Welsh National School of Medicine, Cardiff, where he studied iron metabolism 
under the guidance of the late Allan Jacobs. After returning to Case Western Reserve University, 
he developed a clinical and laboratory research program with colleagues in the area of iron over-
load disorders, including studies of the regulation of intestinal iron absorption using a novel math-
ematical model of iron kinetics. He continued these studies at the University of North Dakota, and 
this work provided the fi rst demonstration that the defective regulation of iron absorption in hemo-
chromatosis is mediated at the level of mucosal iron transfer. He was later Visiting Scientist in the 
laboratories of Lawrie Powell and June Halliday at the Queensland Institute of Medical Research, 
where he collaborated with Greg Anderson on mapping the  sla  gene in mice. After moving to the 
University of California, Irvine, he became Co-Principal Investigator and Medical Director of the 
University’s Field Center for the National Institutes of Health-sponsored Hemochromatosis and 
Iron Overload Screening (HEIRS) Study. He has continued to pursue his interests in gene discov-
ery, and current efforts are focused on identifi cation of single nucleotide polymorphisms associ-
ated with iron status. 
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 Dr McLaren is a member of several professional societies, including the International BioIron 
Society. He is a Fellow of the American College of Physicians and previously served as the medical 
school representative for the University of North Dakota to the American Federation for Medical 
Research. He is a member of the American Society of Hematology’s Scientifi c Committee on Iron 
and Heme, serving as Vice-Chair in 2011 and Chair in 2012. He is also a member of the Medical and 
Scientifi c Advisory Board of the Iron Disorders Institute.         


