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Abstract

Ferritin, a major iron storage protein, is essential to iron homeostasis and is involved in a wide range
of physiologic and pathologic processes. In clinical medicine, ferritin is predominantly utilized as a
serum marker of total body iron stores. In cases of iron deficiency and overload, serum ferritin serves
a critical role in both diagnosis and management. Elevated serum and tissue ferritin are linked to
coronary artery disease, malignancy, and poor outcomes following stem cell transplantation. Ferritin
is directly implicated in less common but potentially devastating human diseases including
sideroblastic anemias, neurodegenerative disorders, and hemophagocytic syndrome. Additionally,
recent research describes novel functions of ferritin independent of iron storage.
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Introduction

Ferritin, an iron storage protein, is the primary iron storage mechanism and is critical to iron
homeostasis. Ferritin makes iron available for critical cellular processes while protecting lipids,
DNA, and proteins from the potentially toxic effects of iron. Alterations in ferritin are seen
commonly in clinical practice, often reflecting perturbations in iron homeostasis or
metabolism. It is increasingly recognized that ferritin also plays a role in a multitude of other
conditions, including inflammatory, neurodegenerative, and malignant diseases.

Ferritin in the context of iron homeostasis

In humans, the majority of iron is integrated within the globin proteins that facilitate the
transport of oxygen throughout the body. Iron is also critical in converting oxygen into useable
cellular energy by serving as a key component in the electron transfer chain. In addition to its’
role in respiration, iron is also utilized as an enzymatic co-factor in numerous other reactions.
One such reaction is the conversion of ribose nucleotides to deoxyribose nucleotides, an iron-
dependent process catalyzed by ribonucleotide reductase that is necessary for DNA replication
and cell division. Despite iron’s integral role within the body, it also has the potential to be
highly toxic by facilitating the formation of free radicals. Thus, carefully regulated mechanisms
have evolved to transport iron across biological membranes, distribute it throughout the body,
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and store it in inert form until needed. As iron homeostasis has recently been reviewed
elsewhere,! our review will primarily focus on the central role of ferritin in this process.

Regulation of systemic iron balance occurs exclusively at the site of absorption, as there is no
physiologic process present to excrete excess iron. The majority of iron absorption occurs via
enterocytes in the proximal small intestine. Here, iron is transported across the cellular
membrane by the divalent metal transporter, DMT1, a member of the N ramp family that
transfers iron (and other divalent metals) across the apical membrane and into the cell through
a proton-coupled process. Prior to transport, the iron must be in the ferrous state (Fe2+). The
conversion of dietary inorganic non-heme iron to Fe2+ is facilitated by brush border
ferrireductases. The absorption of heme iron is less well understood, although heme
transporters have recently been discovered.l DMT1 levels are upregulated in response to
systemic iron deficiency, thereby increasing cellular uptake.1=#

Though some absorbed iron remains present within the enterocyte as ferritin, the majority is
transported to other sites within the body. Ferroportin is a newly identified iron efflux pump
that mediates the export of iron from the enterocyte.! Prior to the transport of iron outside the
cell, intracelluar iron must be converted to Fe3+. This is facilitated by either hephaestin or
ceruloplasmin, both of which have ferroxidase activity (Fe2+ — Fe3+). Within the intestine,
both of these proteins are active, whereas in the liver (a major storage site for iron)
ceruloplasmin is the primary workhorse. Iron is then loaded onto transferrin, the primary
transporter of iron in the circulation. When bound to transferrin, Fe3+ is soluble and non-
reactive, thereby allowing it to enter the circulatory system.2:5

The primary consumer of iron is the bone marrow, where red cells require large amounts of
iron to meet demand for the production of iron-containing hemoglobin. Within the bone
marrow, erythroid precursors express transferrin receptors (TfRs) on their surfaces. Upon
binding of the iron-saturated transferrin to its receptor, the complex is endocytosed. The acidic
environment of the endosome prompts the release of iron from transferrin. The unbound iron
is subsequently reduced to its ferric/ferrous form (Fe2+) by Steap 3% and transported out of the
endosome into the cytoplasm by DMT1. The empty transferrin and transferrin receptors are
returned to the cell’s surface where they dissociate at a neutral pH, and re-enter the circulation.
Interestingly, the transport of iron into non-hematopoietic cells does not require the transferrin
receptor. This is highlighted in mouse experiments, where a disrupted TFR gene leads to lethal
anemia at an early stage of development, while other non-hematopoietic tissues contain normal
amounts of intracellular iron.

The constant turnover of red cells demands recycling of the iron contained within hemoglobin.
This recycling process is accomplished primarily within the macrophage, which is capable of
phagocytosing erythrocytes, which are then lysed. The iron is liberated from the
phagolysosome heme via hemoxygenase. Unstored iron within the macrophage is then
exported in a process thought to be dependent on ferroportin.

The dynamics of the transport, distribution, and recycling of iron are tightly regulated within
humans. While much remains to be discovered regarding the control of iron balance, hepcidin,
a recently discovered 25 amino-acid protein, is believed to be critical to this process. Hepcidin
serves as a hegative regulator, and when elevated, results in reduced intestinal iron absorption
and macrophage iron release. Hepcidin often increases in response to inflammation, a process
that is thought to be responsible for much of the iron abnormalities that are a hallmark of anemia
of chronic disease.” The impact of inflammation on hepcidin has led some to theorize that
hepcidin evolved as a method of host defense, decreasing available iron for invading pathogens
and malignant cells to reproduce. Conversely, the deficiency of hepicidin, as seen in juvenile
hemochromatosis, may lead to pronounced and toxic iron overload.®
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Ferritin Structure

Ferritin is an iron-binding protein that exists in both intracellular and extracellular
compartments (reviewed in 9.) Apoferritin forms a roughly spherical container within which
ferric iron is stored as a ferrihydrite mineral, as shown in Figure 1. (Apoferritin refers to the
iron-free form of the protein; the iron-containing form is termed holoferritin or simply ferritin).
The apoferritin shell is composed of 24 subunits. The subunits are of two types, termed H and
L. The ratio of these subunits varies widely depending on tissue type, and can be modified in
inflammatory and infectious conditions. Tissue ferritins vary from H-subunit rich (found
mostly in the heart and kidney) to L-subunit rich (found predominantly in liver and spleen).
Each apo protein molecule is about 450,000 d. The L monomer contains 174 amino acids and
has a molecular weight of 18,500 d; the H monomer has 182 amino acids with a molecular
weight of 21,000 d.

Ferritin is also present extracellularly within the serum, where it serves as an important clinical
marker of iron status. Despite its regular use in clinical medicine, the precise source of serum
ferritin has yet to be determined. It appears that the preponderance of serum ferritin is
immunologically related to ferritin L. In support of a link between ferritin L and serum ferritin
is the genetic disease hyperferritinemia, in which an abnormality of the ferritin L gene results
in dramatically increased levels of serum ferritin. Increases in serum levels of H-type ferritins
have also been reported in some pathophysiologic conditions, including malignant disease,
which are reviewed in a later section.

Ferritin Function

Ferritin serves as a critical component of iron homeostasis, as shown in Figure 2. Its” primary
role is in iron sequestration in which it functions as a ferroxidase, converting Fe(ll) to Fe(l11)
as iron is internalized and sequestered in the ferritin mineral core.

Iron is toxic in cellular systems because of its capacity to generate reactive species which can
directly damage DNA and proteins. Ferritin captures and buffers the intracellular iron pool,
and thus is a key component in organism survival. Homozygous murine knock outs of ferritin
H are lethal.

Common Clinical Applications

Ferritin in Iron Deficiency

Clinically, serum ferritin is most commonly obtained in combination with other iron parameters
to gauge the iron status of a specific patient. Of the various laboratory values within an iron
panel, the serum ferritin is the most useful in diagnosing iron deficiency. Though bone marrow
biopsy with iron staining remains the gold standard, a low serum ferritin (< 12 ug/L) is highly
specific for iron depletion. Only two conditions other than iron deficiency are known to lower
serum ferritin; hypothyroidism and ascorbate deficiency. Even when present, they rarely
confound the clinical interpretation of ferritin.10 In clinical practice, the use of a higher cutoff
value for ferritin is recommended when screening for iron deficiency. Specifically, a cut-off
of 40 ug/L improves diagnostic sensitivity in patients whose conditions are not complicated
by infections or inflammation. In one study, 25% of women with absent stainable bone marrow
iron had serum ferritin levels greater than 15 ug/L.11

Serum ferritin is most frequently collected as part of the work-up for unexplained anemia, often
in an attempt to distinguish between iron deficiency and anemia of chronic disease. As detailed
above, the test can be nearly diagnostic of iron deficiency if the value is very low.
Unfortunately, in a majority of cases, ferritin is less than diagnostic, and further work-up is
often indicated, as the inflammatory response modifies iron regulation.12 Measuring the
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amount of soluble transferrin receptors (STfR) within the serum may be helpful in these cases.
These receptors are shed by “iron-hungry” eythropoietic cells, reflecting the fact that transferrin
receptors are up-regulated in response to iron deficiency. Therefore, STTR is expected to be
increased in the setting of iron deficiency anemia, helping to differentiate it from anemia of
chronic disease. However, sTfR may also be upregulated in the setting of increased or
ineffective erythropoiesis, complicating its’ interpretation. Use of the transferrin receptor-
ferritin index (ratio of STfR to the logarithm of serum ferritin) has been proposed to address
this complexity. A value greater than 2 suggests the presence of iron deficiency, while a value
less than 1.0 is consistent with anemia of chronic disease. 13

Another clinical scenario in which iron status is evaluated is end-stage kidney disease.
However, while ferritin is useful in the evaluation of iron-deficiency anemia, it is much less
reliable in the setting of end-stage kidney disease.14 Even with ferritins greater than 200 ug/L,
the anemia seen in hemodialysis patients will often respond favorably to iron administration.
In these circumstances, it is theorized that the erythroid iron demand is not adequately met.
This lack of bioavailable iron in the face of plentiful storage iron is termed “functional iron
deficiency”, and can be estimated by the transferrin saturation (TSAT). The TSAT is calculated
by dividing the serum iron by the total iron-binding capacity, and is useful in predicting the
response to iron therapy. Among patients with end-stage kidney disease, multiple studies have
established the value of using a TSAT of less than 20% to determine which patients have the
highest likelihood of responding to intravenous iron infusion.1® Using both the TSAT and
serum ferritin, the Kidney Disease Outcomes Quality Initiative (K/DOQI) guidelines propose
initiating iron replacement in dialysis patients when the TSAT is <20% or the serum ferritin
is <100 ug/L, both of which correlate with depletion of bone marrow iron.18 An increase in
serum ferritin to a level of 800 ug/L usually represents adequate iron repletion. Another test
being explored in end-stage kidney disease is the reticulocyte hemoglobin content. It evaluates
the amount of hemoglobin only within the newly created red blood cells known as reticulocytes,
and therefore represents a “snapshot” of iron status within the prior 48 hours. However, this
test is not in widespread clinical use.

In most circumstances, serum ferritin is regarded as the most sensitive and specific of the
various blood tests available to diagnose iron deficiency. Red cell zinc protoporphyrin levels
are elevated in both anemia of chronic inflammation and iron deficiency anemia, as this moiety
accumulates in place of red cell iron protoporphyrin if iron is not available. Ferritin outperforms
transferrin saturation, mean cell volume, and red cell zinc protoporphyrin levels in terms of
sensitivity and specificity at any level .1

Iron Overload Conditions

Ferritin is also clinically useful in the identification and treatment of iron overload. Because
iron is primarily regulated at the site of absorption and there is no physiologic process to excrete
excess iron, most cases of iron overload occur as a result of abnormal iron absorption or excess
iron administration (usually the result of repeated red cell transfusions). Excess iron collects
within the liver and heart where it causes chronic free-radical induced injury. Over time, this
tissue injury can lead to progressive heart and liver failure, eventually resulting in significant
morbidity and early mortality. Other clinical manifestations associated with iron deposition
include arthropathy, particularly of the second and third metacarpophalangeal joints, skin
changes, and endocrine dysfunction resulting from iron deposition. The phenotype of advanced
iron overload has been termed “bronze diabetes”, describing the triad of skin
hyperpigmentation, diabetes resulting from pancreatic endocrine dysfunction, and cirrhosis.
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Hereditary Hemochromatoses

The classic example of iron overload is hereditary hemochromatosis, an autosomal recessive
disorder affecting the absorption of iron. The most common genetic abnormality resulting in
the hemochromatosis phenotype is the result of a homozygous C282Y allele. This specific
abnormality accounts for 90% of primary hemochromatosis cases and is the most common
monoallelic inherited condition among Caucasians. Homozygotes for the C282Y gene express
altered HFE protein, which is a major-histocompatibility-complex class I-like protein which
forms a heterodimer with beta2-microglobulin. This mutation alters the conformation of the
HFE protein on the surface of cells including the duodenal crypt cells and macrophages and
interferes with functioning, ultimately leading to increased iron absorption. H63D is an
alternate mutation of the HFE gene that can also result in hemochromatosis in combination
with a second abnormal allele, most frequently C282Y. Heterozygosity of either of these
abnormalities has also been associated with the iron overload phenotype, most commonly in
those with other evidence of hepatic insult such as hepatitis or chronic alcohol abuse.

Until recently, it was assumed that homozygosity for the C282Y mutation would ultimately
confer the clinical manifestations of iron overload. However, a long-term population study of
over 31,000 persons in Melbourne, Australia evaluated the incidence of iron-overload-related
disease in C282Y homozygotes as compared to that of matched controls showed that clinical
manifestations of fatigue, use of arthritis medicine, and a history of liver disease were more
likely to reported by male C282Y homozygotes with a serum ferritin level of 2000 micrograms
per liter or more compared to men with the wild-type genotype. Documented iron-overload-
related disease (defined as documented iron overload and one of more of the following
conditions: cirrhosis, liver fibrosis, hepatocellular carcinoma, elevated aminotransferase
levels, physician-diagnosed symptomatic hemochromatosis, and arthropathy of the second and
third metacarpophalangeal joints) in C282Y homozygotes was 28.4% for men and 1.2% for
women. Only one non-C282Y homozygote (a compound heterozygote) had documented iron-
overload-related disease. 18:19 The lower prevalence of iron-overload-related disease in women
was always presumed to result from menstrual iron loss; however sex-related disease-modifier
genes may contribute.

Because of the prevalence and unpredictable penetrance of hereditary hemochromatosis, as
well as it considerable potential for morbidity, routine screening is recommended in first degree
relatives of patients with confirmed hereditary hemochromatosis. Recommendations for
screening of asymptomatic Caucasian male populations vary. The goal of screening is to
identify affected individuals prior to significant iron loading within the organs. Screening
allows for early detection via a relatively safe method (blood testing) that is acceptable to
patients and clinicians, and potential for timely effective treatment. When therapeutic
phlebotomy is used to normalize iron stores early in the course of disease, survival is
comparable to age-matched controls without hemachromatosis. The most cost effective
strategy for screening involves the use of standard iron markers, particularly the serum ferritin
and transferrin saturation. Current recommendations suggest that an elevated ferritin in
combination with a TSAT > 45% should prompt genetic confirmation.2% However, a recent
population based hemochromatosis screening study of nearly 30,000 white subjects showed
that use of the single marker ferritin was a useful strategy; a serum ferritin of more than 1000
ug/L detected only those who were at the highest risk for serious clinical manifestations (ie,
cirrhosis).2! Following a diagnosis of hereditary hemochromatosis, liver biopsy is necessary
in some patients to asses the degree of end-organ damage. In those with evidence of prolonged
(age > 40 at diagnosis) or severe iron overload (ferritin > 1000 ug/L), biopsy of the liver is
recommended to obtain direct evidence of the degree of iron overload and liver damage.

The serum ferritin is also critical in the successful management of hemochromatosis.
Hereditary hemochromatosis and other iron overload conditions are treated with therapeutic
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phlebotomy, typically one unit (consisting of approximately 250 mg of iron) weekly or twice
weekly. The patient is phlebotomized to the point of hypoferritinemia with careful monitoring
of the hemoglobin to avoid induction of iron deficiency anemia. Thereafter, hypoferritinemia
with a goal ferritin of less than 50 ug/L is maintained with periodic phlebotomy typically four
to six times yearly in men and one to two times yearly in post menopausal women.
Unfortunately, blood withdrawn for phlebotomy cannot be used for blood donation in the
United States. Figure 3 shows the decline in ferritin over time after initiation of therapeutic
phlebotomy in a patient with hereditary hemochromatosis.

African iron overload was originally thought to be entirely attributable to dietary iron overload
from home-brewed beer, as increased dietary iron was associated with an increased transferrin
saturation. In the index subjects, increased iron was present in both hepatocytes and cells of
the mononuclear-phagocyte system, and livers were enlarged.22 However, further studies
showed evidence of a genetic mutation distinct from any HLA-linked gene. A common
polymorphism in the ferroportin 1 gene was subsequently shown to be associated with a trend
to higher serum ferritin concentration, and lower hemoglobin concentrations. 23 Other genetic
lesions leading to iron overload/hemochromatosis include mutations in transferrin receptor 2,
hepcidin and hemojuvelin.!

Transfusional Iron Overload

Chronic transfusion therapy is a mainstay of therapy for children and adults with thalassemia
major. As aresult of the body’s inability to excrete excess iron, repeated transfusion can rapidly
result in iron overload, as each unit of packed red blood cells contains 200 to 250 mg of
elemental iron. Transfused iron is deposited first within the reticuloendothelial cells prior to
parenchymal iron loading within the heart and liver. However, as in primary iron overload, the
majority of morbidity and mortality ultimately results from progressive heart and liver failure.
It has also been hypothesized that excess iron contributes to ineffective erythropoiesis, thereby
further complicating many marrow failure diseases that require chronic transfusions. This
possibility is supported by the observation that treatment of iron overload improves cell counts
in patients with myelodysplastic syndrome (MDS).

Treatment with phlebotomy is not possible in patients with transfusional iron overload, as they
are dependent on chronic transfusions. In these patients, chelation therapy is the preferred
choice for treatment.24 Deferoxamine is a very effective iron chelator that is administered either
subcutaneously or intravenously. There is over three decades of experience with its use, and
until recently it represented the only iron chelator available in the United States. Recommended
treatment is at least five nights per week subcutaneously delivered via a pump for 8-12 hours.
Understandably, adherence to this strict regimen is difficult, and noncompliance is common.
Neurotoxicity, ocular toxicity, oto-toxicity, and poor growth have been reported with the
overuse of deferoxamine.25

In order to overcome these limitations, there has been an active search for oral iron chelators.
Deferiprone is an iron chelator first identified in the 1980s and subsequently approved for
clinical use in Canada and Europe in patients in whom deferoxamine is contraindicted. It has
a short half-life of only 1.5 hours, and thus requires three times daily dosing. Unfortunately, it
does not control liver iron as well as deferoxamine, even after years of continued treatment.
26 1n contrast, a recent study in patients with thalassemia showed better myocardial function
in those receiving deferiprone.2” The high risk of agranulocytosis necessitates weekly blood
monitoring.

A novel oral iron chelator, deferasirox (Exjade®, Novartis) was approved by the US Food and
Drug Administration in 2005 and represents a significant advancement in the treatment of iron
overload. It is a tridentate oral iron chelator which is lipid soluble but highly protein bound. It
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has a plasma half life of about 12 hours and thus is ideal for once daily dosing. It binds iron in
a 2:1 ratio. It is excreted by the hepatobiliary system and the chelated iron is excreted via the
feces. The effective dose is between 20-40 mg/kg. It is generally well tolerated by patients,
although some dose modifications may be necessary for diarrhea. Phase 111 trials demonstrated
that deferasirox at 20—30 mg/kg per day led to the maintenance or reduction of iron burden as
measured by liver iron content in chronically transfused patients, including those with
thalassemia and sickle cell syndrome as well as rare anemias and myelodysplastic syndromes.
Reductions in liver iron content and serum ferritin were similar to those found in the
subcutaneous use of deferoxamine. 2°: 28

Other measures of Iron Stores

The monitoring of iron overload was recently reviewed.26: 29: 30 New approaches include
biomagnetic susceptometry and magnetic resonance imaging, which offer a noninvasive
measure of iron deposition in the heart and liver.

Hepatic Iron Index

Though ferritin continues to be the mainstay for the initial clinical evaluation of iron overload,
liver biopsy is the gold standard for quantifying iron. Hepatic iron concentration exceeding 80
micromoles/gram of liver dry weight is consistent with iron overload, as is a hepatic index of
greater than 1.9 mmol per kilogram per year (the hepatic iron index is the ratio of hepatic iron
concentration to the age of the patient in years).2 Total body iron can be accurately measured
by assessment of liver iron content (L1C) obtained from liver biopsy. However, the need for a
relatively large volume of tissue (4mg net weight) as well as risk of this invasive procedure
(hemorrhage occurs in about 0.5% of cases) has made this less appealing to most clinicians
and patients.26

Imaging Modalities for Assessment of Iron Overload

SQUID (Superconducting Quantum Interference Device) assesses total body iron using
biomagnetic susceptometry. Ferritin and hemosiderin are the only paramagnetic materials in
the human body, thus the magnitude is directly related to the amount of iron in a certain volume
of tissue. It shows excellent correlation between liver iron as measured by biopsy, but
unfortunately is very expensive and available at only a few centers worldwide.26

MRI is becoming increasingly important in the evaluation of iron status because it is non-
invasive and rapidly becoming more widely available. It has the additional benefit of
identifying relatively early iron overload within organs, prior to the onset of dysfunction. With
the use of microwaves, MRI is able to detect the extent of magnetic disruption due to iron
deposition. In iron-overloaded tissues, this disruption results in a magnetic gradient echo
referred to as T2* (pronounced T2 star). MRI has been used to measure iron deposition within
the heart, liver, and pituitary. At this time, it does not appear that a single organ gives the full
picture of total body iron overload. In fact, patients can accumulate cardiac iron, despite
apparently normal hepatic iron levels, and thus be at risk for arrhythmia or congestive heart
failure. The discordance of values in these two tissues can be resolved with the use of MRI to
detect cardiac iron. Studies by Wood et al show that abnormal cardiac T2* represents a
preclinical degree of cardiac iron overloading.31:32: 33 The authors present a clinical model
which classifies patients into groups based on cardiac T2* values. Patients with the shortest
T2* values represent those with sufficiently increased risk of cardiac decomposition to require
immediate review and intensification of chelation therapy.

Non-invasive measurement of liver iron concentration has also been achieved using a magnetic
resonance technique based on proton transverse relaxation rates within the liver. The technique
can be implemented on most clinical 1.5-T MRI instruments, making it readily available to the
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clinical community. 34 35 On average, this method involves a 20 minute data acquisition. This
technique resulted in a high specificity and sensitivity over a greater range of liver iron
concentrations than any other MRI-based method of liver iron concentration assesment.3> A
study comparing MRI and biomagnetic liver susceptometry showed a significant linear
correlation between the liver iron content as measured by both methods.36

While these imaging studies are sophisticated and provide valuable information regarding the
often variable degree of iron deposition in end-organs, serum ferritin offers an easy,
inexpensive surrogate for total body iron overload. It is particularly useful both as an indicator
for initiation of chelation therapy in iron overload syndromes, and as a marker for treatment
progress.

Ferritin and Human Disease

Still's disease

Adult onset Still’s disease is a systemic inflammatory disorder characterized by fever, arthritis,
and rash that typically affects young women.37:38 Elevated serum ferritin levels were seen in
89% of these patients in a recent series, nearly half of whom had levels greater than five times
normal, though this did not correlate with time to disease remission or the presence of chronic
or deforming arthritis.38 Another recent case control study established that an exaggerated
ferritin response with levels greater than fives times the upper limit of normal and high ferritin
to C-reactive protein ratios were useful in distinguishing between adult Still’s disease and
rheumatoid arthritis, and that ferritin levels greater than five times the upper limit of normal
were associated with a chronic disease course.39 Whether the disproportionate ferritin response
is a pathogenic mechanism or is merely a by-product of inflammation remains unknown.
Another confounder is that elevated ferritin in patients with Still’s disease may represent
hemophagocytic syndrome, which is frequently seen in this population as well as in other
autoimmune disorders.

Hemophagocytic Syndrome

Hemophagocytic syndrome (also known as macrophage activation syndrome or
lymphohistiocytic syndrome) is a heterogeneous group of disorders with a final common
pathway consisting of hypertriglyceridemia, hyperferritinemia, pancytopenia, and multiple
organ failure which is highly fatal.*? The syndrome is strongly associated with autoimmune
disorders, particularly systemic lupus erythematosis and Still’s disease, and viral infections,
particularly Epstein-Barr virus. Ingestion of red blood cells and red blood cells precursors by
macrophages or histiocytes in the bone marrow is the hallmark characteristic of this disorder.
Demonstration of hemophagocytosis on biopsy of the bone marrow, spleen, liver or lymph
nodes is considered the gold standard for diagnosis of this syndrome; however, serial biopsies
may be necessary to confirm the diagnosis.

Loss of natural killer cell activity or decreased numbers of natural killer cells is thought to be
the causative mechanism in most cases. Hemophagocytic syndrome should be considered in
any critically ill patient with evidence of systemic inflammation or multiple organ involvement
with associated cytopenias. Serum ferritin is classically elevated above 10,000 ug/L. However,
increased diagnostic sensitivity may be obtained with a lower cutoff of ferritin if combined
with the assessment of other specific markers of this disease, such as soluble CD163, which is
exclusively expressed on cells of monocyte/macrophage lineage.*!

Of note, in a prospective study of adult hemophagocytic syndrome patients, the percentage of
glycosylated ferritin was lower in patients with HPS suggesting that low glycosylated ferritin
could be a marker of severe HPS.42 The elevated ferritin is hypothesized to be due to passive
release from cell damage in the liver and spleen, increased secretion by macrophages or
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hepatocytes, or decreased clearance due to lower glycosylation or down regulation of ferritin
receptors. It is known that the H chain exerts immunomodulatory activity. Another possibility
is that the massively increased ferritin expression may exceed the glycosylation capacity of
the endoplasmic reticulum in HPS.

Sideroblastic anemias

Sideroblastic anemias represent a heterogeneous group of hematopoietic disorders with a
common manifestation of ineffective erythropoiesis and associated iron overload. Deranged
heme synthesis in developing red cells leads to misshapen erythrocytes. As iron delivery is not
reduced, the excess iron that has been delivered to the developing erythroblasts is deposited
within the mitochondria. Enhanced intestinal absorption of iron is also a feature of sideroblastic
anemias, although the etiology remains undefined. In sideroblastic anemias, in contrast to
genetic hemochromatosis, the iron deposition occurs in bone marrow macrophages, although
there is also deposition in parenchymal tissues. The end organ manifestations, however, are
similar and irreversible organ damage to the liver, the heart, and endocrine system occur. In
addition, these patients may acquire iron overload from the transfusions given to treat their
anemia.

Sideroblastic anemias can be hereditary but are more commonly acquired. Refractory anemia
with ringed sideroblasts comprises one subset of myelodysplastic syndromes, a heterogeneous
group of acquired bone marrow failure disorders. Bone marrow morphology is characterized
by the presence of erythroid precursors in which a ring of ten or more siderotic granules encircle
one third or more of the nucleus. Hemosiderin-laden macrophages are often abundant.
Mitochondrial ferritin, an unusual and newly described form of ferritin, has been observed in
ringed sideroblasts#3, and has been proposed as a sensitive marker for classification of
myelodysplastic syndromes**. Anti-tuberculosis drugs and alcoholism can cause ringed
sideroblasts, as can copper deficiency and/or associated zinc toxicity.*> Heme synthesis is
decreased presumably secondary to low activity of the copper containing enzyme cytochrome
oxidase, leading to a slower rate of electron flow and ATP production, and ultimately
diminished hemoglobin synthesis.#6 Zinc toxicity leads to clinical copper deficiency.

Ferritin in Selected Neurologic Disorders

Parkinson’s

Several iron disorders that affect movement and other neurologic functions have been well
characterized, and have been the subject of recent comprehensive reviews.*”:48 We present
those which are most common (Parkinson’s disease and restless legs syndrome) and those
whose pathophysiology is most directly linked to abnormalities in ferritin.

Disease

The role of iron in neurologic disease is the focus of intense study, based on the observation
that brain iron content is increased in patients with Parkinson’s disease and other
neurodegenerative disorders. Although many of the proteins involved in systemic iron
homeostasis are also found in brain tissue, genetic disorders resulting in the loss of function
of these proteins rarely result in pathologic iron deficits or excess. Specific regions of the brain
vary widely in iron content. In the basal ganglia, the concentration is greatest and equivalent
to that found in the liver. Iron is also particularly abundant in astrocytes, supporting the idea
that these cells and other types of glia function in iron storage and regulation. It is thought that
brain iron homeostasis is separated from systemic iron homeostasis by the blood brain barrier,
which will allow minimal effects on central nervous system by alterations in systemic iron
homeostasis.*?
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The brains of parkinsonian patients have been shown to contain increased levels of iron;
however, the most striking increases are seen in the substantia nigra pars compacta. The severity
of the disease in the living patient can be assessed by MRI. Post mortem studies of brains from
normal subjects at different ages suggests a relationship between substantia nigra echogenicity
with higher levels of iron, L-ferritin, and H-ferritin, and a reduced neuromelanin concentration.
50,51 This model may describe a toxic cellular milieu that promotes the generation of
oxyradicals and cell damage.

In the brain, ferritin is expressed in oligodendrocytes, astrocytes, and microglial cells, but not
in neurons. In Parkinson’s disease, ferritin cores in the substantial nigra are denser and contain
more iron than those in the substantial nigra of normal subjects. The ferritin-rich microglial
cells are located in close proximity to melanin-containing or degeneration neurons. Neuronal
iron is predominantly bound to neuromelanin. It is unclear whether neuromelanin has a
cytoprotective role in binding transition metals, or whether it triggers cytotoxicity if iron is
released within neurons. Neurons that degenerate in PD contain neuromelanin and high
amounts of iron, while neurons that survive in PD are free of neuromelanin, contain low
amounts of iron, and are better protected against oxidative stress °0:52

Friedreich’s Ataxia

Friedreich’s Ataxia is an autosomal recessive disorder characterized by sensory, cerebellar,
and cardiomyocyte degeneration. An expansion of a GAA repeats produces a dysfunctional
frataxin gene, which in turn decreases the assembly of iron-sulphur clusters within the
mitochondria. The lack of effective cluster formation leads to oxidative damage and
neurodegeneration as a result of labile iron accumulation. The iron accumulation is specific to
certain tissues and often occurs without evidence of systemic iron overload, such as an elevated
serum ferritin. The focal nature of the iron accumulation is evident in Friederich’s ataxia
patients, where MRI studies can detect excess iron within the dentate nuclei of the central
nervous system.®3 Recent efforts to reverse this iron accumulation with the membrane-
permeable chelator, deferiprone, have shown promise. Use of deferiprone in a small group of
adolescent Friedereich’s ataxia patients reduced the amount of iron within the dentate nuclei
as detected by R2* MRI. More impressively, the neurologic symptoms associated with
Friedereich’s ataxia showed early signs of improvement.®* These studies further define the
importance of iron homeostasis in the pathogenesis and treatment of neurologic disease.

Neuroferritinopathy

Neuroferritinopathy, also known as dominant adult-onset basal ganglia disease, is an autosomal
dominant extrapyramidal disease resulting from mutations in the light chain of ferritin.
Symptoms include choreoathetosis, dystonia, spasticity, dysarthria. It is thought that the
mutations impair ferritin assembly, leading to loss of iron storage capacity within brain cells,
and thus subsequent iron-mediated cell injury.5® All patients with neuroferritinopathy have
dystonia in association with basal ganglia iron accumulation. Interestingly, the ferritin light
chain mutation in patients with neuroferritinopathy is present in all cells, but with the exception
of decreased serum ferritin, there are no abnormalities of systemic iron homeostasis. It is
uncertain whether this represents a greater sensitivity of brain cells to this iron-dependent
injury, or in fact whether there is a unique role for the ferritin light chain in these brain cell
types. The similar pathology of neuroferritinopathy and aceruloplasinemia suggest a common
iron-dependent mechanism for the neurodegeneration that is found in both diseases.

Restless Legs Syndrome

Restless Legs Syndrome is a neurologic disorder characterized by unpleasant sensations in the
legs that appear mostly at night upon retiring, including an irrepressible urge to move the limbs.
Of note, in an Italian study, 26% of pregnant women had symptoms of restless leg syndrome,
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of which only 10% had symptoms prior to the pregnancy. In a study by Kotagal and Silber>6,
serum ferritin levels were decreased in 83% of 24 patients with restless legs syndrome,
suggesting that iron deficiency is characteristic of the disorder. However, in a large Italian
study, ferritin concentrations were similar in individuals with and without restless legs
syndrome, although those that had restless legs syndrome had higher serum concentrations of
soluble transferrin receptor, possibly indicating early iron deficiency >/

There has been some suggestion that patients with restless legs syndrome have significantly
lower spinal fluid ferritin levels compared to controls; although serum ferritin and transferrin
levels can be similar in both groups, suggesting a central etiology to the disorder.>8 Connor
showed a dramatic decrease in iron and ferritin heavy chains and an increase in transferrin
staining in the substantia nigra of restless legs syndrome brains compared to controls.>® Thus,
restless legs syndrome may be a functional disorder resulting from impaired iron acquisition
by the neuromelanin cells. These patients are typically managed by dopaminergic drugs. It is
reasonable to check iron profiles in patients who present with RLS and to replete iron if indeed
there is evidence of iron deficiency on serum markers.

Ferritin cataract syndrome- ferritin L hyperferritienemia

An autosomal dominant syndrome was reported in two Italian families which resulted in a
combination of congenital nuclear cataracts and elevated serum ferritin in the presence of a
normal serum iron and transferrin saturation. The syndrome was attributed to a mutation in a
regulatory element of the L ferritin mRNA in this family.6% Consistent with this etiology,
studies using monoclonal antibodies showed elevation of ferritin L subunit but no ferritin H
subunit in affected individuals. However, it is unclear how the perturbation in ferritin L leads
to lens opacity61:62,

Future Directions/Evolving Applications

Coronary Artery Disease

Coronary artery disease is a leading cause of death in developed countries. The relationship
between iron overload and increased risk for developing cardiovascular disease was recently
reviewed.53 Epidemiologic studies have shown a correlation between elevated serum ferritin
and an increased risk of coronary artery disease and myocardial infarction.54 This association
was first reported by Salonen et al. in the Finnish Kuopio Ischaemic Heart Disease Risk Factor
Study (KIHD) of greater than 1,900 middle aged men who were followed for an average of
three years.%° There was a 2.2 higher risk of myocardial infarction in men with a serum ferritin
> 200 ug/L. The association was stronger in men with higher LDL concentrations. In another
study, Klipstein-Grobusch et al. showed a positive correlation between serum ferritin and the
risk of myocardial infarction, particularly in current or former smokers.%6

Conversely, iron depletion has been shown to reduce the risk of myocardial infarction in other
cardiac disease events. There was a significant decrease in HDL, LDL, triglycerides, fibrinogen
and blood pressure in 31 patients who were phlebotomized to achieve an iron depletion state.
A prospective 5 year follow up study of a cohort of over 2,500 Finnish men showed that
myocardial infarction was decreased 86% in blood donors as compared to non-donors.5’

Nonetheless, there are many epidemiologic studies that do not confirm the presence of a direct
association between iron status and the risk of developing cardiovascular disease. The issue of
whether an elevated ferritin level is a contributor or causative factor for coronary artery disease
or simply a byproduct of the disease process will be addressed by atherosclerotic animal
models, in which transgenic over expression of ferritin L or ferritin H can be created.
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Ferritin as an iron concentrator and chelator target

Recently a new property of ferritin was discovered: gated pores. These are highly conserved
in ferritins of humans and bacteria. The pore gates can be manipulated by mutation, temperature
and physiologic concentrations of urea to selectively open, thus increasing chelator access.
Future chelators may be targeted to ferritin protein pores. Thus, the potential exists for a class
of more effective ferritin-specific iron chelators with low toxicity.58

Ferritin in malignhancy

Breast cancer—The idea that excess iron can potentiate carcinogenesis is an intriguing one.
Free iron can induce oxidative stress and DNA damage. Animal models have shown that excess
free iron is carcinogenic. Kabat and Rohan recently reviewed the evidence for the role of excess
iron in breast carcinogenesis.®® Oxidative stress is induced by a reactive oxygen species, the
formation of which is mediated by free iron. Ferric iron (Fe3*) released from ferritin and
hemosiderin is reduced to ferrous iron (Fe2*) which, in the presence of super oxide and
hydrogen peroxide (H»05), can catalyze the formation of the hydroxyl radical (*OH). The
hydroxyl radical is a powerful oxidizing agent which can promote lipid peroxidation,
mutagenesis, DNA strand breaks, activation of oncogenes, and tumor suppressor gene
inhibition. Conflicting evidence exists regarding the contribution of lipid peroxidation products
in breast cancer.

It is known that excess iron alters the distribution of T-lymphocyte subsets and suppresses the
action of helper T (CD4) cells, as well as the tumoricidal action of macrophages and monocytes.
In hereditary hemochromatosis patients, iron overload increases the numbers and activities of
suppressor T (CD8) cells and decreases the humbers and activities of CD4 cells resulting in
increased CD8:CD4 ratios. Thus, it is thought that the excess iron may impair surveillance for
cancer cells by these mechanisms.

In addition, the fact that iron levels accumulate with age, particularly in post menopausal
women, may contribute to the age-associated risk of breast cancer. However, it is not known
whether iron levels in breast tissue increase with age.

Tissue ferritin levels have been shown to be six-fold higher in breast cancer tissue compared
to normal or benign breast cancer tissue. 81: 70: 71 |_evels of transferrin and transferrin receptor
proteins have also been shown to be higher in breast cancer tissue.”2~74 In addition, compared
to women without breast cancer in whom serum ferritin was normal, 41% of women with
preoperative breast cancer had elevated serum ferritin levels. In addition, iron levels in breast
cancer biopsy tissue were five times higher than levels in breast tissue from women without
breast cancer.”> However, no studies to date have demonstrated that ferritin is the etiology for
the cancer rather than merely a serum maker for the presence of cancer. It is postulated that
iron interacts with known agents in breast carcinogenesis, particularly estradiol, ethanol and
ionizing radiation. Iron overload favors the production of reactive oxygen species, lipid
peroxidation, and DNA damage. If indeed future studies show that excess body iron levels
contribute to the development of breast cancer, it may be feasible to reduce this risk by the use
of chelating agents.”®

Bone marrow transplant patients

Serum ferritin has recently been identified as a prognostic marker in patients undergoing
allogeneic stem cell transplant. In a recent study by Armand et al, the outcomes of 590 patients
with pre-transplant ferritin levels were reported.’” An elevated ferritin was independently
associated with increased mortality in acute myeloid leukemia and myelodsyplastic syndrome
patients. A similar effect on survival was seen in transplanted thalassemia patients with
suspected iron overload.”8 It is likely that iron overload, with serum ferritin serving as a
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surrogate measure, is mechanistically responsible for the impact on transplant survival. This
is supported by our own data showing that the use of multiple measures of iron overload is

more closely associated with survival than serum ferritin alone.”® Other non-invasive studies
measuring iron overload, such as T2* MRI, have yet to be examined in the transplant setting.

Iron overload appears to increase treatment-related mortality (TRM), rather than increasing

the aggressiveness or relapse rate of the underlying disease.8% 81 Exactly how iron overload
increases TRM is unclear but may be related to increased rates of infection. There is pre-clinical
data suggesting that an increase in available iron may result in the proliferation of infectious
organisms, such as bacteria and fungi.82 In transplant patients with iron overload at autopsy,
rates of documented invasive aspergillosis were significantly higher.83 Perhaps of most clinical
relevance is the observation that lethal infections occur at a disproportionately higher rate in
those with iron overload,”® further supporting the link between iron overload and infection.

Prospective studies to further define the impact of iron overload in the transplant setting are
ongoing.8* The use of chelation therapy has been associated with improved outcomes in
thalassemia 85, suggesting that early treatment of iron overload may improve transplant
survival. It is likely that ferritin, given its prognostic utility and easy availability, will play a
critical role in the diagnosis and management of iron overload in the transplant setting.

Ferritin Binding Proteins/Kininogen

Ferritin binding partners in plasma include alpha 2 macroglobulin, apolipoprotein B through
hemin®’, and high molecular weight kininogen (HK)88. Ferritin/HK binding is one of the best
studied of these interactions. HK is a co-factor in the intrinsic coagulation cascade, and is
cleaved by the serine protease kallikrein at cell surfaces to release bradykinin (BK) and two-
chain high molecular weight kininogen (HKa)8. HK and its cleavage products have been
implicated in the progression of various inflammatory diseases including asthma®,
inflammatory bowel disease9! and cancer®2. Ferritin, through binding to HK, inhibits
kallikrein-mediated HK cleavage®3. Ferritin also inhibits the cleavage of HK by the
inflammatory proteases neutrophil elastase and mast cell tryptase. This effect is independent
of iron, as both apoferritin (iron free ferritin) and holoferritin (iron rich ferritin) exhibit this
property®4. Through decreasing HK cleavage, ferritin reduces the levels of BK and HKa and
may serve to dampen the inflammatory response. Indeed, ferritin, elastase and HK have been
shown to co-localize in alveolar macrophages in a murine model of lung inflammation®4. The
regulation of HK may represent a novel function for ferritin independent of iron homeostasis.

PRACTICE POINTS

«  Low serum ferritin is highly specific for iron deficiency anemia in otherwise healthy
patients, as virtually no other clinically significant conditions will result in very low
levels. In patients with underlying inflammation or infection, the use of ferritin with
other markers of iron deficiency, especially soluble transferrin receptor, allows the
clinician to distinguish between anemia of inflammation and iron deficiency anemia.

+  Ferritin levels are not particularly useful in end stage renal disease to predict
bioavailable iron. However, high quality evidence-based guidelines exist to guide
appropriate iron therapy in these patients.

+  Magnetic resonance imaging is a widely available technique that shows excellent
promise in measuring iron content in specific organs, especially the liver and heart.

«  Though hepatic biopsy is the gold standard, ferritin is a useful non-invasive surrogate
marker to assess degree of end-organ iron overload in hereditary hemochromatosis.
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Figure 1.

Ferritin Structure: Apoferritin forms a roughly spherical container within which ferric iron is
stored as a ferrihydrite mineral. Apoferritin refers to the iron-free form of the protein; the iron-
containing form is termed holoferritin or simply ferritin. The apoferritin shell is composed of
24 subunits of two types, termed H and L, the ratio of which varies widely depending on tissue
type and inflammation. Iron is toxic in cellular systems because of its capacity to generate
reactive species (shown as yellow spheres) which can directly damage DNA and proteins.
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Intracellular Iron Homeostasis: Ferritin functions as a ferroxidase, converting Fe2* to Fe3* as
iron is internalized and sequestered in the ferritin mineral core. Reactive species (shown as
yellow spheres) can directly damage DNA and proteins. DMT1 = divalent metal ion transporter
1, Tf = Transferrin, TfR = Transferrin receptor.
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Figure 3.

Decline of ferritin with therapeutic phlebotomy in a patient with hereditary hemochromatosis.
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