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Abstract

Iron deficiency, the leading cause of anemia, has fueled a dramatic rise in the consumption of
iron supplements, yet the dangers of iron overload remain largely unrecognized. Iron overload,
though less discussed than iron deficiency, can silently wreak havoc on the body, leading to
significant organ damage if left unchecked. Excess iron, whether from frequent transfusions,
supplements, or genetic conditions like hereditary hemochromatosis, accumulates in vital
organs such as the liver, heart, and pancreas. Over time, this build-up can cause irreversible
damage, including liver fibrosis, heart failure, and endocrine dysfunction. This review explores
the complex pathways through which iron overload affects various organs, highlighting its role in
the development of chronic diseases like cirrhosis, cardiomyopathy, and diabetes. As iron
excess often goes unnoticed until severe symptoms arise, early detection and targeted
treatment strategies are crucial to preventing long-term damage. By understanding the
underlying mechanisms and health impacts, this review emphasizes the need for timely
intervention in at-risk populations to mitigate the hidden dangers of iron overload.
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Introduction

Iron is an essential element known for its critical role in fundamental metabolic processes in the
body, including oxygen transport, energy production, and immune response. Iron overload is a
condition in which the body absorbs and stores excessive amounts of iron.! The primary form of
iron overload is a hereditary disorder, known as hemochromatosis. A secondary form known as
hemosiderosis may arise from therapeutic interventions such as blood transfusions, along with
excessive parenteral or oral administration of iron. The excess iron may accumulate in vital
organs like the liver, heart, pancreas, and pituitary gland, potentially causing significant damage
if not properly managed. Iron overload can be a serious condition that frequently goes unnoticed
due to its vague and slowly progressing nature.

Iron overload may present unseen dangers for human health and may be responsible for
morbidity and mortality. While iron deficiency is the most common nutritional cause of anemia in
humans, iron ingestion is exponentially increasing around the world, owing to its low cost and
availability. Approximately 24.3% of the world's population suffers from anemia, with half of
these cases being related to iron deficiency.? Disorders of iron excess are much less common
than disorders of iron deficiency. Even though less prevalent, the consequences of iron
overload are profound. Since humans have no active mechanism to help them eliminate excess
iron, the total quantity of iron stored in the body is regulated by the rate of absorption.?

Iron overload can be a result of multiple mechanisms, including but not limited to ineffective
erythropoiesis, hepcidin suppression, intravenous iron administration, oral iron intake as a
supplement or prescription, and red blood cell transfusions for transfusion-dependent anemias
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such as thalassemia major. This systematic review aims to explore not only the molecular
mechanisms that make iron overload a hidden threat to human health but also its impact on
disease progression in the organs that it affects.

Iron is an essential component of myoglobin, heme enzymes, and metalloflavoprotein enzymes.
Each hemoglobin molecule contains four iron atoms. Iron is stored in cells in the form of ferritin.
Ferritin is a protein-iron storage complex that exists as individual molecules or as aggregates.
Serum ferritin is composed of L-chain subunits and is partially glycosylated and increased
serum ferritin can be an indicator of iron overload.* Aggregated ferritin is referred to as
hemosiderin and constitutes a third of normal stores. Essential iron-containing compounds are
stored throughout the body, and excess iron is held in the liver for storage. The liver eventually
releases iron into the circulation®. Iron within the liver is predominantly stored in the
reticuloendothelial system, also known as the sinusoidal/Kupffer cells and the hepatocytes.
Transferrin is the plasma protein responsible for the internal exchange of iron.®

The causes of iron overload can be divided into three main groups: increased intake, increased
absorption.

This review delves into the complex mechanisms behind iron overload, exploring its molecular
and physiological underpinnings. It examines the role of dysregulated iron homeostasis,
including hepcidin suppression, and its impact on conditions such as hereditary
hemochromatosis, alcoholic liver disease, and transfusion-dependent anemias. The paper also
analyzes how iron-induced oxidative stress contributes to organ damage, including liver fibrosis,
heart dysfunction, and endocrine abnormalities. Additionally, it highlights diagnostic challenges,
comparing traditional markers like ferritin and transferrin saturation with advanced imaging
techniques such as MRI. Finally, this review provides an overview of current therapeutic
strategies, including iron chelation and phlebotomy, emphasizing the importance of timely
interventions and the need for global improvements in diagnostics and treatment accessibility.

Increased intake

Increased iron intake has multiple causes, including red blood cell transfusions in the
management of chronic anemia. In many clinical settings, iron is often prescribed empirically
without thorough diagnostic workups, contributing to unintended overload. This is particularly
common in cases of hemolytic anemia and myelodysplastic syndromes, where iron homeostasis
is disrupted. Additionally, the overuse of iron supplements represents an underrecognized but
significant concern, highlighting the need for greater awareness among both healthcare
professionals and the public.

Increased absorption

Ineffective erythropoiesis can be seen in certain anemias, in which erythroid precursor cells are
unable to properly mature, and are instead apoptosed. This suppresses the release of hepcidin,
a hormone inducing intestinal iron absorption. Ineffective erythropoiesis can be encountered in
hereditary hemochromatosis, thalassemias, sideroblastic anemia, alcoholic liver disease, and
chronic hepatitis. Excessive inhibition of hepcidin by ineffective erythropoiesis explains iron
overload in chronic hemolytic anemias. Additionally, hepcidin is reduced in hereditary
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hemochromatosis leading to increased iron absorption. Hepcidin suppression leads to
upregulation of transport of absorbed iron through the enterocyte basolateral membrane into the
systemic circulation.

Patients with alcoholic liver disease have exhibited elevated iron indices and increased body
iron stores. Even mild to moderate levels of alcohol consumption have been associated with an
increased prevalence of iron overload. Alcohol has been found to induce hepatic oxidative
stress alongside iron. Both iron and alcohol are known to inflict cellular damage, leading to
hepatocellular injury. However, the definitive underlying mechanisms for excess iron observed in
alcoholic liver disease remain unclear.” Hepcidin is a hormone responsible for internal iron
regulation. There are claims which attribute alcohol to suppress hepcidin synthesis, a hormone
responsible for internal iron regulation; the suppression of hepcidin leads to increased iron
absorption.

In summary, iron overload can be a result of several factors, including ineffective erythropoiesis,
intravenous iron administration, oral iron intake, blood transfusions, and hepcidin suppression.
In conditions like major thalassemia and chronic hemolytic disorders, hepcidin, which regulates
iron absorption, is suppressed, leading to excessive iron absorption. Elevated levels of hepcidin
resulting from chronic inflammation can lead to Anemia of Chronic Disease (ACD) by limiting
iron availability for erythropoiesis. In anemic patients, the increased demand for red blood cell
production reduces hepcidin production to ensure that more iron is available for hemoglobin
synthesis. When the iron-carrying capacity of transferrin is exceeded, iron accumulates as non-
transferrin-bound iron (NTBI). Non-transferrin-bound iron can generate reactive oxygen species,
inducing toxicity in critical organs such as the liver, heart, pancreas, joints, and pituitary gland.
Iron overload poses risks such as liver fibrosis, myocardial damage, bacterial proliferation, and
altered gut microbiota. Patients with transfusion-dependent anemias are particularly susceptible,
as repeated transfusions introduce large quantities of iron. Erythropoiesis-stimulating agents,
like erythropoietin, are able to signal for erythroferrone production, a hepcidin inhibitor which
exacerbates the risk of iron-mediated tissue damage and hemosiderosis.!?

Transfusion-Dependent Anemias

It is known that ferritin and transferrin saturation (TSAT) are elevated in liver disease due to iron
release into the bloodstream via senescent hepatocytes. However, there are conditions
associated with elevated ferritin levels without iron overload or acute inflammation. An extremely
elevated level of ferritin is an indicator of hemophagocytic lymphohistiocytosis.2

Transfusional iron overload is another aspect of hemosiderosis. Red blood cell transfusions are
used to treat acute and chronic forms of anemia which other treatment options are not available
for, such as thalassemia, myelodysplasia and Diamond-Blackfan anemia.® Iron overload may
occur as a result of frequent red blood cell (RBC) transfusions in major thalassemia, sickle cell
disease and thalassemia. The problem arises due to the human body’s inability to excrete
excess deposits of iron. Although each RBC transfusion is responsible for a subtle amount of
iron, it can gradually accumulate and the lack of iron export from the body can lead to iron
deposition in several different organs and induce toxicity. Each unit of packed RBC typically
contains 200 to 250 mg of elemental iron.1° As a result, patients with blood transfusion
dependent thalassemia inadvertently develop iron overload.
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Iron Homeostasis

The regulation of iron homeostasis primarily hinges on the control of dietary iron absorption.
Typically, normal plasma levels of iron fall within the range of 12 to 25 pM/L. The iron present in
plasma is derived from absorption by enterocytes and macrophages. Ferroportin plays an
essential role by exporting iron into the bloodstream. Hepcidin is a protein synthesized in the
liver and regulates ferroportin activity. Hepcidin binds to ferroportin to regulate iron homeostasis,
a protein which transports iron out of cells; this causes the protein to be internalized and
degraded, reducing the amount of iron entering the bloodstream.'? The process decreases
plasma iron concentration. Hepcidin is a negative regulator of intestinal iron absorption as well
as macrophage iron release. In an iron deficient condition, such as anemia, hepcidin is down-
regulated, while duodenal iron transporters are upregulated, leading to an increase in duodenal
iron absorption. During a condition of excess iron, the opposite is true.1** The flow of iron
through the plasma amounts to a total of 30 to 40 mg/day in the adult (~0.46 mg/kg of body
weight). The major internal circulation of iron involves the erythron and reticuloendothelial cells.
About 80% of the iron in plasma goes to the erythroid marrow to be packaged into new
erythrocytes, which typically circulate for about 120 days before being catabolized by the
reticuloendothelial system.

On the molecular level, hepcidin, the primary regulator of iron export in the body, is a type |l
acute-phase protein, as suggested by its induction by the cytokine interleukin-6 (IL-6) in a study
performed by Nemeth et al. This study demonstrated that iron-sensing cells signal to
hepatocytes to induce the production of hepcidin in cases of iron overload. Specifically, the role
of hepcidin is to inhibit iron absorption in the small intestine, the release of recycled iron from
macrophages, and transport iron across the placenta.'? Hepcidin circulates in plasma bound to
alpha-2-macroglobulin.t®

Figure 1. The regulation of iron homeostasis in hemosiderosis
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An iron-overloaded hepatocyte is shown. Duodenal cytochrome B (DcytB) reduces Fe(3+) to
Fe(2+). Divalent metal transporter 1 (DMT1) at the enterocyte membrane takes up Fe(2+) from
the lumen. Transferrin receptor 1 (TFR1) is attached to the erythroblast, saturated by Fe(2+).
Hepcidin inhibits ferroportin to mediate iron export to reduce transferrin saturation. In this
situation of iron overload, hepcidin is highly expressed.

In cellular absorption, iron transporters transferrin receptor 1 (TFR1) and transferrin receptor 2
(TFR2) are responsible for the internalization of iron. TFR1 can be found in erythroid precursors,
the liver, and the myocardium.® TFR2, on the other hand, is uniquely found in the liver and
intestine.® Dietary iron is absorbed by divalent metal transporter 1 (DMT1) before its Fe3+
isotope is reduced to Fe2+ via ferrireductase duodenal cytochrome B (DcytB), as depicted in
figure 1 above. Duodenal cytochrome B is encoded by the Cybrdl gene and is a ferric
reductase expressed at the brush border of duodenal enterocytes. Hephaestin is a multicopper
oxidase which oxidizes Fe2+ to Fe3+ for loading onto transferrin.* However, a study by Gunshin
et al. in mice has proved that DcytB is not necessary for dietary iron absorption in mice, but its
role in intestinal iron absorption remains unclear.'” Red cell iron is recycled by macrophages via
the protein ferroportin and the ferroxidase ceruloplasmin, which is similar to hephaestin.*
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Figure 2. Cellular internalization of iron through TFR1
Before being taken into the cell, iron binds to transferrin receptor 1 and is then endocytosed by
the cell. The transferrin-bound iron is then disturbed to organelles, such as mitochondria, and
stored in the iron-storage complex, ferritin.

In cases of secondary hemosiderosis, the iron-binding capacity of transferrin in the plasma of
iron-overloaded patients is often exceeded, leading to the appearance of non-transferrin-bound
iron (NTBI) as shown in Figure 2.*8 During iron overload, reactive oxygen species (ROS) are
created which cause oxidative stress.'® Reactive oxygen species produced by non-transferrin-
bound iron can contribute to apoptosis, necrosis, and cellular dysfunction.'® These reactive
oxygen species can also cause tissue damage, inflammation, and fibrosis, especially in organs
such as the liver, heart, joints, and pancreas.?° Freely floating hydroxyl radicals are produced by
the Fenton reaction and can damage liver tissue.?! In contrast, transferrin bound iron is
nontoxic.??
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Past studies have explained the transport of myocardial iron via L-type voltage dependent Ca2+
channels (LVDCCs). Treatment with calcium channel blockers (CCBs) has been shown to
prevent deterioration of systolic and diastolic function, as well as bradyarrhythmia, in iron
overloaded mice. Treatment with these CCBs also demonstrated a reduction in the composite
index of myocardial damage and inflammation and the degree of apoptosis by reducing the
potential for myocardial hemosiderosis.?® This study has major implications for the role of
LVDCCs in NTBI accumulation into the myocardium during cases of hemosiderosis.

Moreover, free iron is regarded as being cytotoxic at high concentrations. Elevated ferritin levels
related to RBC transfusion have been known to increase risk of acute and chronic graft-versus-
host disease (GVHD) in patients receiving hematopoietic cell transplantation. In a mouse model,
10 mg of iron dextran was given to mice over a period of 18 days. Interleukin-1 and interleukin-
23 levels were upregulated in iron loaded mice. These findings are believed to explain the
mechanism of reduction of regulatory T cells and provides implications for the activation of
macrophages in iron overload which could lead to immunological complications, such as GVHD
and other autoimmune conditions.?*

Indications for Iron Administration

Iron deficiency is the most common cause of anemia globally. It is typically diagnosed when
ferritin levels fall below 15—-30 pg/L and transferrin saturation is less than 20%, often warranting
iron supplementation.?®> Populations commonly requiring iron replacement therapy include
women of childbearing age, preschool children, patients with end-stage kidney disease, and
individuals experiencing gastrointestinal bleeding or malabsorptive conditions. The method of
iron replacement must be tailored to the patient’s clinical needs, with intravenous or oral
administration chosen based on factors such as severity, tolerance, and absorption capacity.2®
In particular, oral ferrous sulfate is frequently the chosen treatment for iron deficiency due to its
cost-effectiveness, especially in resource-poor settings. The small intestine regulates
absorption, limiting the entry of excessive doses of iron into the bloodstream; it limits absorption
to 40 to 60 mg of iron per day in patients with moderately severe iron deficiency anemia.
Absorption of iron differs based on type of iron and other factors. Some forms of oral iron have
an advantage on absorption. Ferrous salts are absorbed three times as well as ferric salts.
Ascorbic acid = 200 mg increases the absorption of medicinal iron by 30%. This increased
uptake is associated with a higher incidence of side effects.®Once-daily administration of ferrous
sulfate 325 mg on an empty stomach is the typical dosage to maximize absorption and
simultaneously maintain high tolerance.?” The iron found in foods is generally insufficient to
restore iron levels in someone with iron deficiency. Even iron-rich foods like fortified cereals and
organ meats only provide a few milligrams of iron.

There are many conditions where oral iron absorption may be unreliable and parenteral
alternatives should be considered. The parenteral route is commonly used for patients with
dialysis-dependent chronic kidney disease, malabsorption syndromes, oral iron intolerance,
chronic inflammatory conditions, perioperative settings, disorders associated with chronic blood
loss and for patients being treated with erythropoietin stimulating agents.?® As there is no
physiological mechanism for excreting excess iron and absorption remains the only regulatory
pathway for iron entry into the body, parenteral iron administration poses a heightened risk for
iron overload.
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High oral iron doses or intravenous iron administration leading to the rapid release of iron may
saturate the iron transport system and result in oxidative stress. Once transferrin receptors have
been saturated due to excessive intravenous iron administration, significant amounts of non-
transferrin bound iron appear and are able to induce toxicity. This NTBI (Fe3+) is readily taken
up in an unregulated way by cells of the endocrine system, the heart, and the liver, where it can
induce oxidative stress by catalyzing lipid peroxidation and reactive oxygen species formation.?°
Even though iron deficiency is more common, patients who get iron supplements can still end
up with iron overload, especially in the setting of predisposition such as undiagnosed
thalassemia.

Clinical Impact of Iron Overload on Organ Systems

Excess dietary iron can cause hepatic oxidative stress, inflammation and hepatocellular
ballooning, leading to non-alcoholic steatohepatitis (NASH). Kupffer cells full of iron surround
dead hepatocytes, inducing inflammation and fibrosis. In cases of chronic hepatitis, iron is
known to be a facilitator of liver injury. Patients with high ferritin have more severe steatosis,
inflammation, advanced fibrosis, and increased mortality.*® Alcohol can suppress hepcidin
synthesis, a hormone responsible for internal iron regulation; the suppression of hepcidin leads
to increased iron absorption.

Iron was proven to exhibit tendencies to cause fibrosis in the liver, dependent on the liver iron
concentration (LIC). It has been observed that an increase in hepatocellular injury is reflected in
aminotransferase activities when LIC exceeded 300 to 400 uM/g.%° This study also indicated the
ability of iron to induce fibrosis without previous hepatocellular injury in patients being iron
overloaded due to blood transfusions for acquired anemias. The quantity of iron in the labile iron
pool can be determined based on the urinary iron excretion.

Iron is well known to cause heart dysfunction and failure, hepatic complications, including but
not limited to fibrosis, cirrhosis, and hepatocellular carcinoma, along with endocrine disease and
growth abnormalities in young children.3!

Furthermore, iron overload is reported in the pathogenesis of atherosclerosis.3? NTBI circulates
and promotes organ damage like vascular endothelial cell and smooth muscle dysfunction.33
High labile plasma iron (LPI) and non-transferrin bound iron may increase the risk of myocardial
hemosiderosis.3*

One other aspect of iron overload is pancreatic involvement leading to a clinical picture called
bronze diabetes.3®> From an endocrinologic point of view, it is also important to note that MRI of
pituitary gland involvement has been reported in individuals with known iron overload but is not
routinely used to diagnose iron overload.3¢ The classical triad of cirrhosis, diabetes mellitus, and
skin pigmentation, so called bronze diabetes, typically occurs when total body iron content is
severely elevated, generally over 20 grams.

In a case study for patients receiving allogeneic hematopoietic cell transplantation (HCT),
pretransplant serum ferritin levels were measured to determine iron overload. Higher risks of
mortality for iron overloaded patients with acute leukemia/myeloid malignancy were exhibited.3’
Elevated ferritin levels were also closely correlated with the development of acute GVHD and
blood stream infections for these patients after receiving HCT.

Iron use is associated with potential morbidities. Studies have shown that iron supplementation
has resulted in higher rates of malaria, diarrhea, and alterations in the gut microbiome,
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increasing susceptibility to enteric pathogens.® Iron abundancy is able to cause bacteria to
proliferate and form biofilms, making iron overloaded individuals more susceptible to
infections.®? Iron is proven to increase the replication and virulence of enteric pathogens, such
as Salmonella, Shigella, and Campylobacter.4® The impact of iron supplements on diarrhea has
been studied in a large metanalysis. 37% of studies showed an increase in overall diarrhea
incidence or within a specific subgroup of the population, between iron-supplemented and
control groups.*! Iron supplementation could induce diarrhea by causing intestinal damage
through oxidative stress, bacterial dysbiosis and gut inflammation.4?43

Diagnosis of Iron Overload

Ferritin is an acute phase reactant, and, along with transferrin and the transferrin receptor, is a
member of the protein family that orchestrates cellular defense against oxidative stress and
inflammation.** A serum ferritin level above 300 ng/mL in males and 150-200 ng/mL in
menstruating females may indicate iron overload. In typical cases of iron overload, ferritin levels
can range from 2000 to 3000 ng/mL (mcg/L).*> Raised serum ferritin levels can be due to
multiple different etiologies, however, including iron overload, inflammation, liver or renal
disease and malignancy.#® In cases of iron overload, although ferritin is a convenient measure of
iron status, it has been demonstrated that its trends are unable to predict changes accurately in
LIC in individual patients. Therefore, ferritin trends should be interpreted with caution and
confirmed by direct measurement of LIC.4748

A key test for the further investigation of an unexpected raised serum ferritin is the serum
transferrin saturation. A TSAT of 45% or higher in males, and 40% or higher in females, often
indicates iron overload. Conversely, a TSAT below these thresholds is strong evidence against
iron overload, even if ferritin levels are elevated.

Due to its convenience and cost effectiveness, iron levels tend to be monitored by serum ferritin
levels and transferrin saturation in clinical practice. The gold standard definitive approach is liver
biopsy, but in recent years, non-invasive magnetic resonance imaging (MRI) techniques have
been predominantly used to determine compartmentalization of dispersed, ferritin-like iron, and
aggregated, hemosiderin-like iron.#®* MRI is used to predict liver iron concentration.®° Similarly,
cardiac involvement can be diagnosed with MRI. A cardiac T2* by MRI <20 milliseconds is
indicative of cardiac iron overload.5!

Nevertheless, there are scenarios in which ferritin and TSAT may not be reliable and can be
confounded by other factors as biomarkers for iron overload. Testing for iron should be delayed
during times of acute infection and/or inflammation. Furthermore, in a study on patients with
sickle cell disease receiving transfusions found that plasma ferritin concentrations did not
accurately reflect liver iron levels, reinforcing that ferritin alone is an imprecise marker of iron
overload. In this study, quantitative liver iron showed a strong positive correlation with the
cumulative months of transfusion (R = 0.795, P < 0.001), even with the aggressive use of
deferoxamine chelation. In contrast, a poor correlation was observed between average serum
ferritin and liver iron measured through biopsy (R = 0.350, P = 0.142).5?

In a study examining iron overload in dialysis patients, serum ferritin was measured to
determine whether or not it was an accurate predictor of iron overload. Seven adults on dialysis
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had their serum ferritin values compared to their liver iron values measured via MRI, with the
MRI considered to be proportional to the true value of total body iron. The authors deduced that
while ferritin may trend downwards, liver iron concentration may remain unchanged. Thus,
serum ferritin is an underestimation of LIC in patients undergoing hemodialysis.>?

Legislation Boosting Intravenous Iron Use

Iron overload is a common complication still encountered in the end-stage kidney disease
population due to generous use of intravenous iron, according to current practice patterns. End-
stage kidney disease patients suffer from hypoproliferative erythroid marrow function induced by
lack of adequate erythropoietin release, accompanying increased iron loss due to procedure of
dialysis and other mechanisms. Historically, kidney failure patients suffered from iron overload
due to excessive red blood cell transfusions before the invention of human erythropoietin
stimulating agents (ESAs). While erythropoietin stimulating agents are widely available, their
cost remains elevated and since 2011, bundling changed financial coverage of cost from
Medicare/Medicaid to dialysis-providing networks. The challenges around a bundled system’s
payment constraints are balanced by the move toward value-based care models. This led to the
emergence of patient care models for dialysis networks to limit ESA use, while allowing
generous administration of intravenous iron based on its low cost.>* In a retrospective study
conducted in 2012, 21 of 115 hemodialysis patients were found to have serum ferritin >1,000
ng/mL, and when these 21 cases were further studied by T2* MRI, 19 of them (90%) were
proven to have iron overload in the liver.%® Rostoker et al., in 2012, conducted a study on 119
hemodialysis patients undergoing treatment with ESA and iron therapy, assessing their LIC
using T2* MRI. The results showed mild to severe hepatic iron accumulation in 84% of patients,
with 36% exhibiting severe iron overload comparable to that found in hereditary
hemochromatosis.>®

Treatment

The two primary treatment options for iron overload are phlebotomy and iron chelation, both of
which serve to remove excess iron from the body. When treating cases of hemosiderosis, iron
chelation is the main form of treatment for the removal of excess iron from the bloodstream.
Studies have demonstrated that the effect of combination therapy using iron chelators is
effective to reduce iron burden.®” Iron chelation is the only way to treat excess iron accumulation
when it coexists with anemia. The three main iron chelators are deferoxamine, deferiprone, and
deferasirox. Iron chelation therapy seems to restore iron balance and reduce the risk of
mortality.*® Chelation is a costly treatment option and some patients may not have access to this
treatment, even if it is the most effective treatment option. In cases of hemochromatosis,
phlebotomy can be used to prevent complications in patients with symptoms or organ damage.>®
Continuous phlebotomy is recommended until the patient’s serum ferritin levels are <50 ng/mL
and their transferrin saturation is <50%.°°

Discussion

While addressing iron deficiency is a major public health goal, excessive use of iron is the trend
affecting a large sector of the general public. The facts summarized in this systematic review
underscore the critical importance of understanding the molecular mechanisms and clinical
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implications of iron overload, particularly as they pertain to patient health. Iron overload, a
condition often overshadowed by the global focus on iron deficiency, presents significant risks
that extend across multiple organ systems.

Globally, the increasing access and overuse of iron products has created significant burdens in
the field of healthcare, with high rates of morbidity and mortality. Iron toxicity is associated with
substantial morbidity and increased mortality, which correlate with the extent of overload.®%.61
Ballas et al. 2001, prospectively collected transfusion data from 247 adult patients with sickle
cell anemia and correlated the results with clinical outcomes and laboratory markers of iron
overload.®? Over an 11 year time period, 247 adult patients received 4875 units of RBC
transfusions. Patients who were determined to have iron overload suffered a higher incidence of
organ failure (71% vs. 19%) and significantly higher mortality (64% vs. 5%). Sanz et al. 2008,
evaluated the independent prognostic value of transfusion dependency and iron overload in
2994 patients with myelodysplastic syndrome.®® This data showed that the development of iron
overload was significantly correlated with reduced overall survival. Medical policy creators
should work on designing new restrictions to avoid excessive iron use.

Secondary iron overload is a prominent issue in modern-day medicine that cannot be ignored
and continues to be easily preventable by raising awareness. In the last several decades,
changing healthcare policy worldwide created new patient care practices to increase oral and
intravenous iron use while reducing the implementation of costly options.>*

Patients receiving iron must remain wary of the dangers that come with iron intake and must
consider their personal vulnerability to excessive intestinal iron absorption. Caution is key when
it comes to iron consumption, especially for those with highest susceptibility due to ineffective
erythropoiesis and hepcidin suppression.

This review highlights how hepcidin, the key regulator of iron homeostasis, plays a pivotal role in
these processes. Dysregulation of hepcidin, whether through genetic factors such as in
hereditary hemochromatosis or secondary to conditions like chronic hemolytic anemias, leads to
increased iron absorption and subsequent overload. Iron-induced oxidative stress and lipid
peroxidation are major contributors to liver injury, with excessive iron catalyzing the formation of
reactive oxygen species that damage hepatocytes. This process is exacerbated in conditions
where hepcidin is suppressed, allowing unregulated iron absorption and deposition in the liver.
Furthermore, the relationship between iron overload and other organ systems, such as the heart
and endocrine glands, adds another layer of complexity to patient management. For instance,
myocardial hemosiderosis, resulting from iron accumulation in the heart, can lead to heart
failure, while endocrine dysfunctions are common in iron-loaded patients, particularly in those
with transfusion-dependent anemias.

The diagnosis and management of iron overload pose significant challenges. While serum
ferritin and transferrin saturation are commonly used biomarkers, their reliability can be
compromised by factors such as inflammation and liver disease. Serum ferritin, though not fully
inaccurate and still able to be used as a general marker of iron overload, may not be the best
method for diagnosing hemosiderosis.
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In the recent decades, the establishing diagnostic step is magnetic resonance imaging to
determine liver iron concentration in order to estimate total body iron, even if the historical gold
standard has been liver biopsy. As highlighted in the review, non-invasive imaging techniques
like MRI have become invaluable tools for assessing liver iron concentration, offering a more
accurate reflection of iron stores compared to traditional serum markers. However, these
advanced diagnostic methods are not universally available, particularly in resource-limited
settings, underscoring the need for improved global access to these technologies.

Clinically, the management of iron overload requires a delicate balance. The use of iron
chelation therapy, particularly in patients with transfusion-dependent conditions, is crucial for
preventing the long-term complications associated with iron overload. However, the decision to
initiate chelation therapy must be carefully weighed against the potential side effects and the
patient’s overall clinical condition. Moreover, the review emphasizes the need for regular
monitoring of iron levels, particularly in high-risk populations such as those with hereditary
hemochromatosis, chronic liver disease, or those receiving frequent blood transfusions.

Conclusion

Iron overload is a complex and multifaceted condition with far-reaching consequences for
human health. This systematic review has elucidated the molecular mechanisms underpinning
iron overload and its impact on various organ systems. The suppression of hepcidin, a key
regulator of iron homeostasis, emerges as a central factor in the pathogenesis of iron overload,
leading to increased absorption and deposition of iron in the body. The liver, heart, and
endocrine systems are particularly vulnerable to the toxic effects of excess iron, which can result
in severe complications, including fibrosis, cirrhosis, heart failure, and endocrine dysfunction.

Given the challenges in diagnosing and managing iron overload, particularly in resource-limited
settings, there is a pressing need for greater awareness and improved access to diagnostic
tools and treatment options. Regular monitoring and timely intervention are essential to prevent
the progression of iron-induced organ damage. Ultimately, this review highlights the importance
of a comprehensive and individualized approach to the management of iron overload, taking into
account the patient’s specific risk factors, clinical condition, and the potential benefits and risks
of treatment strategies.

Addressing the challenges of diagnosing and managing iron overload, particularly in resource-
constrained settings, requires increased awareness and improved access to both diagnostics
and treatments. Regular monitoring and early intervention are key to preventing iron-induced
organ damage. A holistic approach to iron overload management, considering the patient’s
specific risk factors, clinical presentation, and carefully weighing the benefits and risks of various
treatment options is crucial to preventing iron overload.

References

11



Q Research Archive of

Rising Scholars (preprint) Where bright minds share their learnings

1. TianY, TianY, Yuan Z, Zeng Y, Wang S, Fan X, Yang D, Yang M. Iron Metabolism in
Aging and Age-Related Diseases. Int J Mol Sci. 2022 Mar 25;23(7):3612. doi:
10.3390/ijms23073612. PMID: 35408967; PMCID: PMC8998315.

2. GBD 2021 Anaemia Collaborators. Prevalence, years lived with disability, and trends in
anaemia burden by severity and cause, 1990-2021: findings from the Global Burden of Disease
Study 2021. Lancet Haematol. 2023 Sep;10(9):e713-e734. doi: 10.1016/S2352-3026(23)00160-
6. Epub 2023 Jul 31. Erratum in: Lancet Haematol. 2023 Oct;10(10):e796. doi: 10.1016/S2352-
3026(23)00283-1. Erratum in: Lancet Haematol. 2024 Jan;11(1):e10. doi: 10.1016/S2352-
3026(23)00373-3. PMID: 37536353; PMCID: PMC10465717.

3. Shander A, Cappellini, M.D., Goodnough L.T. Iron overload and toxicity: the hidden risk of
multiple blood transfusions, The International Journal of Transfusion Medicine Vox Sanguinis
2009-97-185-197

4, Hentze MW, Muckenthaler MU, Galy B, Camaschella C. Two to tango: regulation of
Mammalian iron metabolism. Cell. 2010 Jul 9;142(1):24-38. doi: 10.1016/j.cell.2010.06.028.
PMID: 20603012.

5. Wang K, Yang F, Zhang P, Yang Y, Jiang L. Genetic effects of iron levels on liver injury
and risk of liver diseases: A two-sample Mendelian randomization analysis. Front Nutr. 2022
Sep 16;9:964163. doi: 10.3389/fnut.2022.964163. PMID: 36185655; PMCID: PMC9523310.

6. Khonsary SA. Goodman and Gilman’s The Pharmacological Basis of Therapeutics. Surg
Neurol Int. 2023 Mar 17;14:91. doi: 10.25259/SNI_184_2023. PMCID: PMC10070253.

7. Harrison-Findik, Role of alcohol in the regulation of iron metabolism World J Gastroenterol
2007 October 7; 13(37): 4925-4930.

8. Trottestam H, Horne A, Arico M, Egeler RM, Filipovich AH, Gadner H, Imashuku S, Ladisch
S, Webb D, Janka G, Henter JI; Histiocyte Society. Chemoimmunotherapy for hemophagocytic
lymphohistiocytosis: long-term results of the HLH-94 treatment protocol. Blood. 2011 Oct
27;118(17):4577-84. doi: 10.1182/blood-2011-06-356261. Epub 2011 Sep 6. PMID: 21900192;
PMCID: PMC3208276.

9. Hankins JS, Smeltzer MP, McCarville MB, Aygun B, Hillenbrand CM, Ware RE, Onciu M.
Patterns of liver iron accumulation in patients with sickle cell disease and thalassemia with iron
overload. Eur J Haematol. 2010 Jul;85(1):51-7. doi: 10.1111/j.1600-0609.2010.01449.x. Epub
2010 Mar 31. PMID: 20374273; PMCID: PMC2989598.

10. Taher AT, Saliba AN. Iron overload in thalassemia: different organs at different rates.
Hematology Am Soc Hematol Educ Program. 2017 Dec 8;2017(1):265-271. doi:
10.1182/asheducation-2017.1.265. PMID: 29222265; PMCID: PMC6142532.

11. Pilo F, Cilloni D, Della Porta MG, Forni GL, Piperno A, Santini V, Angelucci E. Iron-
mediated tissue damage in acquired ineffective erythropoiesis disease: It's more a matter of

12



Q Research Archive of

Rising Scholars (preprint) Where bright minds share their learnings

burden or more of exposure to toxic iron form? Leuk Res. 2022 Mar;114:106792. doi:
10.1016/j.leukres.2022.106792. Epub 2022 Jan 21. PMID: 35091283.

12. Nemeth E, Valore EV, Territo M, Schiller G, Lichtenstein A, Ganz T. Hepcidin, a putative
mediator of anemia of inflammation, is a type Il acute-phase protein. Blood. 2003 Apr
1;101(7):2461-3. doi: 10.1182/blood-2002-10-3235. Epub 2002 Nov 14. PMID: 12433676.

13. Naito Y, Masuyama T, Ishihara M. Iron and cardiovascular diseases. J Cardiol. 2021
Feb;77(2):160-165. doi: 10.1016/j.jjcc.2020.07.009. Epub 2020 Jul 30. PMID: 32739111.

14. Zeidan RS, Han SM, Leeuwenburgh C, Xiao R. Iron homeostasis and organismal aging.
Ageing Res Rev. 2021 Dec;72:101510. doi: 10.1016/j.arr.2021.101510. Epub 2021 Nov 9.
PMID: 34767974; PMCID: PMC8620744.

15. Peslova G, Petrak J, Kuzelova K, Hrdy I, Halada P, Kuchel, W. Soe-Lin, S. Ponka, P. Sutak
R. Becker E. et al. Hepcidin, the hormone of iron metabolism, is bound specifically to alpha-2-
macrglobulin in blood. Blood. 2009; 113:6225-6236.

16. Bruzzese A, Martino EA, Mendicino F, Lucia E, Olivito V, Bova C, Filippelli G, Capodanno I,
Neri A, Morabito F, Gentile M, Vigna E. Iron chelation therapy. Eur J Haematol. 2023
May;110(5):490-497. doi: 10.1111/ejh.13935. Epub 2023 Feb 8. PMID: 36708354.

17. Frazer DM, Wilkins SJ, Vulpe CD, Anderson GJ. The role of duodenal cytochrome b in
intestinal iron absorption remains unclear. Blood. 2005 Dec 15;106(13):4413; author reply 4414.
doi: 10.1182/blood-2005-07-2923. PMID: 16326980; PMCID: PMC1895251.

18. Piga A, Longo F, Duca L, Roggero S, Vinciguerra T, Calabrese R, Hershko C, Cappellini
MD. High nontransferrin bound iron levels and heart disease in thalassemia major. Am J
Hematol. 2009 Jan;84(1):29-33. doi: 10.1002/ajh.21317. PMID: 19006228.

19. Kouroumalis E, Tsomidis I, Voumvouraki A. Iron as a therapeutic target in chronic liver
disease. World J Gastroenterol. 2023 Jan 28;29(4):616-655. doi: 10.3748/wjg.v29.i14.616. PMID:
36742167; PMCID: PMC9896614.

20. Le Lan C, Loréal O, Cohen T, Ropert M, Glickstein H, Lainé F, Pouchard M, Deugnier Y, Le
Treut A, Breuer W, Cabantchik ZI, Brissot P. Redox active plasma iron in C282Y/C282Y
hemochromatosis. Blood. 2005 Jun 1;105(11):4527-31. doi: 10.1182/blood-2004-09-3468. Epub
2005 Jan 25. PMID: 15671444.

21. Mehta KJ, Farnaud SJ, Sharp PA. Iron and liver fibrosis: Mechanistic and clinical aspects.
World J Gastroenterol. 2019 Feb 7;25(5):521-538. doi: 10.3748/wjg.v25.i5.521. PMID:
30774269; PMCID: PMC6371002.

22. Pootrakul P, Breuer W, Sametband M, et al. Labile plasma iron (LPI) as an indicator of

chelatable plasma redox activity in iron-overloaded beta-thalassemia/HbE patients treated with
an oral chelator. Blood 2004;104:1504-1510.

13


https://pubmed.ncbi.nlm.nih.gov/12433676/
https://pubmed.ncbi.nlm.nih.gov/12433676/
https://pubmed.ncbi.nlm.nih.gov/12433676/
https://pubmed.ncbi.nlm.nih.gov/12433676/

Q Research Archive of

Rising Scholars (preprint) Where bright minds share their learnings

23. Oudit GY, Sun H, Trivieri MG, Koch SE, Dawood F, Ackerley C, Yazdanpanah M, Wilson
GJ, Schwartz A, Liu PP, Backx PH. L-type Ca2+ channels provide a major pathway for iron
entry into cardiomyocytes in iron-overload cardiomyopathy. Nat Med. 2003 Sep;9(9):1187-94.
doi: 10.1038/nm920. Epub 2003 Aug 24. PMID: 12937413.

24. Keiko Matsui, Sachiko Ezoe, Takafumi Yokota, Tomohiko Ishibashi, Kenji Oritani, Yuzuru
Kanakura; Iron Overload Effects On Immune System Through The Cytokine Secretion By
Macrophage. Blood 2013; 122 (21): 1047

25. Ning S, Zeller MP. Management of iron deficiency. Hematology Am Soc Hematol Educ
Program. 2019 Dec 6;2019(1):315-322. doi: 10.1182/hematology.2019000034. PMID:
31808874; PMCID: PMC6913441.

26. Girelli D, Ugolini S, Busti F, Marchi G, Castagna A. Modern iron replacement therapy:
clinical and pathophysiological insights. Int J Hematol. 2018 Jan;107(1):16-30. doi:
10.1007/s12185-017-2373-3. Epub 2017 Dec 1. PMID: 29196967.

27. Dizen Oflas N, Demircioglu S, Yildirrm Dogan N, Eker E, Kutlucan A, Dogan A, Aslan M,
Demir C. Comparison of the effects of oral iron treatment every day and every other day in
female patients with iron deficiency anaemia. Intern Med J. 2020 Jul;50(7):854-858. doi:
10.1111/imj.14766. PMID: 31994303.

28. Richards T, Breymann C, Brookes MJ, Lindgren S, Macdougall IC, McMahon LP, Munro
MG, Nemeth E, Rosano GMC, Schiefke |, Weiss G. Questions and answers on iron deficiency
treatment selection and the use of intravenous iron in routine clinical practice. Ann Med. 2021
Dec;53(1):274-285. doi: 10.1080/07853890.2020.1867323. PMID: 33426933; PMCID:
PMC7877947.

29. Geisser P, Burckhardt S. The pharmacokinetics and pharmacodynamics of iron
preparations. Pharmaceutics. 2011 Jan 4;3(1):12-33. doi: 10.3390/pharmaceutics3010012.
PMID: 24310424; PMCID: PMC3857035.

30. Jensen PD, Jensen FT, Christensen T, Nielsen JL, Ellegaard J. Relationship between
hepatocellular injury and transfusional iron overload prior to and during iron chelation with
desferrioxamine: a study in adult patients with acquired anemias. Blood. 2003 Jan 1;101(1):91-
6. doi: 10.1182/blood-2002-06-1704. Epub 2002 Aug 22. PMID: 12393528.

31. Saliba A, Taher A. Iron overload in transfusion-dependent thalassemia. Hematology. 2015
Jun;20(5):311-2. doi: 10.1179/10245332152.000000000365. PMID: 25967377.

32. Vinchi F, Porto G, Simmelbauer A, Altamura S, Passos ST, Garbowski M, et al.
Atherosclerosis is aggravated by iron overload and ameliorated by dietary and pharmacological
iron restriction. Eur Heart J 2019; (MARCH].

33. Vinchi F, Muckenthaler MU, Da Silva MC, Balla G, Balla J, Jeney V. Atherogenesis and
iron: from epidemiology to cellular level. Front Pharmacol 2014;5:94.

14



Q Research Archive of

Rising Scholars (preprint) Where bright minds share their learnings

34. Maciej W. Garbowski, Amna Abdel-Gadir, James Moon, John B. Porter; Myocardial
Hemosiderosis Correlates with Plasma NTBI Species That Represent Chelated Iron in
Transfusion-Dependent Thalassemia. Blood 2016; 128 (22): 203.

35. Noetzli LJ, Coates TD, Wood J, Pancreatic iron loading in chronically transfused sickle cell
disease is lower than in thalassemia major, Br J Haematol. 2011;152(2):229. Epub 2010 Dec 1.

36. Jensen PD. Evaluation of iron overload. Br J Haematol. 2004 Mar;124(6):697-711. doi:
10.1111/.1365-2141.2004.04838.x. PMID: 15009057.

37. Pullarkat V, Blanchard S, Tegtmeier B, Dagis A, Patane K, Ito J, Forman SJ. Iron overload
adversely affects outcome of allogeneic hematopoietic cell transplantation. Bone Marrow
Transplant. 2008 Dec;42(12):799-805. doi: 10.1038/bmt.2008.262. Epub 2008 Sep 1. PMID:
18762767.

38. Mwangi MN, Mzembe G, Moya E, Verhoef H. Iron deficiency anaemia in sub-Saharan
Africa: a review of current evidence and primary care recommendations for high-risk groups.
Lancet Haematol. 2021 Oct;8(10):e732-e743. doi: 10.1016/S2352-3026(21)00193-9. Epub 2021
Sep 2. PMID: 34481549.

39. Ganz T. Hepcidin, a key regulator of iron metabolism and mediator of anemia of
inflammation. Blood. 2003 Aug 1;102(3):783-8. doi: 10.1182/blood-2003-03-0672. Epub 2003
Mar 27. PMID: 12663437.

40. Kortman, G.A.M.; Boleij, A.; Swinkels, D.W.; Tjalsma, H. Iron Availability Increases the
Pathogenic Potential of Salmonella Typhimurium and Other Enteric Pathogens at the Intestinal
Epithelial Interface. PLoS ONE 2012, 7, e29968.

41. Ghanchi A, James PT, Cerami C. Guts, Germs, and Iron: A Systematic Review on Iron
Supplementation, Iron Fortification, and Diarrhea in Children Aged 4-59 Months. Curr Dev Nutr.
2019 Jan 15;3(3):nzz005. doi: 10.1093/cdn/nzz005. PMID: 30891538; PMCID: PMC6416531.

42. Jaeggi T, Kortman GA, Moretti D, Chassard C, Holding P, Dostal A, Boekhorst J,
Timmerman HM, Swinkels DW, Tjalsma H, Njenga J, Mwangi A, Kvalsvig J, Lacroix C,
Zimmermann MB. Iron fortification adversely affects the gut microbiome, increases pathogen
abundance and induces intestinal inflammation in Kenyan infants. Gut. 2015 May;64(5):731-42.
doi: 10.1136/gutjnl-2014-307720. Epub 2014 Aug 20. PMID: 25143342.

43. Paganini D, Zimmermann MB. The effects of iron fortification and supplementation on the
gut microbiome and diarrhea in infants and children: a review. Am J Clin Nutr. 2017
Dec;106(Suppl 6):1688S-1693S. doi: 10.3945/ajcn.117.156067. Epub 2017 Oct 25. PMID:
29070552; PMCID: PMC5701709.

44. Hintze KJ, Theil EC. DNA and mRNA elements with complementary responses to hemin,
antioxidant inducers, and iron control ferritin-L expression. Proc Natl Acad Sci USA 2005;
102:15048.

15



Q Research Archive of

Rising Scholars (preprint) Where bright minds share their learnings

45. McDowell LA, Kudaravalli P, Chen RJ, Sticco KL. Iron Overload. 2024 Jan 11. In:
StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing; 2024 Jan—. PMID: 30252387.

46. Cullis JO, Fitzsimons EJ, Griffiths WJ, Tsochatzis E, Thomas DW; British Society for
Haematology. Investigation and management of a raised serum ferritin. Br J Haematol. 2018
May;181(3):331-340. doi: 10.1111/bjh.15166. Epub 2018 Apr 19. PMID: 29672840.

47. Puliyel M, Sposto R, Berdoukas VA, Hofstra TC, Nord A, Carson S, Wood J, Coates TD.
Ferritin trends do not predict changes in total body iron in patients with transfusional iron
overload. Am J Hematol. 2014 Apr;89(4):391-4. doi: 10.1002/ajh.23650. Epub 2014 Feb 28.
PMID: 24347294.

48. Pakbaz Z, Fischer R, Fung E, Nielsen P, Harmatz P, Vichinsky E. Serum ferritin
underestimates liver iron concentration in transfusion independent thalassemia patients as
compared to regularly transfused thalassemia and sickle cell patients. Pediatr Blood Cancer.
2007 Sep;49(3):329-32. doi: 10.1002/pbc.21275. PMID: 17554789.

49. Tang H, Jensen JH, Sammet CL, Sheth S, Swaminathan SV, Hultman K, Kim D, Wu EX,
Brown TR, Brittenham GM. MR characterization of hepatic storage iron in transfusional iron
overload. J Magn Reson Imaging. 2014 Feb;39(2):307-16. doi: 10.1002/jmri.24171. Epub 2013
May 29. PMID: 23720394; PMCID: PMC3761000.

50. Wood JC. Use of magnetic resonance imaging to monitor iron overload. Hematol Oncol Clin
North Am. 2014 Aug;28(4):747-64, vii. doi: 10.1016/j.hoc.2014.04.002. PMID: 25064711;
PMCID: PMC4115249.

51. Anderson LJ, Holden S, Davis B, Prescott E, Charrier CC, Bunce NH, Firmin DN, Wonke B,
Porter J, Walker JM, Pennell DJ. Cardiovascular T2-star (T2*) magnetic resonance for the early
diagnosis of myocardial iron overload. Eur Heart J. 2001 Dec;22(23):2171-9. doi:
10.1053/euhj.2001.2822. PMID: 11913479.

52. Harmatz P, Butensky E, Quirolo K, Williams R, Ferrell L, Moyer T, Golden D, Neumayr L,
Vichinsky E. Severity of iron overload in patients with sickle cell disease receiving chronic red
blood cell transfusion therapy. Blood. 2000 Jul 1;96(1):76-9. PMID: 10891433.

53. Christopher Grant, Dennis Juarez, Zahra Pakbaz; Iron Overload in Dialysis Patients: Serum
Ferritin Underestimates Liver Iron Measured By MRI. Blood 2023; 142 (Supplement 1): 5241

54. Vaziri ND. Understanding iron: promoting its safe use in patients with chronic kidney failure
treated by hemodialysis. Am J Kidney Dis. 2013 Jun;61(6):992-1000. doi:
10.1053/j.ajkd.2012.10.027. Epub 2013 Jan 31. PMID: 23375852.

55. Ghoti H, Rachmilewitz EA, Simon-Lopez R, Gaber R, Katzir Z, Konen E, Kushnir T, Girelli
D, Campostrini N, Fibach E, Goitein O. Evidence for tissue iron overload in long-term
hemodialysis patients and the impact of withdrawing parenteral iron. Eur J Haematol. 2012
Jul;89(1):87-93. doi: 10.1111/j.1600-0609.2012.01783.x. Epub 2012 May 18. PMID: 22435497.

16



Q Research Archive of

Rising Scholars (preprint) Where bright minds share their learnings

56. Rostoker G, Griuncelli M, Loridon C, Couprie R, Benmaadi A, Bounhiol C, Roy M, Machado
G, Janklewicz P, Drahi G, Dahan H, Cohen Y. Hemodialysis-associated hemosiderosis in the
era of erythropoiesis-stimulating agents: a MRI study. Am J Med. 2012 Oct;125(10):991-999.e1.
doi: 10.1016/j.amjmed.2012.01.015. PMID: 22998881.

57. Yesim Aydinok, Antonis Kattamis, M Domenica Cappellini, Amal El-Beshlawy, Raffaella
Origa, Mohsen Elalfy, Yurdanur Kiling, Silverio Perrotta, Zeynep Karakas, Vip Viprakasit, Dany
Habr, Antje Wegener, Junwu Shen, John B Porter; on behalf of the HYPERION investigators,
Deferasirox—Deferoxamine Combination Therapy Reduces Cardiac Iron With Rapid Liver Iron
Removal In Patients With Severe Transfusional Iron Overload (HYPERION). Blood 2013; 122
(21): 2257.

58. Andersen RV, Tybjaerg-Hansen A, Appleyard M, Birgens H, Nordestgaard BG.
Hemochromatosis mutations in the general population: iron overload progression rate. Blood.
2004 Apr 15;103(8):2914-9. doi: 10.1182/blood-2003-10-3564. Epub 2003 Dec 4. PMID:
15070663.

59. Adams PC, Barton JC. How | treat hemochromatosis. Blood. 2010 Jul 22;116(3):317-25.
doi: 10.1182/blood-2010-01-261875. Epub 2010 Mar 22. PMID: 20308595.

60. Olivieri NF, Nathan DG, MacMillan JH, Wayne AS, Liu PP, McGee A, Martin M, Koren G,
Cohen AR. Survival in medically treated patients with homozygous beta-thalassemia. N Engl J
Med. 1994 Sep 1;331(9):574-8. doi: 10.1056/NEIM199409013310903. PMID: 8047081.

61. Darbari DS, Kple-Faget P, Kwagyan J, Rana S, Gordeuk VR, Castro O. Circumstances of
death in adult sickle cell disease patients. Am J Hematol. 2006 Nov;81(11):858-63. doi:
10.1002/ajh.20685. PMID: 16924640.

62. Ballas SK. Iron overload is a determinant of morbidity and mortality in adult patients with
sickle cell disease. Semin Hematol. 2001 Jan;38(1 Suppl 1):30-6. doi: 10.1016/s0037-
1963(01)90058-7. PMID: 11206959.

63. Guillermo Sanz, Benet Nomdedeu, Esperanza Such, Teresa Bernal, Mohamed Belkaid, Ma
Teresa Ardanaz, Victor Marco, Carme Pedro, Fernando Ramos, Maria Consuelo del Cafizo,
Elisa Lufio, Francesc Cobo, Felix Carbonell, Valle Gomez, Juan A Mufioz, Mari Luz Amigo,
Alicia Bailen, Santiago Bonanad, Mar Tormo, Rafael Andreu, Beatriz Arrizabalaga, Maria J.
Arilla, Javier Bueno, Maria J. Requena, Joan Bargay, Joaquin Sanchez, Leonor Senent, Leonor
Arenillas, Raquel de Paz, Blanca Xicoy, Rafael Duarte, Jose Cervera; Independent Impact of
Iron Overload and Transfusion Dependency on Survival and Leukemic Evolution in Patients with
Myelodysplastic Syndrome. Blood 2008; 112 (11): 640.

17



