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Summary

Since the inception of the British Society for Haematology

(BSH) 60 years ago, our increased scientific understanding of

iron metabolism, together with clinical developments, have

changed the way we diagnose and treat its disorders. In the

UK, perhaps the most notable contributions relate to iron

overload, some of which I will outline from personal experi-

ence. Diagnostically, this began with the identification of

serum ferritin as a marker of iron overload and continued

later with the application of MRI-based imaging techniques

for iron and its distribution. Therapeutically, the first trials

of both parenteral and oral chelation, which have radically

changed the outcomes of transfusional iron-overloaded

patients, took place in the UK and are now part of standard

clinical practice. During this time, our scientific understand-

ing of iron metabolism at a cellular and systemic level have

advanced the diagnosis and treatment of inherited disorders

of iron metabolism. There are potential novel applications

related to our recent understanding of hepcidin metabolism

and manipulation.

Keywords: iron, hepcidin, non-transferrin-bound iron, chela-
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I will outline the impact of interactions between clinical

haematology and scientific advances in iron metabolism over

the last 60 years, since the inception of the BSH. This is not

intended as an exhaustive scientific critique but a personal

reflection, with highlights of the changes in haematology and

research in this area. This will broadly be divided into what

came before the 1980s and what has developed since that time.

Reflections on iron metabolism and UK haematology
over time

In the 1970s, UK haematologists were beginning to emerge

from the laboratory to establish a more clinically based spe-

cialty, but the full thrust of malignant haematology as the

predominant preoccupation for haematologists had yet to be

realised. Clinical resources and academically funded research

at this time reflected a continuing interest in red cell haema-

tology, which was then largely independent of big Pharma.

By the 1980s, although Sir John Dacie had recently retired

from the Royal Postgraduate Medical School, Prof. Lucio

Luzatto was maintaining a keen and productive interest in

red cell haematology. In Cardiff, Prof. Alan Jacobs had

assembled an impressive group of clinical and laboratory

haematologists to work on iron metabolism. Prof. Sir David

Weatherall, in addition to his other seminal contributions to

thalassaemias, was working with Dr (later Prof.) Martin Pip-

pard at Oxford on iron absorption in iron-loading anae-

mias,1 while Martin Pippard had also worked with Clem

Finch in the USA on the mechanisms of actions of desfer-

rioxamine.2

Fundamental and clinical research on iron in the UK had

hitherto been carried out mainly in Cardiff, Oxford and Lon-

don. Ferrokinetic studies, sadly no longer practicable in the

UK, were offered by several labs within the National Health

Service setting, based on pioneering work from Prof. Clem

Finch in Seattle.3 His centre also acted as a major conduit

for the scientific training of future haematologists, both in

the UK and worldwide. My original mentor, Prof. Ernie

Huehns, had spent time with Clem Finch, as had several of

Alan Jacobs’ Cardiff group. Prof. Chaim Hersko in Jerusalem

had also worked in Clem Finch’s lab, among other things on

mechanisms of desferrioxamine action. It was Hershko who

later developed the concept of plasma non-transferrin bound

iron (NTBI).4 At the time this was under-recognised and this

later enticed me into several decades of work on this impor-

tant concept.5

Prof. Ernie Huehns, who was the academic head of the

haematology department at University College London, was

also keenly interested in theoretical and practical aspects of

iron metabolism. This included for example how iron was

delivered to cells by the two different iron-binding sites on

transferrin – the so called ’Fletcher-Huehns’ hypothesis6 –
but he was also interested in iron overload, partly because of

the relatively large number of iron-overloaded thalassaemia

patients who attended UCH from north London. Desferriox-

amine was in use for these patients, initially as an intramus-

cular bolus after it had first been shown to induce urinary

iron excretion by Septhon-Smith in London7 and later shown
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to be effective in improving survival and preventing liver

fibrosis in thalassaemia patents,8 even when given as short

acting intramuscular boluses. Although longer duration sub-

cutaneous infusions were in wide usage by the early 1980s,

following the initial lead of Propper from David Nathan’s

Boston group, followed by evidence from Victor Hoffbrand’s

group at the Royal Free Hospital, compliance was still a big

issue and mortality from myocardial siderosis was common.

An orally active chelator was clearly desirable. Ernie was

already collaborating with Bob Hider, a medicinal chemist

then working at Essex University (now Professor at King’s),

and had obtained funding from British Technology Group to

investigate bidentate 3-hydroxypyridin-4-ones as orally active

iron chelators, and for which Bob had obtained a patent.9

The PhD student assigned to this project, George Kon-

toghiorghes, a chemistry graduate from Essex University, was

working in Ernie’s lab at UCL and had identified that several

of these compounds were orally effective in mice. George

was keen for thalassaemia patients to begin treatment imme-

diately with one of these (1,2-dimethyl-3-hydroxypyridin-4-

one, or ‘L1’ (deferiprone), later known as deferiprone) but

before the detailed toxicology that would be required today

had been undertaken. Ernie and Bob felt that toxicology was

either lacking or too preliminary and that ’L1’ might not be

the best hydroxypyridinone for clinical development. How-

ever George Kontoghiorghes obtained funding from the UK

thalassaemia society and took the ongoing work from

University College London, to the Royal Free Hospital under

Prof Victor Hoffbrand with the intention of starting clinical

trials.

By this time in the early 1980s, I was working in Ernie’s

lab under a MRC fellowship to study the role of lactoferrin

as a putative mediator of the hypoferraemia of inflammation

(there was none as it turned out). I became involved in iron

chelation, firstly because someone was needed to run the tha-

lassaemia clinic at University College London Hospitals

(UCLH), and secondly because the cell culture model I had

developed for studying iron mobilisation by lactoferrin

turned out to be useful for studying hydroxypyridinone

chelators10 as well. When I then looked at the toxicology of

hydroxypyridinones in mice, I found dose-dependent depres-

sion of the bone marrow by L1, a feature largely absent with

other compounds in this series.11,12 This caused some con-

troversy as George Kontoghiorghes had already started clini-

cal trials with Victor Hoffbrand and indeed found

agranulocytosis in some patients.13 Controversies later devel-

oped new dimensions in Canada where initially academically

funded trials under Dr. Nancy Olivieri (Canadian MRC) had

evolved into pharma-backed trials (Apotex). These issues are

beyond the scope of this article but have had a lasting impact

throughout the field of red cell haematology. The unconven-

tional and uncomfortable birth of this imperfect but ulti-

mately useful drug would possibly be less likely today,

because the regulatory fault-lines between clinician-driven

research and pharma are now more clearly defined. I went

on to work closely with Ciba-Geigy, which became Novartis,

on a novel tridentate chelator, deferasirox, which became

known as Exjade. The way in which this, now first-line,

orally active chelator was developed contrasted with that of

L1, with more controlled data in larger numbers of patients

and with the dose-response effects described both therapeuti-

cally and toxicologically.14–16 The scope and thoroughness of

this work has led to a knowledge base that has been invalu-

able in optimising the current clinical use and monitoring of

this drug.

Global developments in iron metabolism and
treatment

Scientific advances in iron metabolism

While a detailed chronology of developments in the last

60 years is not possible here, I will attempt to outline what I

think have been important scientific advances. Prior to the

1980s, understanding of iron homeostasis was, in retrospect,

sketchy. The main iron storage protein (ferritin) was well

described structurally and functionally, as was the key iron

transport protein (transferrin). The uptake mechanisms of

iron from transferrin into cells bearing the transferrin recep-

tor (now known as TfR1) by receptor-mediated endocytosis

was also reasonably clear, as were changes in transferrin satu-

ration in different disease states. However, the mechanisms

regulating iron uptake into the body from diet and the

mechanisms modulating transferrin saturation under differ-

ent disease states were largely unknown. The mechanisms

underlying genetic haemochromatosis were also obscure. I

shall describe three areas where advances have been most

impressive.

Cellular iron homeostasis. Understanding of iron homeo-

static regulation at a cellular level was limited but began to

accelerate in the 1980s. A key prior concept was the existence

of a labile cellular iron pool with regulatory functions on

iron metabolism. This concept was known to those of us

working on iron chelation from studies on transient chelate-

able iron pools in Chang cells by Alan Jacob’s group.17 Ele-

gant fluorimetric methods later allowed the tracking of

changes in this iron pool under conditions of iron deficiency

and excess.18 The regulatory role of changes in labile cellular

iron were shown with the identification of iron-responsive

element-binding proteins (IRE-BP) for regulating ferritin

synthesis19 and other aspects of iron metabolism, such as

transferrin receptor 1 mRNA (messenger ribonucleic acid)

stability and erythroid 5-aminolevulinate synthase mRNA

translation.20 The magnitude of the labile iron pool is sensed

by the iron regulatory proteins (IRPs), allowing cellular iron

homeostatic mechanisms to come into play. IRP1, now

known to be cytoplasmic aconitase, binds to iron-responsive

elements (IREs) on RNA in its iron-free state, whereas it

functions as cytoplasmic aconitase in its iron-bound state. A
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second IRP (IRP2) is a homologue of IRP1 but has no aconi-

tase activity and its regulatory behaviour is controlled by

iron-dependent degradation in proteosomes. For the regula-

tion of transferrin receptor 1, under iron-deficient conditions

IRP binds to an IRE, 3’ to the transferrin receptor-coding

region. This stabilises TFR1 mRNA, and thus increases mem-

brane TFR1 expression, correcting cellular iron deficiency. In

the case of translational regulation of ferritin synthesis, IRPs

bind to IREs on mRNA, 5’ to the translated region, thus

blocking the translation of ferritin mRNA. IRP-IRE interac-

tion has now been described for other systems where iron

availability within cells needs to be adjusted, for example

ALA synthase.21

Explaining genetic haemochromatosis. While the above

advances explained how individual cells regulated their iron

requirement, a ’conductor’ capable of orchestrating iron

uptake and distribution in the body as a whole was still

sought. In the 1980s, genetic haemochromatosis was well

described clinically but the underlying genetic and molecular

causes of the iron overload were largely a mystery. Unravel-

ing of the molecular pathways responsible for the inherited

disorders of iron overload progressed alongside and comple-

mented fundamental understanding of iron homeostasis of

body iron as a whole. An early, important advance came

from the work of Marcel Simon in Rennes who identified

the link between the HLA type and generic haemochromato-

sis.22 This later acted as a spur for the localisation and iden-

tification of the HFE gene by Feder23 and the subsequent

unraveling of the underlying mechanisms for HFE

haemochromatosis. Later, the mechanisms of other forms of

haemochromatosis such as mutations of transferrin receptor

2, haemojuvelin and ferroportin were explained.24,25 These

can now be identified by genetic diagnosis in iron-overloaded

patients who lack the classic HFE mutations, thus fundamen-

tally impacting on how we approach the diagnosis and man-

agement of iron-overloaded patients.

The hepcidin ferroportin axis. Remarkably, a conductor has

now been found for the disparate players involved in iron-

binding, iron-transport, functional-iron and iron-regulatory

factors. This not only explains how the body responds to

conditions of iron paucity or excess but also provides an

underlying explanation for genetically determined disorders

of iron metabolism. This is the hepcidin-ferroportin sys-

tem.26 In the 1980s, how iron exited from cells was essen-

tially unknown. In my own area of research, the way in

which iron exited cells was important to the design of iron

chelators, because iron egress from most cell types was typi-

cally slow and we found that acceleration of release by chela-

tion required chelators to enter cells, to then bind to labile

intracellular iron, before exiting as neutrally charged and rel-

atively lipophilic-chelating molecules.10 High concentrations

of chelators outside such cells therefore had little impact on

cellular iron release.

We now know that iron exits from macrophages, hepato-

cytes and other cells only as reduced Fe2+, through ferro-

portin channels, and that cell-surface expression of

ferroportin is regulated by hepcidin. Hepcidin – a 25-amino

acid peptide synthesised mainly in hepatocytes – circulates,

binds and causes internalisation with degradation through

ubiquitination of membrane ferroportin. The control of hep-

cidin synthesis is complex but clinically important, through

several independent pathways. A cluster of proteins exists on

hepatocyte membranes which senses plasma iron status and

signals to upregulate hepcidin synthesis. Hepdicin synthesis

can be initiated by interactions of transferrin receptor 1 and

HFE protein as well as with transferrin receptor 2 on hepato-

cyte membranes through SMAD signalling. This system acts

to sense plasma iron status, possibly responding to transfer-

rin iron saturation, by displacing HFE from the HFE–TFR1
complex.27

Transcriptional upregulation of hepcidin occurs mainly

through bone morphogenetic proteins (BMPs), of which

BMP6 appears to be a key BMP ligand. HFE mutations are

associated with deficiency in BMP-SMAD signalling, leading

to hepcidin deficiency, consistent with the phenotype of

C282Y homozygous HFE haemochromatosis. Unmutated

HFE can interact with BMP type 1 receptor (ALK3) at the

cell surface to enhance BMP signalling.28 Another break-

through occurred when hemojuvelin (HJV), the protein typi-

cally mutated in juvenile haemochromatosis, was shown to

act as a BMP co-receptor,29 acting through the SMAD path-

way, so that mutations result in inappropriately low hepcidin

synthesis and iron overload. Upregulation of hepcidin syn-

thesis can also occur through iron and SMAD-independent

pathways, such as IL6-associated inflammation though a

STAT3 pathway.

Downregulation of hepcidin synthesis occurs under condi-

tions of hypoxia and iron deficiency. Iron deficiency down-

regulates hepcidin synthesis though a soluble form of plasma

HJV (s-HJV), which is thought to act as a decoy receptor,

attenuating BMP signalling to hepcidin. Furthermore, sHJV

appears to be negatively regulated by both transferrin-bound

iron (holo-Tf) and non-transferrin-bound iron (NTBI).

Downregulation of hepcidin synthesis is also responsive to

liver Tmprss6-expression (transmembrane protease, serine 6),

acting upstream of the BMP–SMAD pathway.30 The function

of Tmprss6 is to cleave HJV, thereby suppressing BMP-

SMAD-signalling and decreasing the transcription of hep-

cidin. Tmprss6 levels are increased under conditions of low

cellular iron, thus indicating an iron-sensing role. Mutations

of this protease enzyme result in dis-inhibition of hepcidin

synthesis, leading to the clinical phenotype of IRIDA (iron-

refractory iron deficiency anaemia), hitherto clinically recog-

nised but unexplained. Another key downregulator of hep-

cidin is the bone marrow-derived erythroferrone which,

along with possible other erythron-derived factors such as

GDF15, inhibit hepcidin synthesis.31 This system explains

why those marrow disorders most associated with erythron
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expansion, and therefore with the highest erythroferrone, are

those most associated with excess iron absorption, secondary

to hepcidin synthesis inhibition. The clinical applications of

these discoveries both diagnostically and therapeutically are

yet to be fully realised (see below).

Clinical advances in managing disorders of iron
metabolism

As with the previous section, three key areas of change will

be highlighted, not as a ’How I Treat’, but to give context to

evolution of the field with time.

Iron monitoring. Clinical advances have been both diagnostic

and therapeutic. Sixty years ago, the determination of iron

status relied largely on red cell morphology, transferrin satu-

ration and biopsies of marrow and/or liver. Today these are

performed less frequently, due to the development of non-in-

vasive markers, the first of which was serum ferritin. This,

developed by Prof. Mark Worwood from the Cardiff group

as a marker of iron storage status, was key because iron defi-

ciency is the only cause of low serum ferritin (other than

ascorbate deficiency).32 It also emerged that although less

specific, a high serum ferritin was a useful marker of iron

overload and could be used to monitor the treatment of iron

overload. The development of reliable MRI platforms to

measure myocardial iron33 and liver iron concentration34 has

also allowed better targeting of chelator regimens to fit an

individual patient’s needs and has led to decreased cardiac

complications. A clear link between the risk of heart failure

in the subsequent 6–12 months and cardiac T2* has been

established, which has allowed a focused prioritisation of

chelation intensification.35

Managing severe iron overload. Advances in the clinical man-

agement of iron overload have been impressive. When I

began the thalassaemia clinic at UCLH, barely a month went

by without a thalassaemia patient dying of heart failure from

iron overload. At that time, we found that regular quantita-

tive monitoring of the ejection fraction [using a multigated

acquisition scan (MUGA) at that time], could identify small

sequential changes in the left ventricular ejection fraction

(LVEF), which were often precursors to heart failure, allow-

ing early intensification.36 The advent of cardiac MRI moni-

toring, as described above, allowed a further refinement to

identify those patients at highest risk of heart failure.35 For

those patients who developed heart failure, either through

under-dosing or under-compliance, the initiation of immedi-

ate intravenous desferrioxamine 24 h infusion, followed by

long-term DFO infusions though indwelling lines, led to

long-term recovery and survival in over 60% of patients at

13 years.37 This regimen was chosen because we had found

that even transient interruption of infusion lead to rebound

levels of non-transferrin-bound iron5 with its potential to

directly damage the myocardium. The oral chelator

deferiprone was authorised by the EMA in 1999 and Exjade

in 2005, which has helped compliance and further improved

long-term outcomes in patients as a whole.38 We performed

a randomised study to determine if addition of deferiprone

to intravenous desferrioxamine during heart failure improved

outcomes. Although we found no difference in short-term

outcomes with and without deferiprone under the conditions

of the study, we generally recommend addition of deferi-

prone under these circumstances if there are no contraindica-

tions.39

Parenteral treatment of iron deficiency. At the time of the

inception of the BSH, iron deficiency was treated orally and

parenteral treatment was rarely used because of the frequency

of ’anaphylaxis’ with iron dextran preparations such as

imferon. The development of safer intravenous iron prepara-

tions, such as Venofer� (iron sucrose) and (Ferinject�) ferric

carboxymaltose, has led to a proliferation of research on how

anaemias other than classic iron deficiency can be treated.

The concept of ’functional iron deficiency’ has become fash-

ionable, where the body has sufficient iron stores but cannot

utilise them adequately. This concept overlaps with that of

the anaemia of chronic disease first described extensively by

Cartwright.40 High hepcidin levels also lead to a decreased

response to oral iron therapy41 and it is conceivable that

hepcidin antagonism might also be effective in such circum-

stances.42

Future directions and conclusions

The future in iron metabolism is exciting, both diagnostically

and therapeutically, and a key area for both of these is the

measurement and therapeutic manipulation of hepcidin.

How and when can plasma hepcidin measurement be incor-

porated into the haematologist’s clinical arsenal? Low plasma

hepcidin is a feature of common forms of haemochromatosis

and could be an important component of the diagnostic

pathway, particularly in atypical cases. Informed management

of the anaemia of chronic disease or inflammation would

also be aided by access to measurement of plasma hepcidin

for the National Health Service (NHS), provided a validated

standardised test can be agree upon. The therapeutic use of

hepcidin manipulation to improve ineffective erythropoieis

in thalassaemias or myelodysplastic syndrome (MDS) by

increasing hepcidin levels, so restricting iron delivery to the

erythron, or conversely to treat the anaemia of chronic dis-

ease by decreasing hepcidin levels are exciting therapeutic

possibilities.43 For example, administration of short peptides

that mimic the activity of hepcidin have improved ineffective

erythropoiesis, anaemia and iron overload in thalassaemic

mice.44 This effect can also be achieved in thalassaemic mice

by targeting Tmprss6 mRNA with Tmprss6 antisense

oligonucleotides alone or combined with other modalities.45

Clinical trials have started where exogenous hepcidin mimet-

ics, administered to humans, have been shown to lower
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transferrin saturation,46 although the effect in thalassaemia

and MDS is not yet known.

In the field of iron overload and chelation, we need to

understand more about how safely to combine chelators to

achieve the ferritin values at the low or normal levels and

closer to those recommended for maintenance management

of HFE haemochromatosis. This is because with modern

treatment and monitoring, thalassaemia patients in the UK

are now living into their 50s and 60s, but the risk of cirrhosis

and hepatocellular carcinoma becomes greater with advanc-

ing age. There is still a place for an orally active chelator

which requires less close monitoring than currently used

chelators, for example of the white count or of renal func-

tion. Such compounds are under investigation and it is

hoped they may soon become a reality. For conditions such

as thalassaemia, the longer-term relevance of advances in

these iron-related fields will depend to some extent on

advances not directly related to iron metabolism, such as

allogeneic bone marrow transplantation and autologous

transplantation with gene therapy.

On a still wider organisational perspective, it is gratifying

that specialist networks have recently been set up in the NHS

for red cell disorders and rare anaemias, which it is hoped

will improve the dissemination and application of expertise

and new therapies throughout the UK. How the management

of haemochromatosis, which has hitherto spanned haematol-

ogy and hepatology with considerable regional variability,

would fit into a network structure will need consideration.
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