
IRON METABOLISMIRON METABOLISM



4 g Iron
(10 yrs)

1 mg/d1 mg/d1 mg/d

IRON METABOLISMIRON METABOLISM 
External iron exchangeExternal iron exchange



IRON IRON METABOLISMMETABOLISM 
Iron compartmentsIron compartments
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IRON IRON METABOLISMMETABOLISM 
Iron absorptionIron absorption
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IRON METABOLISMIRON METABOLISM 
GI tractGI tract

SwinkelsSwinkels et al, et al, Clin.ChemClin.Chem. 52:950, 2006. 52:950, 2006



IRON METABOLISMIRON METABOLISM 
Internal iron exchangesInternal iron exchanges

Pietrangelo. N Engl J Med 2004;350:2383–97



ERYTHROBLAST IRON METABOLISMERYTHROBLAST IRON METABOLISM



IRE AND IRPIRE AND IRP 
Regulation of ferritin and TfRRegulation of ferritin and TfR

4688546885 EnnsEnns, Traffic 2:167, 2001, Traffic 2:167, 2001



IRON METABOLISM IRON METABOLISM 
MacrophagesMacrophages

SoeSoe--Lin et al,Lin et al,
ExpExp HematolHematol
36:929, 200836:929, 2008



IRON METABOLISM IRON METABOLISM 
Iron uptake and exportIron uptake and export
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IRON METABOLISMIRON METABOLISM 
HepcidinHepcidin

Ganz. Best Pract Res Clin Haematol 2005;18:171–82

Liver
HFE Ferritin–iron

Hepcidin

Ferroportin

Ferroportin

Lumen

Iron

Ferritin–iron

Plasma

Villus
enterocyte



IRON METABOLISMIRON METABOLISM 
HepcidinHepcidin

Andrews, Blood 112:219, 2008Andrews, Blood 112:219, 2008



IRON METABOLISMIRON METABOLISM 
Regulation of Regulation of hepcidinhepcidin synthesissynthesis

Ajioka et al, The Hematologist 2008



IRON METABOLISMIRON METABOLISM 
Regulation of Regulation of hepcidinhepcidin synthesissynthesis

Anderson et al, Nature Anderson et al, Nature GeneticsGenetics 5:503, 20065:503, 2006
Adapted from: Adapted from: GoswamiGoswami T, Andrews NC.  J T, Andrews NC.  J BiolBiol Chem. 2006;281: 28494Chem. 2006;281: 28494--88



IRON METABOLISMIRON METABOLISM 
Regulation of Regulation of hepcidinhepcidin synthesissynthesis

Kemna et al, Haematologica 2008



IRON METABOLISM IRON METABOLISM 

SwinkelsSwinkels et al, et al, Clin.ChemClin.Chem. 52:950, 2006. 52:950, 2006



IRON PARAMETERSIRON PARAMETERS



IRON METABOLISMIRON METABOLISM 
Biological markersBiological markers

•• FerritinFerritin
•• Transferrin saturationTransferrin saturation
•• sTfRsTfR
•• Red cell indices (HYPO, Red cell indices (HYPO, CHrCHr))
•• HepcidinHepcidin



FERRITINFERRITIN



IRON PARAMETERSIRON PARAMETERS 
Storage iron : serum Storage iron : serum ferritinferritin

CirculatingCirculating
RBCRBC

LiverLiver

PlasmaPlasma

MacrophagesMacrophages
(RE cells)(RE cells)

ErythroidErythroid
marrowmarrow



FERRITINFERRITIN 
Serum Serum ferritinferritin

•• Represents iron stores (macrophages and Represents iron stores (macrophages and 
hepatocyteshepatocytes) ) 1 1 µµg/L = 120 g/L = 120 µµg/kg storage irong/kg storage iron

•• Low Low ferritinferritin (< 12 to 25 mg/L according to assay)(< 12 to 25 mg/L according to assay) 
100% specific for iron deficiency 100% specific for iron deficiency 

•• Normal range varies with age and sexNormal range varies with age and sex



FERRITINFERRITIN 
Serum Serum ferritinferritin

•• Falsely elevated serum Falsely elevated serum ferritinferritin 
-- Inflammation : lower limit 40Inflammation : lower limit 40--120 120 µµg/Lg/L 
-- Renal failure : lower limit 40Renal failure : lower limit 40--100 100 µµg/Lg/L 
-- Liver damageLiver damage 
-- HyperthyroidismHyperthyroidism 
-- Some forms of cancerSome forms of cancer 
-- Poorly controlled diabetes mellitus Poorly controlled diabetes mellitus 

((ferritinferritin glycosylationglycosylation))
-- HyperferritinHyperferritin--cataract syndromecataract syndrome
-- Benign Benign hyperferritinemiahyperferritinemia



•• Moderately increased SFModerately increased SF
•• Normal TSNormal TS
•• No tissue IO (LIC, MRI)No tissue IO (LIC, MRI)
•• EarlyEarly--onset cataractonset cataract

•• AutosomalAutosomal dominantdominant
•• Mutation in LMutation in L--ferritinferritin IREIRE

FERRITINFERRITIN 
HyperferritinHyperferritin--cataract syndromecataract syndrome



•• Moderately increased SFModerately increased SF
(SF > 90% (SF > 90% glycosylatedglycosylated))

•• Normal TSNormal TS
•• No tissue IO (LIC, MRI)No tissue IO (LIC, MRI)
•• No clinical symptomNo clinical symptom

•• AutosomalAutosomal dominantdominant
•• No mutation in LNo mutation in L--ferritinferritin IREIRE
•• C89T mutation (gene), T30I mutation (protein) LC89T mutation (gene), T30I mutation (protein) L--ferritinferritin

••
 

50% of family cases50% of family cases
••

 
Some sporadic casesSome sporadic cases

FERRITINFERRITIN 
Benign Benign hyperferritinemiahyperferritinemia

Kannengiesser et al, Haematologica 94:335, 2009



TRANSFERRINTRANSFERRIN
SATURATIONSATURATION

TsatTsat
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IRON PARAMETERSIRON PARAMETERS 
Plasma iron : Plasma iron : transferrintransferrin saturationsaturation



TRANSFERRIN SATURATIONTRANSFERRIN SATURATION 
NormalNormal

PlasmaMacrophages Marrow



TRANSFERRIN SATURATIONTRANSFERRIN SATURATION



SOLUBLESOLUBLE
TRANSFERRIN RECEPTORTRANSFERRIN RECEPTOR

sTfRsTfR
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IRON PARAMETERSIRON PARAMETERS 
ErythroidErythroid marrow : marrow : sTfRsTfR



SOLUBLE TRANSFERRIN RECEPTOR 
Hyperplastic erythropoiesis
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SOLUBLE TRANSFERRIN RECEPTORSOLUBLE TRANSFERRIN RECEPTOR 
IDA IDA vsvs ACD ACD vsvs combined ACD+IDcombined ACD+ID

PunnonenPunnonen et alet al., Blood 1997, 89:1052., Blood 1997, 89:1052

sTfRsTfR sTfR/log ferritinsTfR/log ferritinFerritinFerritin

Marrow ironMarrow iron



RBC INDICESRBC INDICES

HYPOHYPO
&&

CHrCHr



CirculatingCirculating
RBCRBC

LiverLiver

PlasmaPlasma

MacrophagesMacrophages
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marrowmarrow

IRON PARAMETERSIRON PARAMETERS 
RBC iron : RBC iron : CHrCHr and HYPOand HYPO



•• Normal < 5%Normal < 5%
•• Increased % HYPO Increased % HYPO 

(>5(>5--10 %) indicative 10 %) indicative 
of iron deficient of iron deficient 
erythropoiesiserythropoiesis
(long(long--term)term)

RBC INDICESRBC INDICES 
Hypochromic erythrocytes : HYPOHypochromic erythrocytes : HYPO

% Hypo
24.4%



Day 0

RBC INDICES 
Hb content of reticulocytes : CHr

Yellow : MCH
Red : CHr

Brugnara et al. 
Blood 1994;83:3100

ID anemia
Treatment with IV iron

• Normal 26–30 pg
• Low CHr (< 26 pg) 
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IRON PARAMETERSIRON PARAMETERS
SUMMARYSUMMARY



CirculatingCirculating
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LiverLiver
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marrowmarrow

IRON METABOLISMIRON METABOLISM 
Iron compartmentsIron compartments

FerritinFerritin

TsatTsat

HYPO & HYPO & CHrCHr

sTfRsTfR



IRON DEFICIENCYIRON DEFICIENCY



IRON DEFICIENCYIRON DEFICIENCY 
DisordersDisorders

•• Iron deficiency anemia (IDA)Iron deficiency anemia (IDA)
•• Functional iron deficiencyFunctional iron deficiency

-- InflammationInflammation 
-- EPO therapyEPO therapy

•• IRIDAIRIDA



MICROCYTIC ANEMIA MICROCYTIC ANEMIA 
Differential diagnosisDifferential diagnosis

µ anemia

TsatN-High Low

Ferritin

Maturation Maturation defectdefect

GlobinGlobin :: ThalassemiaThalassemia
HemeHeme :: SideroblasticSideroblastic anemiaanemia

IronIron deficiencydeficiency

N-High Low

Functional IDFunctional ID
ACDACD

Absolute IDAbsolute ID
IDAIDA

IRIDAIRIDA



IRON DEFICIENCYIRON DEFICIENCY
IDAIDA



IRON DEFICIENCY ANEMIAIRON DEFICIENCY ANEMIA 
EtiologyEtiology

BloodBlood
losses losses 

LimitedLimited
supplysupply

IncreasedIncreased
needsneeds



IRON DEFICIENCY ANEMIAIRON DEFICIENCY ANEMIA 
WorkWork--upup

NoNo

Infancy
Pregnancy

GI Work-up

Young female Male
Post-menopausal

Gynecol. history
Occult blood

YesYes
Treatment

YesYes NoNo

NegativeRefractory Further WU



•• Celiac diseaseCeliac disease
-- EndomysialEndomysial antibodies antibodies 
-- GliadinGliadin antibodiesantibodies

•• Autoimmune atrophic gastritisAutoimmune atrophic gastritis
-- Elevated Elevated gastringastrin 
-- Parietal cell antibodiesParietal cell antibodies

•• H. Pylori chronic gastritisH. Pylori chronic gastritis
-- H. Pylori antibodiesH. Pylori antibodies 
-- Urea breath test Urea breath test 

IRON DEFICIENCY ANEMIAIRON DEFICIENCY ANEMIA 
Additional workAdditional work--upup



•• Stage 1 : depletion of iron storesStage 1 : depletion of iron stores 
-- Serum Serum ferritinferritin : : ↓↓

 
to < 12 to < 12 µµg/Lg/L

•• Stage 2 : ironStage 2 : iron--deficient erythropoiesisdeficient erythropoiesis 
-- Serum iron : Serum iron : ↓↓

 
< 60 < 60 µµg%g% 

-- TfTf saturationsaturation ↓↓
 

< 15 % < 15 % 
-- % hypochromic RBC % hypochromic RBC ↑↑

 
> 5 %> 5 % 

-- CHrCHr ↓↓
 

< 26 pg < 26 pg 
-- Soluble Soluble TfRTfR ↑↑

 
> 7 mg/L> 7 mg/L 

-- RBC RBC protoporphyrinprotoporphyrin ↑↑
 

> 70 > 70 µµg%g%
•• Stage 3 : ironStage 3 : iron--deficiency anemiadeficiency anemia

IRON DEFICIENCY ANEMIAIRON DEFICIENCY ANEMIA 
Stages (1)Stages (1)



•• Stage 1 : depletion of iron stores Stage 1 : depletion of iron stores 
•• Stage 2 : ironStage 2 : iron--deficient erythropoiesis deficient erythropoiesis 
•• Stage 3 : ironStage 3 : iron--deficiency anemiadeficiency anemia 

-- Hemoglobin : Hemoglobin : ↓↓
 

< 12 < 12 grgr/dl (F) 13.5 /dl (F) 13.5 grgr/dl (M)/dl (M) 
-- HematocritHematocrit :: ↓↓

 
< 36 % (F) or 41 % (M)< 36 % (F) or 41 % (M) 

-- RBC :RBC : N then N then ↓↓
 -- MCV :MCV : ↓↓

 
< 80 fl < 80 fl ((microcytosismicrocytosis)) 

-- MCH :MCH : ↓↓
 

< 28 pg < 28 pg ((hypochromiahypochromia) ) 

IRON DEFICIENCY ANEMIAIRON DEFICIENCY ANEMIA 
Stages (2)Stages (2)



IRON DEFICIENCYIRON DEFICIENCY
FunctionalFunctional IDID



FUNCTIONAL IRON DEFICIENCYFUNCTIONAL IRON DEFICIENCY 
InflammationInflammation

PlasmaMacrophages Marrow

FID



IL-6ILIL--66

HEPCIDINHEPCIDIN 
Mediator of inflammation ?Mediator of inflammation ?

↑
 

Hepcidin↑↑
 

HepcidinHepcidinHepatocyteHepatocyteHepatocyte

MacrophageMacrophageMacrophage

StorageStorage

RBC
Fe

RBCRBC
FeFeLLTfTfTf

FerroportinFerroportin



FUNCTIONAL IRON DEFICIENCYFUNCTIONAL IRON DEFICIENCY 
EPO therapyEPO therapy

PlasmaMacrophages Marrow

FID



FUNCTIONAL IRON DEFICIENCYFUNCTIONAL IRON DEFICIENCY 
EPO therapy in cancer

PlasmaMacrophages Marrow

FID

TSat < 20%
%HYPO > 5%
CHr < 26 pg



PlasmaMacrophages Marrow

FUNCTIONAL IRON DEFICIENCYFUNCTIONAL IRON DEFICIENCY 
ACD + EPO therapy : IV ironACD + EPO therapy : IV iron



IRON DEFICIENCYIRON DEFICIENCY
IRIDAIRIDA



IRON DEFICIENCY ANEMIAIRON DEFICIENCY ANEMIA 
IRIDAIRIDA

CamaschellaCamaschella, , HaematologicaHaematologica 93:1441, 200893:1441, 2008
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IRON OVERLOADIRON OVERLOAD 
DisordersDisorders

•• Genetic Genetic hemochromatosishemochromatosis
•• FerroportinFerroportin diseasedisease
•• Metabolic syndromeMetabolic syndrome
•• Secondary IOSecondary IO



IRON OVERLOADIRON OVERLOAD
GeneticGenetic hemochromatosishemochromatosis



HEREDITARY HEMOCHROMATOSISHEREDITARY HEMOCHROMATOSIS 
Iron parametersIron parameters

000 101010 202020 303030 404040 505050 606060 707070 808080

Years of ageYears of ageYears of age

Transferrin saturationTransferrin Transferrin saturationsaturation

Serum ferritin

Serum 
Serum ferritinferritin

000 101010 202020 303030 404040 505050 606060 707070 808080

Years of ageYears of ageYears of age

Transferrin saturationTransferrin Transferrin saturationsaturation

Serum ferritin

Serum 
Serum ferritinferritin



IRON KINETICSIRON KINETICS 
ClassicalClassical hhemochromatosisemochromatosis

PlasmaPlasmaMacrophagesMacrophages MarrowMarrow

IncreasedIncreased absorptionabsorption



HEREDITARY HEMOCHROMATOSISHEREDITARY HEMOCHROMATOSIS 
Phenotypic expressionPhenotypic expression

Allen et al, NEJM 358:221, 2008Allen et al, NEJM 358:221, 2008

28.4% disease28.4% disease

31,272 subjects

MalesMales Females Females 

1.2% disease 1.2% disease 

203 C282Y203 C282Y

4040--69 yrs69 yrs

IOIO--relatedrelated diseasedisease//symptomssymptoms



HEREDITARY HEMOCHROMATOSISHEREDITARY HEMOCHROMATOSIS 
Genetic classificationGenetic classification

DiseaseDisease GeneGene ChromosomeChromosome InheritanceInheritance PhenotypePhenotype

Type 1Type 1 HFEHFE 6p6p RecessiveRecessive ClassicClassic

Type 2 AType 2 A HemojuvelinHemojuvelin 1q1q RecessiveRecessive JuvenileJuvenile

Type 2 BType 2 B HepcidinHepcidin 19q19q RecessiveRecessive JuvenileJuvenile

Type 3Type 3 TfRTfR 22 7q7q RecessiveRecessive IntermediateIntermediate

Type 4Type 4 FerroportinFerroportin 2q2q DominantDominant AtypicalAtypical



Mutations

HFE

TfR2

HJV
HAMP

MutationsMutations

HFEHFE

TfR2TfR2

HJVHJV
HAMPHAMP

HEPCIDINHEPCIDIN 
Mediator of Mediator of hemochromatosishemochromatosis ??

MacrophageMacrophageMacrophage

StorageStorage

RBC
Fe

RBCRBC
FeFe TfTfTfLL

EnterocyteEnterocyteEnterocyte

StorageStorage

Dietary
Fe

DietaryDietary
FeFe TfTfTfLL

Hepcidin

⇓

⇓⇓

0

HepcidinHepcidin

⇓⇓

⇓⇓⇓⇓

00
HepatocyteHepatocyteHepatocyte



HEREDITARY HEMOCHROMATOSIS HEREDITARY HEMOCHROMATOSIS 
DiagnosisDiagnosis

Not HHNot HH

YesYes

NoNo

Inflammation ?

22ndnd IO, IO, anemiaanemia, , liverliver diseasedisease

Not HHNot HH
YesYes

CBC, Liver, 
Tx history

Other genotype ?
NoNo

Not HHNot HH

TfR2, HJV, HAMP, FPTfR2, HJV, HAMP, FP

Clinical signs

Tf saturation

HH1HH1

< 45%< 45%

Genotype

Other causes
aNaN

≥≥

 

45%45%

NN

C282Y/C282YC282Y/C282Y

HH2, HH3, HH4HH2, HH3, HH4

NN



•• If < 45% :If < 45% :
••

 
Excludes HH (except if inflammation)Excludes HH (except if inflammation)

••
 

Does not Does not exludeexlude IO :IO :
Metabolic syndromeMetabolic syndrome
AceruloplasminemiaAceruloplasminemia
FerroportinFerroportin diseasedisease

•• If If ≥≥
 

45% : not specific45% : not specific
••

 
IOIO

••
 

AnemiasAnemias ((hemolysishemolysis, ineffective , ineffective erythroperythrop., aplasia)., aplasia)
••

 
Liver disease (hepatitis, alcohol)Liver disease (hepatitis, alcohol)

HEREDITARY HEMOCHROMATOSISHEREDITARY HEMOCHROMATOSIS 
Transferrin saturationTransferrin saturation



IRON OVERLOADIRON OVERLOAD
FerroportinFerroportin diseasedisease



HEREDITARY HEMOCHROMATOSISHEREDITARY HEMOCHROMATOSIS 
FerroportinFerroportin

Andrews, The Andrews, The HematologistHematologist 20052005

NormalNormal Class 1 mutationClass 1 mutation
LossLoss of of functionfunction

FP FP diseasedisease

Class 2 mutationClass 2 mutation 
Gain of Gain of functionfunction

HH4HH4



IRON KINETICSIRON KINETICS 
FerroportinFerroportin diseasedisease

PlasmaPlasmaMacrophagesMacrophages MarrowMarrow

IncreasedIncreased absorption ?absorption ?
•• OnlyOnly somesome have IOhave IO
•• PhlebotomyPhlebotomy →→

 
anemiaanemia



IRON OVERLOADIRON OVERLOAD
DysmetabolicDysmetabolic syndromesyndrome



•• Iron overload (Iron overload (KupfferKupffer > > hepatocyteshepatocytes) : ) : 
-- ↑↑

 
ferritinferritin ((up to 1000up to 1000--15001500)) 

-- Normal Normal TsatTsat
•• Multiple Multiple dysmetabolicdysmetabolic disordersdisorders

-- ObesityObesity 
-- DyslipemiaDyslipemia 
-- Liver Liver steatosissteatosis 
-- HypertensionHypertension 
-- Glucose intolerance / diabetesGlucose intolerance / diabetes

IRON OVERLOADIRON OVERLOAD 
DysmetabolicDysmetabolic hepatosiderosishepatosiderosis



IRON OVERLOAD IRON OVERLOAD 
Metabolic syndromeMetabolic syndrome

High ferritin

Identify IO

Exclude other

Diagnose

MRI > LIC

History-Biology

OW-HT-Diabetes-Dyslipemia



IRON OVERLOADIRON OVERLOAD
SecondarySecondary IOIO



TRANSFUSIONAL IRON OVERLOADTRANSFUSIONAL IRON OVERLOAD 
Iron loading : transfusionsIron loading : transfusions

•• 1 blood unit = 200 mg 1 blood unit = 200 mg iron iron 

•• 2 2 unitsunits / / monthmonth 
= 24 = 24 unitsunits / / yearyear 
= 100 = 100 unitsunits / 4 / 4 yearsyears 
= 5 g iron / = 5 g iron / yearyear

•• Normal body iron = 3Normal body iron = 3--4 g4 g 
Iron overload after 10Iron overload after 10––20 U 20 U 
100 units = 20 g100 units = 20 g



TRANSFUSIONAL IRON OVERLOADTRANSFUSIONAL IRON OVERLOAD 
Iron loading : ineffective Iron loading : ineffective erythropoiesiserythropoiesis

Ineffective Ineffective 
erythropoiesiserythropoiesis

HEPCIDINHEPCIDIN

Duodenal iron 
absorption

Macrophage Macrophage 
release of ironrelease of iron

sTfRsTfR

MalcovatiMalcovati L, et al. L, et al. BloodBlood. 2008;112:[abstract 2676].. 2008;112:[abstract 2676].
Dreyfus F. Dreyfus F. Blood Rev. 2008;22 Blood Rev. 2008;22 SupplSuppl 2:S292:S29--34.34.

GDF15GDF15



TRANSFUSIONAL IRON OVERLOADTRANSFUSIONAL IRON OVERLOAD 
Hepatic ironHepatic iron

OlivieriOlivieri et al, et al, BloodBlood 1997;89:7391997;89:739
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