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Iron metabolism

(Andrews, NEJM, 1999)

The total body iron content of an 
average male adult is about 4 g;
Total iron:

– Red cell mass as haemoglobin –
65%-75%

– Muscles as myoglobin – 10%
– Storage as ferritin - 10%

Bone marrow 
Reticulo-endothelial cells 
Liver (0.5-1 g)

– Other Haem proteins - 5%
Cytochromes, others

– In Serum - 0.1%

Iron balance is maintained by the meticulous 
regulation of iron absorption from the intestine 
because there is no regulated pathway for iron 
excretion
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1kg body weight=
50 mg Fe

Newborn (3,300 
Kg) Children(35 Kg) Adult (75 Kg)

Total iron 240-250 mg 1,5 – 2 g 3 -4 g

Hb 132 – 137,5 mg 
(55%) 1 – 1,4 g (68%) 2,04 – 2,72 g 

(68%)

Ferritin 101 – 105 mg 
(42%)

400 – 500 mg 
(27%) 0,81 -1,08 g (27%)

Myoglobin

7 -7,5 mg (3%)

60 – 80 mg (4%) 120 – 160 mg (4%)

Enzymes 9 – 12 mg (0,6%) 18 – 24 mg (0,6%)

Transferrin 15 – 20 mg (0,1%) 3 – 4 mg (0,1%)

Body Iron Content  during different ages

Iolascon A et al.,2013
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Absorption and metabolism of iron

Adult  

Infant 



Mechanisms of systemic and intracellular iron homeostasis



New Mechanisms regulating Iron Intracellular Metabolism



Iron deficiency and iron deficiency anemia

Iolascon A et al.,2013
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MCV During Differentiation

Data obtained from erythroid cultures (Drs. Iolascon and De Falco). 
Graphics courtesy of Prof. Achille Iolascon.

Mean MCV
0  day   131 fL
7  day     99 fL
14 day    86 fL

Globins, iron, and heme play a critical role in MCV determination



Peripheral blood smear

Characters of this story

Normal values for age

Age MCV (fl)

At born 110-128

5-24 months 80-85

2-6 years 75-90

6-12 years 78-95

>12 years 80-100

üRBC: Microcytosis hypochromia
reduced size and reduced Hb content of red blood cells,
as inferred by erythrocyte indexes

MCH: <26 pg (n.v 27-30)
MCHC:  <30 g/dl (n.v.31-37)



Characters of this story

üRDW:  red cell distribution width

(measure of anysocytosis, e.g. dual populations)

üHRC: % hypochromic red cells

üCHr: reticulocyte Hb content 

ü Serum iron 

üTransferrin

üTransferrin saturation

üSerum ferritin

üSoluble transferin receptor

üHepcidin assay



Hereditary haemochromatosis
Iron-loading Anaemias

Anaemia of Inflammation
Iron-refractory iron-deficiency anaemia

Hepcidin-secreting tumors

HepcidinIron Normal homeostasis

Ganz T. J Am Soc Nephol. 2007;18:394-400.
Ganz T, Nemeth E. Am J Physiol Gastrointest Liver Physiol. 2006;290:G199-G203.
Courtesy of Tomas Ganz, PhD, MD.

Diseases of Hepcidin Dysregulation

Iron deficiency 
anemia



Nutritional 
deficiency

Deficit of 
absorption

Thalassemia 
heterozygotes

ACD
ACD+iron 
deficiency

Hb - - = / - - --
MCV - - - - -
GR - - + - --

RDW = = = / + = / + +
Reticulocytes - - = / + = / + = / + / -

IS - / -- - / -- = = / - -
Ferritin = / - = / + = = = / -

FEP = / + = / + = = = / + 
sTfR + + + = = / +
CHr - - = / - - --

Oral response YES NO NO Not to be 
expected Partial

Iv response YES YES NO Not to be 
expected Partial

Inheritance Acquired Acquired / 
multifactorial AR Multifactorial Multifactorial

Suggested 
therapy

Oral iron

Etiological 
therapy / iv 
injection if 

severe anemia

Not required

Etiological 
therap yif 

possible (EPO, 
iv iron)

Etiological therap + 
oral iron

Differential diagnosis of the most common 
forms of microcytosis

Iolascon A et al.,2013



Differential diagnosis of the less common 
forms of microcytosis

IRIDA
Erythropoietic 
protoporphyria

Sideroblastic 
anemia  X-

linked

Sideroblastic 
anemia  X-
linked with  

ataxia

Microcytic anemia 
sideroblastic-like 

(GLRX5)

Deficiency 
of DMT1

Hypotransferri
nemia

Acerulopla
sminemia

Deficiency 
of Steap3

Hb - /-- - - - --- (età 
dipendente) -- - - ---

MCV -- -- - - -- --- -- - -

GR -- - - - - - - - --

RDW = = = = = = = = =

Reticulocytes - - - - - - - - ---

SI -- /--- + + + + ++ 100% + ++

Ferritin = / - = = = = + = + +++

FEP ++ +++ = / - = / - = + = = +

Oral response NO NO NO NO NO NO NO YES NO

Iv response
YES, not 

long-
lasting

NO NO NO NO NO NO YES NO

Inheritance AR AD/AR X- linked X- linked AR AR AR AR/AD AR

Suggested 
therapy

not 
possible b-carotene Vit B6 Vit B6 Iron chelation EPO Plasma / 

apotransferrin
Iron 

chelation
EPO, iron 
chelation

Iolascon A et al.,2013



• Defective iron transport or utilization
DMT1 deficiency, Hypo-transferrinemia

• Defects of iron absorption
IRIDA (Iron-Refractory Iron Deficiency Anemia)

• Defects of mitochondrial iron utilization
Inherited (and acquired) Sideroblastic Anemias

• Defects of iron recycling 
usually normocytic-normochromic anemias
Aceruloplasmina, ACD (some cases)

Defects of iron Metabolism



New rare disorders of iron entry and  
utilization:

DMT1 deficiency
DMT1: Transporter of divalent metal cations 
(Mn 2+ Cu 2+ Zn 2+ Fe 2+ )

Duodenal cell: luminal non heme iron transporter
Erythroblasts: endosomal transferrin cycle 

(Andrews, NEJM, 1999)
absorption

utilization

DMT1

DMT1



The iron transporter DMT1: 4 isoforms

Iolascon A and De Falco L 2009 Semin Hematol 46:358–370

mouse

human

Bardou-Jacquet et al., 2011 Blood Cells Mol Dis 15;47(4):243-8  



• Severe microcytic anemia with high
transferrin saturation

• Severe hypochromia with liver iron overload 
and normal ferritin levels



Iolascon, A. et al. Blood 2006;107:349-354

delCTT R416C

Analysis of DMT1 mutations



Patient Mutation

Hb at 
birth
(g/L) 

sTfR
(mg/L) Liver iron

Urinary hepcidin    
(ng/mg creatinin)

Functional Studies of 
The Mutation

Czech
(homozygous)

G1285C, D399E
(cytosolic loop) exon 12 

skipping 74
38 (N,1.9–

4.4) +++ (age 19y) 1–2 (N, 10-200) 

Reduced stability of del exon 
13 mutation; Normal 

targeting and function of 
E399D mutation 

Italian
(compound 

heterozygous)
delCTT,  intron 4 

R416C, TM9 40 
6.77 (N, 

0.83–1.76) 
2536 µg/g liver

(N, 0–400) 98–102 (N, 45–115) 

R416C, complete loss of 
function (defective 

processing and targeting, ER 
retention, loss of transport 

function) 

French
(compound 

heterozygous)
delVal 114, TM2,

G212V, TM5 83
8.29 (N, 

0.83–1.76) 

250 +/- 50
µmol/g liver 
(age 9 y); 66 

µmol/g (after 3 
mo epo) (N,<36)

19–43 (on 2 separate 
occasions) (N, 45–115)

Not studied; G212V probably 
conservative mutation 

Ecuadorian 
(homozygous) G75R, TM1 51

6.16 (N, 
0.8–2.3) 

Absence of iron 
deposits n.a. Not studied

(compound 
heterozygous)

G212V, TM5 , 
N491S, TM11

86 (13 
years old)

66 nmol/L 
(N<28 

nmol/L)

300 μmol/g dry 
weight liver 

(N,<36)
n.a.

G212V probably affect 
irontransport function, N491S 
loss of function resulting from 
disturbed protein trafficking.

Mutations and Clinical features of DMT1 patients 



Haematological data from 3
patients affected with DMT1
deficiency

Iolascon et al, J. Pediat. 2008

EPO 
TREATMENT



Erythropoietin-driven signaling ameliorates the survival defect of DMT1-mutant 
erythroid progenitors and erythroblasts

Horvathova M et al, Haematologica. 2012



Iolascon A, De Falco L Semin Hematol. 2009 Oct;46(4):358-70. 

• DMT1 is essential in erythropoiesis

• DMT1 is not essential for liver iron 

uptake

• DMT1 is not essential for duodenal 

iron absorption

– Alternative pathways?

– Heme absorption?

• Increased iron absorption occurs in 

the presence of iron overload 

because of low hepcidin levels

• Partial response of anemia to 

erythropoietin treatment



All patients have high hepcidin levels!

E522K
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PP

SMAD1/5/8

SMAD4

BMPR-I-II

BRE SREBRE

HEPATOCYTES

BMP6

HJV

HEPCIDIN inhibition by LOW IRON

TMPRSS6

HAMP Fe absorption
Fe recycling



P

P

PP

SMAD1/5/8

SMAD4

BMPR-I-II

HAMPBRE SREBRE Fe absorption
Fe recycling

HEPATOCYTES

BMP6

HJV

IRIDA
*

TMPRSS6

Mutations in TMPRSS6 cause IRIDA

Silvestri et al., 2008



heme-Fe
non heme-Fe

liver

red blood cells

macrophages

other tissues

holo-TFFe

enterocytes

IRON REFRACTORY IRON DEFICIENCY ANEMIA
(IRIDA)

FPN
FPN

FPN

X

X

X
HEPCIDIN



m. f.
Age, years /sex 8/M 5/F 7 /F 5/F 3/M 3/F 8 /F 11/F 6/M 8/F 2/F 9/M
H b, g /dL 12.0-17 .5 1 2.0-16.0 9.1 9.5 1 0.6 10.4 9.8 6.6 6 .8 8.9 8.01 8.83 7.93 1 0.4

W B C , x 10 3/µL 7.5 8.7 5.4 6 .55 6.72 4.5 11.5 11 13.9
RB C , x 10 6/µL 4.2- 5.6 4.0- 5 .4 5.3 4.70 5.0 5.49 5 .28 4.66 5.3

M CV , fL 60 62.8 6 2.8 68 65 47 58.8 59.8 46.3 53.3 49.3 6 3.5
M CH , pg 17 20.2 1 7.8 18 16.7 12 14.5 18.5 14.3 15.9 14.9 1 9.6
M CH C, g/dL 29 32.2 30.6 27 26 24.7 31 30.9 29.8 30.2
RDW , % 16.4 1 7.5 19.2 17.3 25.4 19.6 22.5 1 7.5
Reticulocy te count, x 10 3/µL 50 60 68 64 40 12 0 4 2.4
P L T, x 10*3/µL 420 38 3 410 740 64 7 406 778 526 592

Serum  F er ritin , µg/L 18-370 9-120 26 25 1 12 32 50 10 8 19 86 101 37.7 228
Serum  iron , µg/dL 14 14 21 48 22 8 13 9 20 20 40 17
Tran sferrin , mg /dL 270 290 3 20 26 0 270 258 23 4 376
Tran sferrin  saturation, % 3.7 3.7 5 9.4 6.2 2.3 4 .2 3.1 3.3 5
Solub le transfer rin  r ecepto r, mg/L 2 4.8 6.22 4.15 5.59 - 19.6 22

Serum  E pcidin a , nM 9.78 5.57 17.77 8.92 7.55 5.78 12 .99 10.4 1
Urina ry E pcidin b, 95% Cl 0,34-0,96 0,2-0 ,41 2.03 1.33 3.68

aReference range: n=57 norm al ind ividuals  (median  4.7)
bReference range: norm al ind ividuals

80-97

1 74-44 6

 C II-1 C II-2Normal value s (ran ge)

3-7 

0.83-1.15
15- 35

4 .8-10.8

1 30-40 0

16-124

2 0- 120

25-34
32-37

1 1-16.5

F  VI-2 F  VI-3A II-1 B  II-1 E II-1C II-3 F  VI-1E  II-2D  II-1 G  II-1

Iolascon et al.2009

Clinical data of TMPRSS6 patients



Patient I-1 (age: 3 
years)

Intravenous Iron

Patient II-1 (age: 3 
years)   

Intravenous Iron

Patient II-2 (age: 5 
years)     

Intravenous Iron

Patient III-1 (age: 3 
years) 

Intravenous Iron

Before 
Treatment

After 
Treatment

Before 
Treatment

After 
Treatment

Before 
Treatment

After 
Treatment

Before 
Treatment

After 
Treatment

Hb, g/dL 8.3 9.5 9.8 11 10.4 11.6 9.1 10.7

MCV, fL 52 58 65 66.4 68 71.8 60 60

MCH, pg 15 16 16.7 18 18 19 17 18

Serum Ferritin, 
µg/L 15 74 50 113 32 133 26 25

Serum iron, 
µg/dL 12 14 22 34.2 48 48 14 18

Transferrin 
saturation, % 3 3.7 6.2 10.2 9.4 15.8 3.7 4.5

Iolascon et al.2010

Answer to iron administration



Reference values     

2 days 2 weeks 1 day 1 week 1-3 days 1 week 2 weeks

A II3 B II3 C III1 D II1 mean �SD mean �SD mean �SD

Hb, g/dL 13.8 12.5 17.3 13.8 17.3 1.9 16.7 2.2 15.9 1.9

MCV, fL 102 106.8 111.3 101.8 109.1 4.8 107.7 6.2 106.4 3.9

MCH, pg 34.8 33.3 36.1 34.3 34.1 1.3 33.8 1.9 33.7 1.5

MCHC, g/dL 33.8 31.2 32.4 33.7 31.3 0.9 31.6 1.3 31.7 0.9

RDW, % 14.9 15.6 20.4 17.4 16.2 1.1 15.6       1.1      15.5        0.9

RBC, *106/µL 3.9 3.3 4.8 4.02 5.1 0.6 4.9 0.7 4.7 0.6

WBC, *103/µL 15.7 14.5 16 6.7 14.9 17.1 10.8 2.5 11 2.4

PLT, *103/µ/L 452 420 236 301 287         88 306       101 420        122

The role of Matriptase-2 during the early postnatal 
development in humans

De Falco et al., Haematologica In Press

Table 1. Hematological parameters of IRIDA patients in the neonatal period.



MCV 47-60 fL
Serum Iron -
Tf saturation -
sTfR ++
BM sideroblasts -
FEP +
Liver Iron n
Neonatal appearance +/-
Effect oral /iv Fe +/-
Serum or urinary 
Hepcidin

+

Inheritance AR
Therapy -

Laboratory findings of 
IRIDA-TMPRSS6 mutations

Iolascon A et al.,2013
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