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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewofironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewofironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewofironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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Inflammation induces hepcidin causing iron-restricted erythropoiesis
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ABSOLUTE AND FUNCTIONAL ID MAY COEXIST
During inflammatory states, functional and absolute ID may coexist

x+
Absolute ID
• Depleted body iron

stores

• Total available iron is

inadequate

• Hepcidin suppressed

Functional ID
• Normal body iron

stores

• Mobilization of iron is

inadequate

• Hepcidin increased
AID FID

Increased iron requirements 

Malnutrition (low iron intake)

Malabsorption 

Chronic blood loss 

Overt or subclinical 

inflammation (IL-6, IL-1, 

TNF-a)



ABSOLUTE AND FUNCTIONAL ID MAY COEXIST
Many inflammatory diseases combine iron restriction and deficiency

RHEUMATOID ARTHRITIS INFLAMMATORY BOWEL DIS. CHRONIC KIDNEY DISEASE HEART FAILURE



Evaluation of iron status during inflammatory states

STORES

Marker of body iron stores; 

value < 30 μg/L is a reliable 

indicator of absolute ID; 

being an acute-phase 

reactant, it increases during 

inflammation (difficult to 

interpret – higher ferritin cut-

offs have been proposed, but 

no unique threshold has 

been established)

Ferritin
Transferrin
saturation (TSAT)

IRON AVAILABILITY

Marker of iron availability 

for erythropoiesis; it 

decreases during 

inflammation (normal: 20-

45%; insufficient if <20%). 

IRON REQUIREMENTS

CHr and 
%HYPO

IRON UTILIZED

Early indices of iron-

restricted erythropoiesis, 

available with routine CBC; 

↓↓ indicates ID (proposed 

thresholds: %HYPO>5-6%, 

CHr <29 pg – with 

variability among studies)

Index of «iron avidity» of 

erythroid precursors in the 

bone marrow; ↑ in absolute 

ID; cut-off varies 

according to assays and 

studies (lack of 

standardization )

Soluble Tf
receptor (sTfR)



Definition of iron deficiency in inflammatory disorders

Ferritin thresholds for defining ID/indication to iron treatment

Society threshold Pts. category

Expert consensus (Cappellini et 

al., 2027)

<100 <20%

European Society of Cardiology

American Heart Association 

(2023)

<100

<300 with TSAT <20%

Heart Failure

KDIGO-National Kidney 

Foundation (2025)

 500 (TSAT  30%) CKD

NCCN (2020) <500-800 (TSAT <50%) Cancer

European Society of Medical 

Oncology (2020)

<100 Cancer

ECCO Guidelines (2024) <100 Active IBD 

ID likely in most patients with 
TSAT <20-30%



Treatment depends on what predominates: 

iron depletion or iron restriction

x
AID FID

Mixed AID/FID

Treat

underlying

disease/inflamm.

Iron 

replacement

therapy

Predominant iron depletion (AID) Predominant iron restriction (FID)

RESTORE IRON RESTORE IRON AVAILABILITY

Target hepcidin-ferroportin

axis (emerging drugs)?Oral or IV?
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Inflammation induces hepcidin-mediated iron restriction (functional ID) and 

impairs erythropoiesis

In many chronic inflammatory diseases, absolute and functional iron deficiency may

coexist.

Precise ascertainment of iron status in inflammation may be difficult 

(comprehensive evaluation includes both ferritin and transferrin saturation!)

Treatment should address both absolute ID and the underlying inflammatory

disease causing functional ID

When indicated, IV Iron should be preferred (inflammation limits the effectiveness of 

oral iron).

Concluding remarks
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Clinical Case

78-year-old 

woman

CBC:

Hb 9.8 g/dl
MCV 86 fl
RBC 3.79 mil/mmc
PTLs 465,000/mmc
WBC: N

Iron biomarkers:

Ferritin 90 µg/L

Transf. Satur. 12%

CRP ↑↑ (80 mg/L, 
n.v.<5)

Is she iron

deficient?

Persistent fatigue and hand-

predominant joint pain; 

rheumatoid arthritis was 

suspected after rheumatologic 

evaluation. She frequently used 

NSAIDs

Past medical history: arterial 

hypertension; previous 

cholecystectomy.

Physical examination:

BP: 155/80 mmHg

HR: 90 bpm

Mild pallor

Symmetric arthritis involving the 

small joints of both hands

Is sufficient iron

available (for 

erythropoiesis)?



Clinical Case – mixed absolute and functional ID

78-year-old 

woman

Persistent fatigue and joint 

pain, predominantly affecting 

the hands (recently evaluated 

by a rheumatologist, suspected 

diagnosis of rheumatoid 

arthritis) – frequent use of 

NSAIDs

CBC: Hb 9.8 g/dl, MCV 86 fl

Iron biomarkers: Ferritin 90 

µg/L, Transf. Satur. 12%

CRP ↑↑ (80 mg/L, n.v.<5)

TSAT 12% indicated iron-restricted 

erythropoiesis despite a ferritin level

of 90 µg/L.

Ferritin <100 µg/L raised suspicion of 

concomitant absolute iron

deficiency; upper gastrointestinal

endoscopy revealed erosive gastritis

Treatment with intravenous ferric

carboxymaltose and anti-

inflammatory therapy restored

hemoglobin and iron availability:

After 1 month: CRP 22 mg/L, Hb 12.2 

g/dL, ferritin 180 µg/L, TSAT 23%
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