
BIOLOGICAL ROLE OF IRON

Iron is an essential microelement that is a compo�

nent of iron�containing organic compounds and is neces�

sary for functioning of the human body. Important chem�

ical features of iron are its ability for reversible oxida�

tion/reduction (ϕFe2+/Fe3+ = +772 mV) and for generating

compounds involved in such important processes as

catalysis, electron transport, neurotransmission, free rad�

ical reactions, etc. [1�3].

Iron plays a key role in the formation of iron� and

heme�containing proteins involved in energy metabo�

lism, oxygen transport, production and release of neuro�

transmitters, synthesis of collagen, DNA, and steroid

hormones, detoxification of xenobiotics, provision of

nonspecific resistance of the body, etc. [3�7].

The involvement of iron in the generation of free

radicals in cells is usually considered a process leading to

damage of biomolecules (proteins, lipids, nucleic acids)

and to development of oxidative stress [8]. However, free

radicals concurrently are regulators of many vitally

important processes, such as myocardium contractility

and vascular tension, the immune response, control of

cell division and differentiation, destruction of damaged

cells, etc. [9]. Moreover, not all modifications of biomol�

ecules caused by free radicals are deleterious: carbonyl�

ation, S�nitrosylation, and nitration of proteins are

important for their degradation and necessary for normal

functioning of cells [8].

In the human body, iron occurs as inorganic com�

pounds (oxides, salts) and as organic ones (iron�contain�

ing proteins, low�molecular�weight organic complexes)

[10]. Ionized iron is present in the body in oxidized and

reduced forms, or respectively, as trivalent and divalent

irons. At the physiological concentration of oxygen, triva�

lent iron is more stable and forms complexes with pro�

teins acting as a transport (transferrin) and reserve (fer�

ritin) forms of the metal in the human body. Reduced iron

plays an important role in metabolism because only diva�

lent iron is a substrate for transmembrane carriers, partic�

ipates in heme synthesis, and interacts with ferritin [10�

12].

In the human body, iron is present inside and outside

cells. Extracellular iron is present in various biological

fluids such as blood, lymph, liquor, interstitial fluid, etc.
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es providing normal functioning of cells and organs of the human body. Iron also plays an important role in the generation
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cal importance and on the major iron�containing proteins. The review summarizes recent ideas about iron metabolism.

Special attention is paid to mechanisms of iron absorption in the small intestine and to interrelationships of cellular and

extracellular pools of this metal in the human body.
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Iron acts as a cofactor or a component of prosthetic

groups of enzymes and performs the following functions:

first, iron ions have catalytic properties and are a part of

the catalytic site of the active center of enzymes; second,

they promote the interaction or provide the formation of

a complex between substrate and binding sites of the

active centers of enzymes (stabilization of the substrate

molecule or of tertiary/quaternary protein structure);

third, iron ions can act as acceptors/donors during elec�

tron transport, oxidation/reduction, and free radical

processes [10, 13].

Moreover, iron regulates expression of numerous

genes, many of which are involved in its metabolism on

the transcriptional and posttranscriptional levels; iron

also participates in the regulation of enzyme activities and

enzymatic degradation of proteins in cells [14].

EXTERNAL METABOLISM OF IRON

In the adult human body, there is 3�5 g of iron:

45 mg/kg body weight in women and 55 mg/kg body

weight in men. In the blood plasma, there is only 3�5 mg

[10, 15, 16]. The iron content in blood serum is 0.1�0.5%

of its total amount in the body [17]. Hemoglobin contains

65�80%, ferritin – 20�30%, myoglobin – 5�15%, and

transferrin contains 0.1�0.5% of the total amount of iron

in the body [6, 15, 18].

The human body receives iron from food (exogenous

iron) and from the recirculation of iron released upon the

degradation of iron�containing proteins (endogenous

iron). The daily human requirement for iron is 20�25 mg,

and it is mainly satisfied due to return into the circulation

of iron released upon the degradation of iron�containing

proteins, mainly hemoglobin [6, 18�20].

Absorption of iron from food depends on the gastric

secretion, chime pH, intestinal motility, and the morpho�

logic and functional state of the gastrointestinal tract

(GIT). Normally only a small part of the iron in food is

absorbed, and the absorption level is quite variable [21,

22]. Iron assimilation in the GIT also depends on the

ratio in the food of products of animal and plant origin.

The lower uptake of iron from plant food than from ani�

mal food sources is an explanation of the higher frequen�

cy of iron�deficient states in vegetarians. On the average

entrance with food of 10�20 mg iron per day in the GIT

of a healthy person, no more than 1�2 mg is absorbed

[22]. The iron concentration in the cell is significantly

higher than the solubility of free trivalent iron in water

(10–18 M) and is explained by its binding with different

proteins and non�protein chelators. High intracellular

iron concentrations result in an electrochemical gradient

(∼1014) of this element between the cytosol (10–4 M) and

the extracellular medium (10–18 M) [23, 24].

There are two forms of iron in food: heme and non�

heme iron [21, 25, 26].

Heme iron is iron bound with porphyrin, and in this

form, it is present in the prosthetic group of hemoglobin

and myoglobin. Heme iron has high bioavailability, and

although it is only a small part of the iron content in food,

it provides a significant part of the assimilated exogenous

iron [16, 27]. Up to 20�30% of heme iron is absorbed

from food, and its uptake is not influenced by other food

components. Due to high solubility of heme iron at the

alkaline pH of the small intestine, it is absorbed more

efficiently than nonheme iron [28, 29].

Nonheme iron in food is presented as free iron and as

iron bound with proteins and low�molecular�weight chela�

tors. Different quantities of nonheme iron are found in vir�

tually all products and form the major part of food iron

(>90%) [21, 27, 30]. The bioavailability of food iron is influ�

enced by phytates, oxalates, tannins, phosphates, and some

drugs, which suppress its uptake, as well as by some amino

acids and ascorbic acid, which increase its uptake. As a rule,

∼5% of nonheme iron of food is absorbed [21, 22].

Nonheme and heme iron entering with food, i.e.

exogenous iron, is more intensively absorbed in the prox�

imal parts of the small intestine: in the duodenum (90%)

and the jejunum. The stomach does not play a significant

role in the assimilation of iron – here it is absorbed no

more than 1�2% of the total iron entering the GIT [31].

The half�elimination period of iron from the human body

is ∼1800 days [15].

UPTAKE OF IRON

IN THE GASTROINTESTINAL TRACT

To penetrate from cavities of the GIT organs into the

interstitial connective tissue of the lamina propria of the

small intestine mucosa and to enter the blood plasma, iron

has to pass across the apical and basolateral parts of the

enterocyte plasmalemma [25, 31]. The paracellular trans�

port of iron across the epithelium of the GIT organs is

negligibly small and of no importance for its assimilation

[5]. The transmembrane transfer of iron ions occurs due to

combined activities of special proteins: a transporter with

the conjugated enzyme able to reduce/oxidize iron.

UPTAKE OF HEME IRON

IN THE GASTROINTESTINAL TRACT

Heme iron is transported from the small intestine

cavity into enterocytes by the transmembrane transporter

HCP1/PCFT (Heme Carrier Protein 1/Proton�Coupled

Folate Transporter). This protein is localized in the apical

part of the enterocyte plasmalemma and is a component

of the membrane of their endosomes. Heme binds with

HCP1 and induces receptor�mediated endocytosis [31,

32]. It is thought that at least a part of the heme iron is

reabsorbed during the endocytosis and not because of
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heme translocation across the HCP1 plasmalemma [32,

33]. Then heme is degraded under the influence of the

enzyme heme oxygenase (EC 1.14.99.3) with release of

reduced iron. Heme oxygenase catalyzes the oxidative

degradation of heme b into biliverdin IXα. This reaction

can occur in the cavity of endosome/lysosome and in the

cytosol, because heme oxygenases are present in the plas�

malemma and in the endoplasmic reticulum (ER) mem�

brane [34]. HCP1 found in the ER membrane is required

for transporting heme into its lumen and inclusion into

heme�containing proteins [35]. HCP1 has been found in

the plasma membrane of astrocytes [36].

Moreover, heme iron can be transported across the

plasmalemma after formation of a complex with hemo�

pexin – a 63�kDa glycoprotein of blood plasma that has a

high affinity for heme [37, 38]. Hemopexin binds one

molecule of heme [39]. The complex is recognized by

hemopexin receptors localized on the cell membrane

(CD 91, the receptor of low�density lipoproteins) and is

absorbed by receptor�mediated endocytosis. After the

complex has been dissociated in the acidic medium of

endosomes, hemopexin and its receptor come back onto

the plasmalemma and can participate in transporting

other heme molecules [40]. Then heme is degraded by

heme oxygenase (HO1 or HO2) inside endosomes, and

the released iron is transferred across their membranes

into the cytosol (and participates in regulatory processes),

stored in ferritin, included into iron�containing proteins,

or exported [18]. Thus, the binding of heme by hemopex�

in protects cells against its toxic action [41, 42].

Heme iron can penetrate into monocytes and

macrophages within the hemoglobin/haptoglobin com�

plex during endocytosis mediated through the scavenger

receptor CD 163 present on their plasmalemma. Free

hemoglobin is produced during intravascular hemolysis of

erythrocytes and bound by the plasma glycoprotein hap�

toglobin (85 kDa) [18, 43].

UPTAKE OF NONHEME IRON

IN THE GASTROINTESTINAL TRACT

Nonheme iron of food enters the small intestine

lumen mainly in its oxidized state [6] because divalent iron

is oxidized by gastric juice components [3, 5, 44, 45].

Because divalent iron is more soluble than trivalent iron (at

physiological pH their solubilities are, respectively, 10–1

and 10–18 M) [46, 47], oxidized iron in the stomach cavity

interacts with mucin (mainly MUC2), ascorbic acid,

amino acids, monosaccharides, amines, or amides for

increasing the solubility on passage into the alkaline medi�

um of the small intestine [5]. Oxidized iron is precipitated

in solution at pH > 3, and therefore it has to be bound with

chelators at the lower pH in the stomach where it has good

solubility [22]. When the gastric content enters the intes�

tine, the pH of the food lump increases and, if there is no

binding with chelators, oxidized iron produces insoluble

salts. The solubility of trivalent iron salt can also be

retained due to its reduction under the influence of ferrire�

ductase of the brush border of enterocytes [48].

Before delivery into enterocytes, all trivalent iron has

to be reduced. Trivalent iron of chyme is reduced by duo�

denal cytochrome b (DCYTB, intestinal ferrireductase),

which is a glycoprotein localized in the apical part of the

enterocyte brush border plasmalemma. DCYTB is a

heme�containing protein of the cytochrome b561 family

present on the membrane of erythroblasts and enterocytes

and using ascorbic acid to reduce iron [49�51]. On the api�

cal part of the enterocyte plasmalemma, there is also the

protein STEAP3 (Six�Transmembrane Epithelial Antigen

of the Prostate 3) that can reduce the iron of chyme [52].

Upon reduction, divalent iron is transferred across

the apical membrane of enterocytes by the divalent metal

transporter (DMT1, DCT1, NRAMP2). DMT1

(Divalent Metal Transporter 1) is a transmembrane one�

chain 61.5�kDa hydrophobic glycoprotein that acts a

symporter of protons and divalent cations (Fe2+, Zn2+,

Mn2+, Cu2+, Co2+, Cd2+, Ni2+, Pb2+) at the ratio 1 Me2+ :

1 H+ [11]. The same protein is present on the membrane

of erythroid series cells (except erythrocytes) and of

nephrocytes of the proximal convoluted tubules of the

nephron [53�56]. However, it does not transfer iron ions

across the plasmalemma of hepatocytes, macrophages,

neurons, and symplastotrophoblasts [22, 57]. DMT1 is

present in the membrane of endosomes and mediates the

passage of divalent iron from their lumen into the cytosol

on the transferrin�mediated uptake of iron by erythroid

series cells and nephrocytes [58].

Some authors think that DCYTB is not the only

iron�reducing component of the enterocyte plasmalem�

ma and that iron can also be reduced by other reductases

and through nonenzymatic mechanisms [59�62].

Alternative concepts on the uptake of divalent iron in the

GIT are based on the existence of membrane reductase

(not DCYTB) that reduces iron using NAD+/NADH or

oxidized/reduced ascorbate with subsequent transfer of

divalent iron by DMT1 [18].

It has been shown that iron in complex with citrate

can be reduced in the brush border without enzymes by

ascorbate, which is oxidized into dehydroascorbate dur�

ing the reduction of the iron. Reduced iron is transferred

across the enterocyte plasmalemma by DMT1. The extra�

cellular reduced ascorbate crosses the membrane under

the influence of glucose transporters (GLUT1) and

regenerates in the cytosol due to the conjugated oxidation

of GSH/GSSG or NADPH/NADP+ with subsequent

transfer of oxidized ascorbate outside across the plas�

malemma by an unidentified transporter (possibly an

anionic channel). This mechanism seems possible for

rodents, because they are able to synthesize ascorbic acid,

which allows them to excrete it into the intestinal lumen

to provide the transport of iron [18].
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Conrad and coworkers postulated the possibility of

transport into enterocytes of nonheme trivalent iron

[63]. According to their concepts, in the acidic medium

of the stomach oxidized iron binds with low�molecular�

weight organic compounds (ascorbate, fructose, histi�

dine, etc.), which deliver it at neutral pH onto mucin�2

(MUC�2). The glycoprotein MUC�2 is the major com�

ponent of mucus of salivary glands, small intestine, and

colon. The trivalent iron complex with mucin prevents

production of poorly soluble salts and makes the metal

available for uptake in the alkaline medium of the duo�

denum [63]. Each molecule of mucin binds with several

iron atoms (Kd = 10–5). The complex of oxidized iron

with mucin interacts with the heterodimeric transmem�

brane protein ITGB3 (b3�integrin, CD 61, 230 kDa)

localized on the apical part of the enterocyte plas�

malemma, then iron is passed onto integrin, whereas

mucin�2 is released into the intestinal lumen. ITGB3

is a receptor for fibronectin, laminin, vitronectin,

matrix metalloproteinase 2, thrombospondin, and von

Willebrand factor. On the plasmalemma inner surface,

the cytosolic protein mobilferrin binds with the α�chain

of b3�integrin [64]. Mobilferrin is a cytosolic iron�bind�

ing monomeric glycoprotein (56 kDa, isoelectric point

4.7) of hepatocytes, enterocytes, and tissue macrophages

that interacts only with reduced iron. Mobilferrin is an

analog of calreticulin, and each molecule binds one

atom of reduced iron (Kd = 10–6), but with lower effi�

ciency it can bind other divalent cations (Ca2+, Cu2+,

Zn2+, Pb2+) [16, 65].

In the cytosol, the integrin–oxidized iron–mobilfer�

rin complex is adjoined with some other proteins that

results in formation of paraferritin (520 kDa). Paraferritin

is a multiprotein complex similar to ferritin in molecular

weight and hydrodynamic volume but not related to it.

Paraferritin consists of several glycoproteins: b3�integrin

(250 kDa), mobilferrin (56 kDa), NADPH�dependent

flavin(FAD)monooxygenase (FMO, 60 kDa), β�2�

microglobulin, and DMT1 [6, 57, 64�66]. Iron is reduced

by paraferritin, which has a ferrireductase activity due to

FMO regenerating its coenzyme (FAD) due to the conju�

gated reaction with NADPH/NADP+ [65]. Because b3�

integrin and FMO are associated with the plasmalemma,

paraferritin is also formed on the cytosolic surface of the

plasma membrane [16, 67, 68]. A similar mechanism of

trivalent iron transport exists in hepatocytes and

macrophages [15]. We could not find in the literature data

on the endocytosis�mediated uptake of trivalent iron

bound with b3�integrin.

It seems that all pathways of nonheme iron uptake in

the intestine function in parallel [22, 57].

In enterocytes, divalent iron is used either for syn�

thesis of iron�containing proteins or is transported across

the basolateral membrane into the intercellular space

(transient iron) [69, 70], or interacts with ferritin of these

cells (stored iron) [19, 71].

IRON TRANSPORT ACROSS THE BASOLATERAL

PART OF ENTEROCYTE PLASMALEMMA

Iron ions can be transported further across the baso�

lateral part of the plasmalemma only in the case of pas�

sage across the enterocyte cytosol. Divalent iron is trans�

ported in this way either in a complex with mobilferrin or

on association with other proteins: monothiolglutore�

doxins (thioltransferases using glutathione and NADPH

as coenzymes) and RNA�binding proteins: PCBP 1 and

2 (poly(rC)�binding proteins 1 and 2) [10, 14]. These

cytosolic proteins act as chaperones and underlie mech�

anisms of the intracellular transport of iron. Recent stud�

ies have shown that the divalent iron complex with glu�

tathione is a dominant intracellular compound of the

labile iron pool in the cell [72]. Free iron ions in the

cytosol are virtually absent [14, 73]. The labile iron pool

is no more than 5% of its total content in the cell, and

this pool is used by mitochondria for synthesis of heme

and iron–sulfur proteins and for synthesis of iron�con�

taining proteins of the cytosol [74]. The remaining iron

of the cell binds with ferritin, which limits its reactivity

[75].

Divalent iron is transported across the basolateral

membrane of enterocytes by the transmembrane glyco�

protein ferroportin (Ireg 1, MTP1), which interacts only

with divalent iron. Ferroportin is a membrane glycopro�

tein consisting of 571 amino acid residues and localized

on the basolateral surface of enterocytes [76]. This pro�

tein has also been detected in the plasmalemma of tissue

macrophages, adipocytes, symplastotrophoblasts, and

hepatocytes and is responsible for iron release from these

cells [77�81].

Ferroportin has been described on the membrane of

erythroblasts, which can increase its expression under

conditions of iron deficiency and seem to partially com�

pensate the deficiency of food iron for other cells [82].

Similarly to DMT1, ferroportin is responsible for the

transmembrane transfer of various divalent cations

besides iron [11].

Divalent iron passed across the basolateral mem�

brane of enterocytes is oxidized by hephaestin.

Hephaestin is a glycoprotein associated with the outer

surface of the basal part of the enterocyte plasmalemma

and is a homolog of the plasma protein ceruloplasmin

[15, 83�85]. Hepatocytes and macrophages use heph�

aestin and ceruloplasmin for oxidizing the exported iron

[55].

IRON OXIDATION AND TRANSPORT

IN BLOOD PLASMA

Ceruloplasmin (ferroxidase) is a copper�containing

enzyme of blood plasma α2�globulins. Ceruloplasmin

oxidizes divalent iron ions and is a transporter protein for
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copper ions. One ceruloplasmin molecule carries six to

eight copper atoms. This glycoprotein is synthesized

mainly by hepatocytes. Ceruloplasmin does not penetrate

across the blood–brain barrier and is synthesized in the

human brain by astrocytes [86] and in the eye retina by

cells of the inner nuclear layer [87]. Patients with heredi�

tary aceruloplasminemia have a low concentration of iron

in blood plasma and high content of iron in the liver, pan�

creas, brain, and kidneys [88].

In blood plasma, iron binds with the protein apo�

transferrin, which interacts only with trivalent iron. Upon

binding one or two atoms of oxidized iron, apotransferrin

is converted into mono� or diferric transferrin, respec�

tively. Transferrin transfers nearly all iron of blood plas�

ma, whereas a very small number of iron ions are trans�

ported as complexes with albumins and low�molecular�

weight organic compounds producing the pool of non�

transferrin�bound iron [6, 18].

PENETRATION OF IRON INTO CELLS

The transfer of trivalent iron into cells is regulated by

expression of type�1 and type�2 transferrin receptors. The

number of such receptors is maximal on the plasmalem�

ma of erythroid series cells and decreases with maturation

of these cells [6, 89]. These receptors are also present on

the basolateral part of the enterocyte plasmalemma,

where they are responsible for the regulation of iron

uptake from food. Thus, the entrance of iron into entero�

cytes from blood plasma decreases the uptake of food iron

[90]. The transferrin receptor binds two molecules of

diferric transferrin [11]. The receptors have an extracellu�

lar C�end, cytoplasmic N�end, and the transmembrane

domain that contains 62 a.a. and is covalently bound with

a residue of palmitic acid [91]. The association constant

of diferric transferrin with its receptors is 10–7�10–9,

which is 30 and 500 times higher than the constants of

monoferric transferrin and apotransferrin, respectively

[92]. There are no receptors for transferrin in the mem�

brane of erythrocytes [93].

The type�1 transferrin receptor (TfRI) is a trans�

membrane glycoprotein with molecular weight of

180 kDa consisting of two identical 90�kDa polypeptides

bound by disulfide bonds. The type�1 transferrin recep�

tors (CD 71) have high affinity for diferric transferrin and

are expressed on virtually all cells (erythroid cells, sym�

plastotrophoblasts, etc.) [84]. Blood serum contains a

soluble form of the type�1 transferrin receptor (sTfR,

95 kDa), which is produced by shedding of the receptor

membranous form during its hydrolysis and is its extra�

cellular fragment [10]. The concentration of the soluble

transferrin receptor in human blood plasma is

5.5 mg/liter [7].

The type�2 transferrin receptor (TfRIIα and TfRIIβ)

is present on enterocytes, hepatocytes, and erythroblasts

and regulates the expression of hepsidin through interac�

tion with transferrin and the protein of hereditary

hemochromatosis (HFE). The TfRII–HFE complex is

necessary for transcriptional regulation of hepsidin pro�

duction [10, 84, 94, 95].

Hepsidin, the major down�regulator of iron metabo�

lism in the human body, is a peptide consisting of 25 a.a.;

its secondary structure is characterized by a hairpin unit�

ed by two disulfide bonds. Hepsidin is produced from a

precursor (84 a.a.) mainly by hepatocytes and by

macrophages, adipocytes, and cardiomyocytes; it circu�

lates in the blood plasma, is filtrated by kidneys, and is

excreted with urine [44, 71, 96, 97]. Hepsidin interacts

with ferroportin of enterocytes, macrophages, symplas�

totrophoblasts, etc. and causes its internalization and

lysosomal degradation. The loss of ferroportin by the

plasmalemma of these cells results in a decrease in iron

release into blood plasma, its retention in these cells, and

decreases transferrin saturation [98, 99]. An increase in

the amount of iron in depots of the body leads to stimula�

tion of synthesis of hepsidin, which decreases the iron

uptake by enterocytes and reabsorption by nephrocytes

that lowers the iron concentration in blood plasma. On

the contrary, a decrease in iron concentration in the cel�

lular depots leads to suppression of hepsidin synthesis by

hepatocytes and to recovery of iron transport [44].

Glyceraldehyde�3�phosphate dehydrogenase (GAPDH)

found in the plasmalemma of macrophages functions as a

receptor of transferrin. The GAPDH–transferrin com�

plex is absorbed by endocytosis. Exhaustion of intracellu�

lar iron stores stimulates GAPDH expression on the plas�

malemma of macrophages [100].

Transferrin bound with trivalent iron interacts with

its receptors on erythroid, lymphoid, muscle, and nervous

cells and on hepatocytes and macrophages [10]. This

interaction initiates the interaction of clathrin pits and

clathrin vesicles. Proton pumps (H�ATPase) of early

endosomes acidify their contents [89, 101].

In the acidic medium (pH 5.4) of early endosomes,

iron is released from the complex [trivalent iron–trans�

ferrin–transferrin receptor] and after that [apotransfer�

rin–transferrin receptor] returns on the plasmalemma

inside the recycling vesicle [6, 51, 101, 102]. Each trans�

ferrin molecule can realize 100�200 cycles associated with

the transport of iron [10]. At neutral pH in the intercellu�

lar fluid, apotransferrin changes its conformation, sepa�

rates from the receptor, and becomes ready to participate

again in the transport of oxidized iron ions. Trivalent iron

in the cavity of late endosomes or lysosomes has to be

reduced for being transported into the cytosol by DMT1

(NRAMP2�Natural Resistance�Associated Macrophage

Protein 2). This function in the membrane of these

organelles is performed by the protein STEAP3 (Six�

Transmembrane Epithelial Antigen of the Prostate family

member 3), which is a metalloreductase [10, 50, 103�

106].
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Hepatocytes are able to absorb and accumulate iron

in ways other than the transferrin�dependent pathway.

Non�transferrin�bound iron begins to enter hepatocytes

when the iron concentration in blood plasma becomes

higher than the ability of transferrin to bind it. This trans�

port does not depend on DMT1; protein candidates

transporting non�transferrin bound iron are L�type calci�

um channels and transporters of other metal ions, e.g. the

zinc transporter ZIP14 (Zrt�Irt�like Protein 14) [107�

110]. Potential�dependent L�type calcium channels

deliver reduced iron into cardiomyocytes on an increase

in the concentration of non�transferrin�bound iron in

blood plasma [93, 101, 111].

The iron uptake results in formation in the cytosol of

the labile iron pool, which either is spent to synthesize

iron�containing proteins or is stored in ferritin. The labile

iron pool consists of highly reactive bi� and trivalent iron

ions bound with low�molecular�weight chelators (citrate,

organic phosphates, ATP, ascorbic acid, amino acids,

etc.) or proteins (e.g. poly(rC)�binding protein 1). This

protein transfers the iron delivered to ferritin [14]. It

should be noted that some authors describe also the

nuclear and mitochondrial pools of labile iron [112].

After the uptake (in non�erythroid cells), 70�80% of

labile iron ions are directed to ferritin [18].

MACROPHAGE�MEDIATED RECIRCULATION

OF HEMOGLOBIN IRON IN HUMANS

It has been mentioned that ∼70% of iron in the body

is a component of hemoglobin localized in erythrocytes.

For erythropoiesis, production of 20·106 new erythrocytes,

a human body needs daily ∼25 mg of iron [113]. Only 1�

2 mg of iron, or 4�8% of the daily necessity, a human

receives with food, whereas the remaining part is covered

due to recirculation of iron released during erythrophago�

cytosis. Iron for hemopoiesis is delivered mainly due to

degradation of hemoglobin of old and damaged erythro�

cytes. The main role in the utilization of erythrocytes

belongs to macrophages of the liver and of the spleen red

pulp [6, 113, 114]. Erythrocytes taken up during ery�

throphagocytosis are degraded with intravesicular release

of hemoglobin. Proteolysis of hemoglobin by lysosomal

enzymes results in release of heme, which under the influ�

ence of the membrane enzyme heme oxygenase 1 is divid�

ed into divalent iron and protoporphyrin IX. Similarly to

iron released because of autophagosomal destruction of

ferritin, upon entrance into the lysosome cavity iron is

delivered into the cytosol by the transmembrane carrier

NRAMP1. NRAMP1 is homologous to DMT1 and is

exclusively expressed in macrophages and neutrophilic

granulocytes [115, 116]. In the cytosol of phagocytes, this

iron can either be stored by apoferritin or be exported into

blood plasma under the influence of ferroportin, bind with

apotransferrin, and thus be delivered to erythropoietic

cells of the red bone marrow. If the stored iron of

macrophages is required, iron released from ferritin also

enters the blood plasma, binds with apotransferrin, and is

delivered into the red bone marrow [51, 117�119].

IRON METABOLISM IN MITOCHONDRIA

Mitochondria play an important role in iron metab�

olism because they provide the synthesis of heme, which

is an important structural component of many vitally

important proteins. Heme biosynthesis begins under the

influence of 5�aminolevulinate synthase (EC 2.3.1.37)

and terminates under the influence of ferrochelatase (EC

4.99.1.1) in the mitochondrial matrix, whereas the inter�

mediate stages of this metabolic pathway occur in the

cytosol [113, 120�123]. Iron easily penetrates from the

cytosol into the intermembrane space through pores of

the outer mitochondrial membrane in complexes with

low�molecular�weight or protein chelators and due to

combining of the iron�containing endosome membrane

with the outer membrane of mitochondria (the “kiss�

and�run” mechanism). The latter mechanism is widely

distributed in hemoglobin�synthesizing cells of red bone

marrow (e.g. in reticulocytes) [124].

Divalent iron is transported across the inner mito�

chondrial membrane under the influence of the integral

glycoprotein mitoferrin. In the case of genetic deficiency

of mitoferrin, the absorbed iron does not penetrate from

the cytosol into mitochondria, which prevents production

of protoporphyrin IX [6, 18, 125, 126]. Mitoferrin binds

with Abcb10 (ATP�binding cassette transporter 10), an

ATP�binding transporter, which is intensively expressed

in mitochondria of erythroid cells and is an integral gly�

coprotein of the inner mitochondrial membrane. The

interaction of mitoferrin with Abcb10 increases its stabil�

ity and the efficiency of the iron transport because it

interacts with ferrochelatase [123, 127, 128].

In the inner mitochondrial membrane of yeast cells,

the iron transporter Mrs3/4p has been identified, and its

homolog has been described in humans [129].

The transport of reduced iron into the cytosol across

the inner mitochondrial membrane is also mediated by a

hydrophilic protein of the matrix, frataxin (210 a.a.),

which is encoded by the gene associated with Friedreich’s

ataxia. A GAA repeat in the first intron of the frataxin

gene leads to low and sometimes undetectable level of this

protein in nearly all patients with Friedreich’s ataxia

[130]. The deletion of a frataxin homolog (yfh1p) in yeasts

results in disorders of iron metabolism in the mitochon�

dria and is accompanied by its excessive accumulation in

the matrix and intensification of free radical oxidation

[131, 132]. It seems that Friedreich’s ataxia in humans is

also underlain by disorders in the iron metabolism in

mitochondria. Frataxin is incapable of binding iron [133].

Its role in the iron metabolism is not quite clear, but it is
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known to interact with ABC7 (ATP�binding cassette

transporter 7). ABC7 is a protein of the inner mitochon�

drial membrane that is responsible for the divalent iron

export from the matrix and for its regulation. Defects of

the frataxin gene lead to sideroblastic anemia combined

with Friedreich’s ataxia [6, 134�136].

Iron is accumulated in the mitochondrial matrix

binding with mitochondrial ferritin or is used by fer�

rochelatase, which associates divalent iron with protopor�

phyrin IX [18]. Mitochondrial ferritin is homologous to

the H�subunit of cytosolic ferritin, is encoded in the

nucleus, and has on the N�end a sequence with 60 a.a.

that allows it to penetrate into mitochondria, where it

forms a homopolymer in the matrix [137, 138]. The high�

est expression of mitochondrial ferritin is observed in the

sex cells of testes, whereas it is absent in liver and spleen

macrophages. Similarly to the H�subunit of cytosolic fer�

ritin, mitochondrial ferritin has ferroxidase activity and

stores trivalent iron [137]. Because mitochondria contain

large amounts of iron�containing proteins, free iron, and

free radicals, mitochondrial ferritin plays a protective role

[123, 127].

Heme is transported from mitochondria into the

cytosol under the influence of protein FLVCR (Feline

Leukemia Virus subgroup C Receptor�related protein)

[139].

Heme iron is transferred across the inner mitochon�

drial membrane by an unknown transporter [140]. The

protein ABC6 (ATP�binding cassette transporter 6) of the

outer mitochondrial membrane is responsible for transfer

of heme iron from the intermembrane space into the

cytosol [141, 142].

IRON TRANSPORT

ACROSS THE BLOOD–BRAIN BARRIER

In the brain, capillary endothelium type�1 transfer�

rin receptors are expressed, which provide uptake of

diferric transferrin and release of iron ions into the

cytosol. On the adlumenal surface of endotheliocytes,

ions of reduced iron are exported from the cytosol into

the extracellular space under the influence of ferroportin.

Astrocytes and neurons take up this iron under the influ�

ence of DMT1 [143, 144]. Under physiological condi�

tions, the pH of the intercellular fluid in brain parenchy�

ma is 7.2, whereas inside astrocytes the pH is ∼7.4. This

feature determines the entrance of iron into astrocytes,

because DMT1 is a symporter of protons and needs them

for transporting iron [145�147]. Moreover, neurons are

shown to take up trivalent iron complexed with transfer�

rin. Oxidized iron of the intercellular fluid binds with

transferrin, which is produced by oligodendrogliocytes,

and then this complex interacts with type�1 transferrin

receptors on the plasmalemma of neurons, initiating

endocytosis [148].

INTRACELLULAR IRON

Hepatocytes and mononuclear phagocytes contain

the greatest amount of intracellular iron [149].

Intracellular iron compounds with different functions

and characteristic activities and biological roles can be

subdivided into four groups [15, 18]. The first group con�

sists of hemoproteins, i.e. proteins containing heme as a

prosthetic group: hemoglobin, myoglobin, neuroglobin,

cytoglobin, cytochromes, cyclooxygenase, NO�synthase,

cytochrome c�oxidase, catalase, guanylate cyclase, and

some peroxidases such as thyroperoxidase, myeloperoxi�

dase, lactoperoxidase, and eosinophilic peroxidase. The

second group includes nonheme iron�containing

enzymes: flavoproteins with iron–sulfur centers, such as

succinate dehydrogenase, NADH�dehydrogenase, xan�

thine oxidase, aconitase, and ferrochelatase; or enzymes

with iron as a cofactor: lipoxygenase, ribonucleotide

reductase, superoxide dismutase, and tyrosine, trypto�

phan, and phenylalanine hydroxylases, as well as prolyl

hydroxylase [10]. The third group comprises the iron�

binding cytosolic proteins ferritin and hemosiderin,

which are responsible for accumulation of trivalent iron

ions and prevention of their toxic action in cells [71].

High levels of plasma iron stimulate the synthesis of fer�

ritin in cells, in particular in hepatocytes. It is known that

hepatocytes and stellate macrophages are involved in cre�

ation of the stored pool of iron in the body, and the largest

part of this iron (∼1/3 of the body iron) is found in the

liver in hepatocytes as the ferritin component. Stores of

ferritin iron can be mobilized for the body’s needs.

Overloading hepatocytes with iron is hepatotoxic and

causes damage to these cells that is accompanied by

inflammation [71]. Inflammation in the liver and necro�

sis of hepatocytes cause an increase in ferritin concentra�

tion in the blood plasma [17, 149].

There are data indicating that serum ferritin (isofer�

ritin) is a product of hepatocyte secretion and not a result

of their degradation. Serum ferritin contains a small

amount of iron and is likely to bind free iron of blood

plasma. It seems also that serum ferritin provides some

cells with iron – the presence of ferritin receptors on neu�

rons, lymphocytes, and other cells has been described

[10, 150, 151]. Serum ferritin can reflect tissue stores of

iron. Thus, the ferritin concentration 1 μg/liter corre�

sponds to 8�10 mg iron bound with ferritin in the tissues

[152]. The ferritin concentration in blood serum in men

is higher than in women (81�600 and 23�350 pM, respec�

tively) [153].

Ferritin is a multimeric water�soluble glycoprotein

complex consisting of 24 subunits (apoferritin): heavy or

heart subunits (H) with weight of 21 kDa and light or liver

subunits (L) with weight of 19 kDa and of different num�

ber of trivalent iron atoms. The ratio of H and L pro�

tomers in apoferritin determines its tissue isoforms. The

subunits form a spherical ensemble with external diame�



556 MILTO et al.

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  6   2016

ter of 12 nm and internal cavity with 8�nm diameter. The

envelope of this ensemble has six channels 0.3�0.4�nm in

diameter, and iron is delivered and released through these

channels. The molecular weight of apoferritin is 450 kDa

[7, 120, 154�157]. The heavy chains of apoferritin have a

ferroxidase center and oxidize divalent iron, and after�

wards the light chains complex trivalent iron. One ferritin

complex can bind up to 4500 atoms of oxidized iron, but

usually their number is no more than 3000 atoms [10].

Iron is deposited in the ferritin cavity in salts – hydroxy�

phosphates – and does not interact with the protein moi�

ety of ferritin [158].

Ferritin performs a double role: first, it stores iron for

the body’s needs, and second, it protects the cell against

free radical reactions with participation of free iron [10,

159]. Ferritin is mainly localized in the cytosol, but it has

also been found in the nuclear matrix [160, 161]. It seems

that in the nuclear matrix ferritin provides enzymes

and/or transcriptional factors with iron or binds free iron

to prevent DNA damage by free radicals [162, 163].

Mitochondrial ferritin has also been described, which

provides for the biosynthesis of heme�containing and

iron–sulfur mitochondrial proteins and protects mito�

chondria against the action of free iron [164].

Iron is mobilized from ferritin due to its proteolytic

degradation. Hemosiderin is a product of incomplete

intralysosomal degradation of ferritin [101, 165�167].

The conversion of ferritin into hemosiderin begins

from the oversaturation of the ferritin molecules with iron

ions (on excess of intracellular iron, it interacts with the

protein moiety of ferritin). Then an autophagosome is

produced, and ferritin overloaded with iron ions under�

goes lysosomal degradation. Hemosiderin is a water�

insoluble iron�binding protein that stores a significantly

greater number of iron ions than ferritin does (more than

4500 atoms per hemosiderin complex). The iron content

in hemosiderin can reach 40% of the weight of the com�

plex. As discriminated from ferritin, hemosiderin under

physiological conditions is not a donor of iron ions for its

pool in the body but plays only a protective role [10, 168,

169]. Hemosiderin contains iron but is unable to release it

[170]. About 5% of the stored pool of iron in the human

body is in hemosiderin, which is mainly localized in the

liver stellate macrophages [6]. The fourth group includes

low�molecular�weight inorganic and nonprotein organic

iron compounds consisting of complexes with citrate,

ATP, cysteine, etc. [19, 171]. Nitric oxide (II) and carbon

monoxide (II) generated under the influence of NO�syn�

thase and heme oxygenase, respectively, have high affini�

ties for reduced iron. Iron complexes with NO and CO

influence the expression of iron regulatory proteins

(IRP), which control the synthesis of ferritin, transferrin

receptors, and iron transporters (ferroportin and the diva�

lent metal transporter). Carbon monoxide produced in

macrophages due to degradation of hemoglobin under the

influence of heme oxygenase binds reduced iron, acting

as an antioxidant. Divalent iron preparations are well

known as antidotes to intoxication by carbon monoxide

[172].

EXTRACELLULAR IRON

Iron is necessary not only for various metabolic

processes, but it is also an important participant of free

radical oxidation of biomolecules inside and outside the

cell [18]. Free reduced iron initiates the formation of

reactive oxygen species and triggers peroxidase�type

damage in cells [158]. Free iron has high toxicity because

as a metal with variable valence it is able to trigger free

radical chain reactions leading to generation of reactive

oxygen species, which can damage organelles, mem�

branes, the genetic material, as well as biomolecules (pro�

teins, nucleic acids, lipids) and cause oxidative stress [3,

6, 71].

In biological fluids of the human body, iron is main�

ly in the bound state as iron–protein complexes. Iron

concentration in blood plasma widely varies from 9 to

32 μM (18 μM, on average) with rather large daily fluctu�

ations [152]. Extracellular iron�binding proteins in

humans include transferrin, lactoferrin, and siderocalin

[6].

Transferrin (siderophillin) is a plasma single�chain

glycoprotein with molecular weight of 75�80 kDa synthe�

sized by hepatocytes (apotransferrin). Transferrin con�

tains two domains, each of which is able to bind an atom

of trivalent iron [120, 154]. Small amounts of transferrin

are synthesized by circulating lymphocytes,

macrophages, Sertoli cells, etc. [91, 173]. Carbohydrate

residues with sialic acid in the end constitute ∼6% of

transferrin. Apotransferrin binds trivalent iron through

oxygen atoms of the phenol rings of two tyrosine residues

and through the imidazole nitrogen of a histidine residue

and through the oxygen of the γ�carboxylic group of an

asparagine acid residue [174]. These ligands occupy four

of six coordination bonds of the iron atom and form an

octahedron, whereas the remaining two bonds bind bicar�

bonate ions [119]. One molecule of apotransferrin binds

two iron atoms as bicarbonate, and 1 g of transferrin cor�

responds to ∼1.14�1.25 mg iron of blood plasma [6, 7,

10]. Transferrin is the major carrier protein of blood plas�

ma that provides the internalization of iron into cells and

prevents body tissues against its toxic action. Transferrin

provides the solubility of trivalent iron ions in blood plas�

ma and is responsible for the controlled and targeted

delivery of iron into cells [154, 175]. The half�life of

transferrin is from 8 to 12 days [7].

Under physiological conditions the transferrin con�

centration in human blood plasma is relatively constant at

2�4 g/liter (50 μM), with 10% as diferric transferrin.

Normally, transferrin has 20�30% saturation with iron,

whereas in rodents the transferrin saturation is 60�80%
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[15, 71, 92, 176]. Only one third of the ability of transfer�

rin for binding iron is used in human; therefore, in the

blood flow it is present in the state of apo�, mono�, or

diferric transferrin [21]. In humans, the saturation of

transferrin with iron in vivo is characterized by the free

iron�binding ability of blood plasma. The free (unsaturat�

ed) iron�binding ability of blood plasma is determined as

the amount of iron that can be additionally bound by

transferrin. The free iron�binding ability of blood plasma

together with iron bound by transferrin in situ (plasma

iron) is called the total iron�binding ability of blood plas�

ma [177]. The total iron�binding ability of human blood

plasma varies from 44.7 to 71.6 μM (56 μM on average),

and the free iron�binding ability, or the storage capacity

of transferrin, is 28.8�50.4 μM [119, 153].

Due to the high affinity of transferrin for oxidized

iron, virtually all iron of blood serum/plasma is bound

with transferrin, i.e. is inactive in redox reactions. The

binding constant of iron with transferrin is 1024 (Kd =

10–23); therefore, in blood plasma there is less than one

free ion of trivalent iron per liter [3, 119].

All iron not bound with transferrin is called non�

transferrin�bound iron (NTBI – Non�Tf�Bound Iron). It

is iron bound with low�molecular�weight chelators such

as citrate and ATP and proteins of blood plasma (serum

ferritin, albumin) or of intercellular fluid. Albumin has a

weak affinity for iron ions and begins to bind with them at

iron concentration above 0.5 mM [178, 179]. This situa�

tion is observed in diseases and states associated with

excess entrance and accumulation of iron (e.g.

hemochromatosis, hypotransferrinemia, hemolytic ane�

mia). At transferrin saturation above 60% in the blood of

a healthy person, iron can be detected unbound with

transferrin [21, 180, 181]. Normally, the concentration of

non�transferrin�bound iron is <1 μM, but it can increase

to 10�20 μM upon an increase in the entrance of iron.

Many cells, including hepatocytes, erythroid cells, and

erythrocytes, are able to take up non�transferrin�bound

iron [182�184].

A direct correlation has been established between

transferrin saturation, the level of non�transferrin�bound

iron, and the entrance of iron into tissues [181]. Non�

transferrin�bound iron is captured by liver cells by a pos�

itive feedback mechanism, and this can lead to damage of

hepatocytes and stellate macrophages [94].

Bone marrow, liver, and small intestine are the main

tissue and organs of iron metabolism, and each has a sys�

tem of tissue receptors specific for transferrin.

Reticulocytes of the bone marrow, similarly to cells of the

intestinal mucosa, have increased ability to capture iron

from saturated (diferric) forms of transferrin. The main

sources of plasma iron are mononuclear phagocytes of

the internal organs (liver, spleen, red bone marrow) where

hemoglobin is subjected to degradation. A small amount

of iron enters blood plasma from the stores and on uptake

from food in the gastrointestinal tract [6, 71].

The iron�binding protein apolactoferrin has been

found in various biological fluids – milk, tears, bile, sali�

va, synovial fluid, gastric and pancreatic juice, the small

intestine secrete, and bronchial mucosa [15, 185, 186].

Moreover, apolactoferrin is present in the secondary (spe�

cific) granules of neutrophils produced in myeloid series

cells beginning from the promyelocyte stage. There are

insignificant amounts of apolactoferrin in blood plasma

released into it from neutrophils. Similarly to apotrans�

ferrin, apolactoferrin binds two atoms of trivalent iron.

Lactoferrin consists of one polypeptide chain of 80 kDa,

and under physiological conditions, it is 20% saturated

with iron. Iron�free lactoferrin, apolactoferrin, has bacte�

riostatic features, which disappear upon its saturation

with iron [7]. The iron–apolactoferrin complex pene�

trates into the cell by endocytosis mediated through

receptors to lactoferrin. Receptors to lactoferrin respon�

sible for lactoferrin uptake from the intestine have been

described on erythrocytes of fetuses and newborns [187,

188].

Siderocalin (lipocalin 2, NGAL�Neutrophil

Gelatinase�Associated Lipocalin) is a protein of the acute

phase that limits the concentration of free iron in inter�

cellular fluid [189]. Siderocalin, which was initially iden�

tified as a component of specific granules of neutrophils,

is a 25�kDa glycoprotein bound with gelatinase of neu�

trophilic granulocytes [190]. Siderocalin is synthesized by

immune cells, hepatocytes, adipocytes, glandular cells of

the prostate, cells of kidney tubules, etc. Siderocalin

exists as a monomer, homodimer, and heterodimer; it

binds bacterial siderophores, limits iron consumption by

bacteria, and regulates its consumption by body cells. A

siderocalin receptor, megalin, has been identified as a

member of the family of low�density lipoprotein recep�

tors [191].

EXCRETION OF IRON FROM THE HUMAN BODY

Iron losses of an adult human are about 1 mg/day

and are determined by exfoliation of epitheliocytes, slight

loss of blood (about 1 ml/day), and also by releasing iron

ions with sweat, urine, and feces [15, 44, 101]. The losses

of iron mainly occur through the GIT – due to desqua�

mation of epithelial cells of the intestine and with bile.

About 250 g of exfoliated epitheliocytes of the small intes�

tine mucosa are delivered into the intestinal lumen during

a day. About 10% of the enterocyte mass consists of pro�

teins that are degraded during digestion, and most of their

degradation products are reabsorbed [192]. Iron is also

lost at the desquamation of epithelial cells of the skin,

sweating, and to the lesser degree with urine and during

menstruation and labor in women of childbearing age. In

mammals, there is a system of iron recirculation; there�

fore, the daily need for exogenous iron is, on average, 1.5�

2 mg. In the absence of hemorrhages and hemoglobin�
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uria, maximal daily iron losses are no more than 4 mg [19,

193, 194].

There are no mechanisms of iron excretion, it is

eliminated passively [185, 195, 196]. However, it is known

that the daily loss of iron can decrease to 0.5 mg/day in

patients with iron deficiency anemia and increase in

states associated with an excess entrance and accumula�

tion of iron [152]. On excess entrance of iron, enterocytes

can accumulate it and exfoliate into the intestinal lumen,

executing a protective function [5].

Being released on degradation of erythrocytes, iron

is reutilized, and this process is accompanied by a partial

release of 5�25 mg iron with bile into the small intestine

and then by its reabsorption with involvement of entero�

cytes into the blood and re�inclusion into the total pool of

body iron [22, 44, 185, 186]. An adult man loses 1 mg iron

per day, whereas a childbearing age woman loses 1.5 mg.

During menstruation, pregnancy, and breastfeeding, iron

losses increase to 2 mg per day [10]. To cover the natural

losses, the consumption of elementary iron has to be

1 mg/day for men and 1.4 mg/day for women during

menstruation. To compensate the losses, it is necessary to

assimilate 1�2 mg exogenous iron per day, which approx�

imately corresponds to 8�10 mg iron in food per day

[197].

Iron metabolism is a complex multi�stage process

with involvement of cellular (membrane and cytosolic)

and extracellular (plasma) proteins and low�molecular�

weight organic compounds (ascorbate, etc.), which pro�

mote its penetration into the cells, oxidation/reduction,

storage, and export. The indispensability of iron for all

organisms is determined by its importance for cell life,

and its complex metabolism explains difficulties of cor�

recting clinical disorders associated with its deficiency or

excess. During recent years, significant progress has been

achieved in the understanding of iron metabolism in

humans and details of its uptake, transport, and accumu�

lation.

On one hand, iron is an indispensable microelement,

but on the other hand, it is a metal with high toxicity

because it is able to catalyze the formation of free radi�

cals. Differently directed biological effects of iron deter�

mine the multi�stage and complex character of its metab�

olism in the body.

Although the prevalence of iron in the Earth’s crust

is the fourth among the chemical elements, pathological

conditions associated with its insufficient entrance into

the body because of its low bioavailability and the com�

plex assimilation mechanism characterize common

nutritional disorders (∼2 billion people suffer from iron�

deficiency anemia) [7, 10, 51] leading to negative sys�

temic effects. Considering the iron role in the normal

vital activity of the human organism, it is obvious that dis�

orders in its intra� and extracellular metabolism can

underlie various diseases, many of which are now difficult

to treat. Thus, disorders in iron metabolism in nervous

tissue are associated with pathogenesis of such diseases as

Parkinsonism, Alzheimer’s disease, and Friedreich’s

ataxia. Excess accumulation of iron in the human body,

exceeding 20 g in different variants of hemochromatosis,

is accompanied by development of myocardiopathies,

arthropathies, hypogonadism, diabetes mellitus, decrease

in resistance to infections, and acceleration of aging [198�

200]. It should be noted that for effective treatment of dis�

eases associated with iron deficiency or excess, it is nec�

essary to understand in detail mechanisms of its transfor�

mation in the body and to study further molecular bases

of the metabolism of this microelement.

REFERENCES

1. Lauffer, R. B. (1992) Iron and Human Disease, CRC Press,

London�Tokyo.

2. Goswami, T., Rolfs, A., and Hediger, M. A. (2002) Iron

transport: emerging roles in health and disease, Biochem.

Cell. Biol., 80, 679�689.

3. Shafran, L. M., Pykhteeva, E. G., and Shitko, E. S. (2012)

System of iron transport in the cells: physiology and toxi�

cology of absorption from food by intestinal enterocytes,

Sovrem. Probl. Toksikol., 2, 5�16.

4. Grogan, G. (2010) Cytochromes P450: exploiting diversity

and enabling application as biocatalysts, Curr. Opin. Chem.

Biol., 15, 1�8.

5. Wood, R. J., and Han, O. (1998) Recently identified

molecular aspects of intestinal iron absorption, J. Nutr., 66,

1841�1844.

6. Edison, E. S., Bajel, A., and Chandy, M. (2008) Iron

homeostasis: new players, newer insights, Eur. J. Haematol.,

81, 411�424.

7. Ermolenko, V. M., and Filatova, N. N. (2004) Physiology

of iron metabolism, Anemia, 1, 3�10.

8. Jomova, K., Vondrakova, D., Lawson, M., and Valko, M.

(2010) Metals, oxidative stress and neurodegenerative dis�

orders, Mol. Cell. Biochem., 345, 91�104.

9. Valko, M., Leibfritz, D., Moncol, J., Cronin, M. T.,

Mazur, M., and Telser, J. (2007) Free radicals and antioxi�

dants in normal physiological functions and human dis�

ease, Int. J. Biochem. Cell. Biol., 39, 44�84.

10. Tandara, L., and Salamunic, I. (2012) Iron metabolism:

current facts and future directions, Biochem. Med., 22, 311�

328.

11. Aisen, P., Enns, C., and Wessling�Resnick, M. (2001)

Chemistry and biology of eukaryotic iron metabolism, Int.

J. Biochem. Cell. Biol., 33, 940�959.

12. Watt, R. K. (2010) Oxido�reduction is not the only mecha�

nism allowing ions traverse the ferritin protein shell,

Biochim. Biophys. Acta, 1800, 745�759.

13. Huang, X., O’Brien, P. J., and Templeton, D. M. (2006)

Mitochondrial involvement in genetically determined tran�

sition metal toxicity: I. Iron toxicity, Chem. Biol. Interact.,

163, 68�76.

14. Shi, H., Bencze, K. Z., Stemmler, T. L., and Philpott, C. C.

(2008) A cytosolic iron chaperone that delivers iron to fer�

ritin, Science, 320, 1207�1210.



IRON METABOLISM IN HUMANS 559

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  6   2016

15. Lubyanova, I. P. (2010) Modern concepts on the iron

metabolism from the standpoint of an occupational pathol�

ogist, Aktual. Probl. Transport. Med., 2, 47�57.

16. Conrad, M. E., and Umbreit, J. N. (1993) Iron absorption:

the mucin�mobilferrin�integrin pathway for metal absorp�

tion, Am. J. Hemat., 42, 67�73.

17. Lapin, A. (2002) Soluble receptor of transferrin, Lab. Med.,

5, 9�12.

18. Lawen, A., and Lane, D. J. R. (2013) Mammalian iron

homeostasis in health and disease: uptake, storage, trans�

port and molecular mechanisms of action, Antioxid. Redox

Signal., 18, 2473�2507.

19. Kazyukova, T. V., Levina, A. A., Tsvetaeva, N. V.,

Mamukova, Yu. I., and Tsybulskaya, M. M. (2006)

Regulation of iron metabolism, Pediatriya, 6, 94�99.

20. Ablaev, H. P. (2012) Hepsidin: where is it from and what for

is it needed? Lab. Med., 1, 45�49.

21. Crichton, R., Danielson, B., and Geisser P. (2008) Iron

Therapy with Special Emphasis on Intravenous

Administration, 4th Edn., International Medical Publishers,

London�Boston.

22. Conrad, M., and Umbreit, J. (2002) Pathways of iron

absorption, Blood Cells Mol. Dis., 29, 336�355.

23. Theil, E. C., and Goss, D. J. (2009) Living with iron (and

oxygen): questions and answers about iron homeostasis,

Chem. Rev., 109, 4568�4579.

24. Theil, E. C. (2003) Ferritin: at the crossroads of iron and

oxygen metabolism, J. Nutr., 133, 1549S�1553S.

25. Zhang, A., and Caroline, A. (2009) Iron homeostasis:

recently identified proteins provide insight into novel con�

trol mechanisms, J. Biol. Chem., 284, 711�715.

26. Vatutin, N. T., Kalinkina, N. V., Smirnova, A. S.,

Kashanskaya, O. K., and Milner, I. A. (2012) Iron role in

human body, Vestnik Kharkov. Nats. Univer., 24, 74�80.

27. Huch, R., and Schaefer, R. (2006) Iron Deficiency and Iron

Deficiency Anaemia, Thieme Medical Publishers, New

York.

28. Conrad, M. E., Cortell, S., Williams, H. C., and Foy, A. L.

(1966) Polymerization and intraluminal factors in the

absorption of hemoglobin–iron, J. Lab. Clin. Med., 68,

659�668.

29. Conrad, M. E., Benjamin, B. I., William, H. L., and Foy, A.

L. (1967) Human absorption of hemoglobin, Gastroenterology,

53, 5�10.

30. Munoz, M., Garcia�Erce, J. A., and Remacha, A. F. (2011)

Disorders of iron metabolism. Part 1: Molecular basis of

iron homeostasis, J. Clin. Pathol., 64, 281�286.

31. Shayeghi, M., Latunde�Dada, G. O., Oakhill, J. S., Laftah,

A. H., Takeuchi, K., Halliday, N., Khan, Y., Warley, A.,

McCann, F. E., Hider, R. C., Frazer, D. M., Anderson, G.

J., Vulpe, C. D., Simpson, R. J., and McKie, A. T. (2005)

Identification of an intestinal heme transporter, Cell, 122,

789�801.

32. Wyllie, J. C., and Kaufman, N. (1982) An electron micro�

scopic study of heme uptake by rat duodenum, Lab. Invest.,

47, 471�476.

33. Parmley, R. T., Barton, J. C., and Conrad, M. E. (1984)

Ultrastructural cytochemistry and radioautography of hemo�

globin–iron absorption, Exp. Mol. Pathol., 34, 131�144.

34. Ryter, S. W., Alam, J., and Choi, A. M. K. (2006) Heme

oxygenase�1/carbon monoxide: from basic science to ther�

apeutic application, Physiol. Rev., 86, 583�650.

35. Hou, S., Reynolds, M. F., Horrigan, F. T., Heinemann, S.

H., and Hoshi, T. (2006) Reversible binding of heme to

proteins in cellular signal transduction, Acc. Chem. Res., 39,

918�924.

36. Dang, T. N., Bishop, G. M., Dringen, R., and Robinson, S.

R. (2010) The putative heme transporter HCP1 is expressed

in cultured astrocytes and contributes to the uptake of

hemin, Glia, 58, 55�65.

37. Takahashi, N., Takahashi, Y., and Putnam, F. W. (1985)

Complete amino acid sequence of human hemopexin, the

heme�binding protein of serum, Proc. Natl. Acad. Sci. USA,

82, 73�77.

38. Tolosano, E., and Altruda, F. (2002) Hemopexin: structure,

function, and regulation, DNA Cell Biol., 21, 297�306.

39. Hrkal, Z., Vodrazka, Z., and Kalousek, I. (1974) Transfer

of heme from ferrihemoglobin and ferrihemoglobin isolat�

ed chains to hemopexin, Eur. J. Biochem., 43, 73�78.

40. Smith, A., and Hunt, R. C. (1990) Hemopexin joins trans�

ferrin as representative members of a distinct class of recep�

tor�mediated endocytic transport systems, Eur. J. Cell Biol.,

53, 234�245.

41. Gutteridge, J. M., and Smith, A. (1988) Antioxidant pro�

tection by hemopexin of heme�stimulated lipid peroxida�

tion, Biochem. J., 256, 861�865.

42. Vinchi, F., Gastaldi, S., Silengo, L., Altruda, F., and

Tolosano, E. (2008) Hemopexin prevents endothelial dam�

age and liver congestion in a mouse model of heme over�

load, Am. J. Pathol., 173, 289�299.

43. Kristiansen, M., Graversen, J. H., Jacobsen, C., Sonne,

O., Hoffman, H. J., Law, S. K., and Moestrup, S. K. (2001)

Identification of the hemoglobin scavenger receptor,

Nature, 409, 198�201.

44. Tarasova, N. E., and Teplyakova, E. D. (2012)

Ferrokinetics and mechanisms of their regulation in human

body, J. Fundament. Med. Biol., 1, 10�16.

45. Umbreit, J. N., Conrad, M. E., Moore, E. G., and Latour, L.

F. (1998) Iron absorption and cellular transport: the mobilfer�

rin/paraferritin paradigm, Semin. Hematol., 35, 13�26.

46. Bourdon, E., Kang, D. K., Ghosh, M. C., Drake, S. K.,

Wey, J., Levine, R. L., and Rouault, T. A. (2003) The role

of endogenous heme synthesis and degradation domain

cysteines in cellular iron�dependent degradation of IRP,

Blood Cells Mol. Dis., 31, 247�255.

47. Han, O. (2011) Molecular mechanism of intestinal iron

absorption, Metallomics, 3, 103�109.

48. Reidel, H. D., Remus, A. J., Fitscher, B. A., and Stremmel,

W. (1995) Characterization and partial purification of a fer�

rireductase from human duodenal microvillus membranes,

Biochem. J., 309, 745�748.

49. Latunde�Dada, G. O., Xiang, L., Simpson, R. J., and

McKie, A. T. (2011) Duodenal cytochrome b (Cybrd 1) and

HIF�2 expression during acute hypoxic exposure in mice,

Eur. J. Nutr., 50, 699�704.

50. Isobe, T., Baba, E., Arita, S., Komoda, M., Tamura, S.,

Shirakawa, T., Ariyama, H., Takaishi, S., Kusaba, H.,

Ueki, T., and Akashi, K. (2011) Human STEAP3 maintains

tumor growth under hypoferric condition, Exp. Cell Res.,

317, 2582�2591.

51. Wallander, M. L., Leibold, E. A., and Eisenstein, R. S.

(2006) Molecular control of vertebrate iron homeostasis by

iron regulatory proteins, Biochim. Biophys. Acta, 1763, 668�

689.



560 MILTO et al.

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  6   2016

52. Atanasova, B., Li, A. C., Bjarnason, I., Tzatchev, K. N., and

Simpson, R. J. (2005) Duodenal ascorbate and ferric reduc�

tase in human iron deficiency, Am. J. Clin. Nutr., 81, 130�133.

53. Iolascon, A., and De Falco, L. (2009) Mutations in the

gene encoding DMT1: clinical presentation and treatment,

Semin. Hematol., 46, 358�370.

54. Kato, J., Kobune, M., Ohkubo, S., Fujikawa, K., Tanaka,

M., Takimoto, R., Takada, K., Takahari, D., Kawano, Y.,

Kohgo, Y., and Niitsu, Y. (2007) Iron/IRP1�dependent

regulation of mRNA expression for transferrin receptor,

DMT1 and ferritin during human erythroid differentiation,

Exp. Hematol., 35, 879�887.

55. Abouhamed, M., Gburek, J., Liu, W., Torchalski, B.,

Wilhelm, A., Wolff, N. A., Christensen, E. I., Thevenod, F.,

and Smith, C. P. (2006) Divalent metal transporter 1 in the

kidney proximal tubule is expressed in late

endosomes/lysosomal membranes: implications for renal

handling of protein–metal complexes, Am. J. Physiol.

Renal Physiol., 290, F1525�F1533.

56. Munoz, M., Villar, I., and Garcia�Erce, J. A. (2009) An

update on iron physiology, World J. Gastroenterol., 15,

4617�4626.

57. Umbreit, J., Conrad, M., and Hainsworth, L. (2002) The

ferrireductase paraferritin contains divalent metal trans�

porter as well as mobilferrin, Am. J. Physiol. Gastrointest.

Liver Physiol., 282, 534�539.

58. Andrews, N. C. (2002) Metal transporters and disease,

Curr. Opin. Chem. Biol., 6, 181�186.

59. Atanassova, B. D., and Tzatchev, K. N. (2008) Ascorbic

acid − important for iron metabolism, Folia Med. (Plovdiv),

50, 11�16.

60. Lane, D. J. R., and Lawen, A. (2008) Non�transferrin iron

reduction and uptake are regulated by transmembrane ascor�

bate cycling in K562 cells, J. Biol. Chem., 283, 12701�12708.

61. May, J. M., Qu, Z. C., and Mendiratta, S. (1999) Role of

ascorbic acid in transferrin�independent reduction and

uptake of iron by U�937 cells, Biochem. Pharmacol., 57,

1275�1282.

62. Gunshin, H., Starr, C. N., Direnzo, C., Fleming, M. D.,

Jin, J., Greer, E. L., Sellers, V. M., Galica, S. M., and

Andrews, N. C. (2005) Cybrd1 (duodenal cytochrome b) is

not necessary for dietary iron absorption in mice, Blood,

106, 2879�2883.

63. Simovich, M., Hainsworth, L. N., Fields, P. A., Umbreit, J.

N., and Conrad, M. E. (2003) Localization of the iron

transport proteins mobilferrin and DMT1 in the duodenum:

the surprising role of mucin, Am. J. Hematol., 74, 32�45.

64. Conrad, M. E., Umbreit, J. N., and Moore, E. G. (1998)

Regulation of iron absorption: proteins involved in duodenal

mucosal uptake and transport, J. Am. Coll. Nutr., 12, 720�728.

65. Umbreit, J. N., Conrad, M. E., Moore, E. G., Desai, M.

P., and Turrens, J. (1996) Paraferritin: a protein complex

with ferrireductase activity is associated with iron absorp�

tion in rats, Biochemistry, 35, 6460�6469.

66. Umbreit, J. N., Conrad, M. E., and Simovich, M. (2000)

Identification and localization of iron transport proteins in

normal and iron deficient cells, Blood, 96, 217�221.

67. Conrad, M. E., Umbreit, J. N., Peterson, R. D. A., Moore,

E. G., and Harper, K. P. (1993) Function of integrin in

duodenal mucosal uptake of iron, Blood, 81, 517�521.

68. Conrad, M. E., Umbreit, J. N., Moore, E. G., Peterson, R.

D. A., and Jones, M. B. (1990) A newly identified iron

binding protein in duodenal mucosa of rats. Purification

and characterization of mobilferrin, J. Biol. Chem., 265,

5273�5279.

69. Greenberg, G. R., and Wintrobe, M. M. (1946) A labile

iron pool, J. Biol. Chem., 165, 397�398.

70. Jacobs, A. (1977) Low�molecular�weight intracellular iron

transport compounds, Blood, 50, 433�439.

71. Andrews, N. C., and Schmidt, P. J. (2007) Iron homeosta�

sis, Annu. Rev. Physiol., 69, 69�85.

72. Hider, R. C., and Kong, X. L. (2011) Glutathione: a key

component of the cytoplasmatic labile iron pool, Biometals,

24, 1179�1187.

73. Philpott, C. C. (2012) Coming into view: eukaryotic iron

chaperones and intracellular iron delivery, J. Biol. Chem.,

287, 13518�13523.

74. Andrews, N. C. (2004) Probing the iron pool. Focus on

“Detection of intracellular iron by its regulatory effect”,

Am. J. Physiol. Cell. Physiol., 287, C1537�C1538.

75. Schneider, B. D., and Leibold, E. A. (2000) Regulation of

mammalian iron homeostasis, Curr. Opin. Clin. Nutr.

Metab. Care, 3, 267�273.

76. McKie, A. T., Marciani, P., Rolfs, A., Brennan, K., and

Wehr, K. (2000) A novel duodenal iron�regulated trans�

porter, IREG1, implicated in the basolateral transfer of

iron to the circulation, Mol. Cell, 5, 299�309.

77. Schimanski, L. M., Drakesmith, H., Merryweather�

Clarke, A. T., Viprakasit, V., Edwards, J. P., Sweetland, E.,

Bastin, J. M., Cowley, D., Chinthammitr, Y., Robson, K.

J., and Townsend, A. R. (2005) In vitro functional analysis

of human ferroportin (FPN) and hemochromatosis�associ�

ated FPN mutations, Blood, 105, 4096�4102.

78. Abboud, S., and Haile, D. J. (2000) A novel mammalian

iron�regulated protein involved in intracellular iron metab�

olism, J. Biol. Chem., 275, 19906�19912.

79. McKie, A. T., Marciani, P., Rolfs, A., Brennan, K., Wehr,

K., Barrow, D., Miret, S., Bomford, A., Peters, T. J.,

Farzaneh, F., Hediger, M. A., Hentze, M. W., and

Simpson, R. J. (2000) A novel duodenal iron�regulated

transporter, IREG1, implicated in the basolateral transfer

of iron to the circulation, Mol. Cell, 5, 299�309.

80. Tsvetaeva, N. V., Levina, A. A., and Mamukova, Yu. I.

(2010) Bases of iron metabolism regulation, Klin.

Onkogematol., 3, 278�283.

81. Stremmel, W., Karner, M., Manzhalii, E., Gilles, W.,

Herrmann, T., and Merle, U. (2007) Liver and iron metab�

olism – a comprehensive hypothesis for the pathogenesis of

genetic hemochromatosis, J. Gastroenterol., 45, 71�75.

82. Zhang, L. I., Senecal, T., Ghosh, M. C., Ollivierre�Wilson,

H., Tu, T., and Roault, T. A. (2011) Hepcidin regulates fer�

roportin expression and intracellular iron homeostasis of

erythroblasts, Blood, 118, 2868�2877.

83. Cadet, E., Gadenne, M., Capront, D., and Rochette, J.

(2005) Donnes recentes sur metabolisme du fer: un etat de

transition, Rev. Med. Interne, 26, 315�324.

84. Darshan, D., Frazer, D. M., and Anderson, G. J. (2010)

Molecular basis of iron�loading disorders, Expert Rev. Mol.

Med., 8, e36.

85. Vulpe, C. D., Kuo, Y. M., Murphy, T. L., Cowley, L.,

Askwith, C., Libina, N., Gitschier, J., and Anderson, G. J.

(1999) Hephaestin, a ceruloplasmin homologue implicated

in intestinal iron transport, is defective in the sla mouse,

Nat. Genet., 21, 195�199.



IRON METABOLISM IN HUMANS 561

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  6   2016

86. Patel, B. N., and David, S. (1997) A novel glycosylphos�

phatidylinositol�anchored form of ceruloplasmin is

expressed by mammalian astrocytes, J. Biol. Chem., 272,

20185�20190.

87. Klomp, L. W. J., and Gitlin, J. D. (1996) Expression of the

ceruloplasmin gene in the human retina and brain: impli�

cations for a pathogenic model in aceruloplasminemia,

Hum. Mol. Genet., 5, 1989�1996.

88. Yoshida, K., Furihata, K., Takeda, S., Nakamura, A.,

Yamamoto, K., Morita, H., Hiamuta, S., Ikeda, S.,

Shimizu, N., and Yanagisawa, N. (1995) A mutation in the

ceruloplasmin gene is associated with systemic hemo�

siderosis in humans, Nat. Genet., 9, 267�272.

89. Ponka, P., and Lok, C. N. (1999) The transferrin receptor:

role in health and disease, Int. J. Biochem. Cell Biol., 31,

1111�1137.

90. Gantz, T., and Nemeth, E. (2006) Regulation of iron

acquisition and iron distribution in mammals, Biochim.

Biophys. Acta, 1763, 690�699.

91. Richardson, D. R., and Ponka, P. (1997) The molecular

mechanisms of the metabolism and transport of iron in

normal and neoplastic cells, Biochim. Biophys. Acta, 1331,

1�40.

92. Young, S. P., Bomford, A., and Williams, R. (1984) The

effect of the iron saturation of transferrin on its binding

and uptake by rabbit reticulocytes, Biochem. J., 219, 505�

510.

93. Umbreit, J. N., Conrad, M. E., Berry, M. A., Moore, E.

G., Latour, L. F., Tolliver, B. A., and Elkhalifa, M. Y.

(1997) The alternate iron transport pathway: mobilferrin

and integrin in reticulocytes, Br. J. Haematol., 96, 521�

529.

94. Anderson, G. J., and Frazer, D. M. (2005) Hepatic iron

metabolism, Semin. Liver Dis., 25, 420�432.

95. Chen, T. T., Yuan, L. X., Pan, L. L., Ma, Z. G., Gu, L.,

Zhu, Y. P., and Gao, J. (2011) TfR2 mRNA expression in

bone marrow mononuclear cells of children with hyper�

plastic anemia and its implications, Zhongguo Shi Yan Xue

Ye Xue Za Zhi, 19, 439�443.

96. Krause, A. N. S., Magert, H. J., Schulz, A., Forssmann,

W. G., Schulz�Knappe, P., and Adermann, K. (2000)

LEAP�1, a novel highly disulfide�bonded human peptide,

exhibits antimicrobial activity, FEBS Lett., 480, 147�150.

97. Park, C. H., Valore, E. V., Waring, A. J., and Ganz, T.

(2001) Hepcidin, a urinary antimicrobial peptide synthe�

sized in the liver, J. Biol. Chem., 276, 7806�7810.

98. De Domenico, I., Ward, D. M., Langelier, C., Vaughn, M.

B., Nemeth, E., Sundquist, W. I., Ganz, T., Musci, G.,

and Kaplan, J. (2007) The molecular mechanism of hep�

cidin�mediated ferroportin down�regulation, Mol. Biol.

Cell, 18, 2569�2578.

99. Nemeth, E., Tuttle, M. S., Powelson, J., Vaughn, M. B.,

Donovan, A., and Ward, D. M. (2004) Hepcidin regulates

cellular iron efflux by binding to ferroportin and inducing

its internalization, Science, 306, 2090�2093.

100. Raje, C. I., Kumar, S., Harle A., Nanda, J. S., and Raje,

M. (2007) The macrophage cell surface glyceraldehyde�3�

phosphate dehydrogenase is a novel transferrin receptor, J.

Biol. Chem., 282, 3252�3261.

101. Takami, T., and Sakaida, I. (2011) Iron regulation by

hepatocytes and free radicals, J. Clin. Biochem. Nutr., 48,

103�106.

102. Dautry�Varsat, A., Ciechanover, A., and Lodish, H. F.

(1983) pH and the recycling of transferrin during receptor�

mediated endocytosis, Proc. Natl. Acad. Sci. USA, 80,

2258�2262.

103. Ohgami, R. S., Campagna, D. R., Greer, E. L., Antiochos,

B., McDonald, A., Chen, J., Sharp, J. J., Fujiwara, Y.,

Barker, J. E., and Fleming, M. D. (2005) Identification of

a ferrireductase required for efficient transferrin�dependent

iron uptake in erythroid cells, Nat. Genet., 37, 1264�1269.

104. Fleming, M. D., Romano, M. A., Su, M. A., Garrick, L.

M., Garrick, M. D., and Andrews, N. C. (1998) Nramp2

is mutated in the anemic Belgrade (b) rat: evidence of a

role for Nramp2 in endosomal iron transport, Proc. Natl.

Acad. Sci. USA, 95, 1148�1153.

105. Ludwiczek, S., Theurl, I., Muckenthaler, M. U., Jakab,

M., Mair, S. M., Theurl, M., Kiss, J., Paulmichl, M.,

Hentze, M. W., Ritter, M., and Weiss, G. (2007) Ca2+

channel blockers reverse iron overload by a new mecha�

nism via divalent metal transporter�1, Nat. Med., 13, 448�

454.

106. Ohgami, R. S., Campagna, D. R., McDonald, A., and

Fleming, M. D. (2006) The STEAP proteins are metal�

loreductases, Blood, 108, 1388�1394.

107. Ikuta, K., Zak, O., and Aisen, P. (2004) Recycling, degra�

dation and sensitivity to the synergistic anion of transferrin

in the receptor�independent route of iron uptake by

human hepatoma (HuH�7) cells, Int. J. Biochem. Cell

Biol., 36, 340�352.

108. Shindo, M., Torimoto, Y., Saito, H., Motomura, W.,

Ikuta, K., Sato, K., Fujimoto, Y., and Kohgo, Y. (2006)

Functional role of DMT1 in transferrin�independent iron

uptake by human hepatocyte and hepatocellular carcino�

ma cell, HLF, Hepatol. Res., 35, 152�162.

109. Sturrock, A., Alexander, J., Lamb, J., Craven, C. M., and

Kaplan, J. (1990) Characterization of a transferrin�inde�

pendent uptake system for iron in HeLa cells, J. Biol.

Chem., 265, 3139�3145.

110. Liuzzi, J. P., Aydemir, F., Nam, H., Knutson, M. D., and

Cousins, R. J. (2006) Zip14 (Slc39a14) mediates non�

transferrin�bound iron uptake into cells, Proc. Natl. Acad.

Sci. USA, 103, 13612�13617.

111. Oudit, G. Y., Sun, H., Trivieri, M. G., Koch, S. E.,

Dawood, F., Ackerley, C., Yazdanpanah, M., Wilson, G.

J., Schwartz, A., Liu, P. P., and Backx, P. H. (2003) L�type

Ca2+ channels provide a major pathway for iron entry into

cardiomyocytes in iron�overload cardiomyopathy, Nat.

Med., 9, 1187�1194.

112. Breuer, W., Shvartsman, M., and Cabantchik, Z. I. (2008)

Intracellular labile iron, Int. J. Biochem. Cell Biol., 40,

350�354.

113. Koury, M. J., and Ponka, P. (2004) New insights into ery�

thropoiesis: the roles of folate, vitamin B12, and iron,

Annu. Rev. Nutr., 24, 105�131.

114. Cairo, G., Recalcati, S., Mantovani, A., and Locati, M.

(2011) Iron trafficking and metabolism in macrophages:

contribution to the polarized phenotype, Trends Immunol.,

32, 241�247.

115. Kurz, T., Eaton, J. W., and Brunk, U. T. (2011) The role of

lysosomes in iron metabolism and recycling, Int. J.

Biochem. Cell Biol., 43, 1686�1697.

116. Soe�Lin, S., Apte, S. S., Andriopoulos, B., Andrews, M.

C., Schranzhofer, M., Kahawita, T., Garcia�Santos, D.,



562 MILTO et al.

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  6   2016

and Ponka, P. (2009) Nramp1 promotes efficient

macrophage recycling of iron following erythrophagocyto�

sis in vivo, Proc. Natl. Acad. Sci. USA, 106, 5960�5965.

117. Knutson, M. D., Vafa, M. R., Haile, D. J., and Wessling�

Resnick, M. (2003) Iron loading and erythrophagocytosis

increase ferroportin1 (FPN1) expression in J774

macrophages, Blood, 102, 4191�4197.

118. Leimberg, M. J., Prus, E., Konijn, A. M., and Fibach, E.

(2008) Macrophages function as a ferritin iron source for

cultured human erythroid precursors, J. Cell. Biochem.,

103, 1211�1218.

119. Ponka, P. (1999) Cellular iron metabolism, Kidney Int., 55,

S2�S11.

120. Eisenstein, R. S. (2000) Iron regulatory proteins and the

molecular control of mammalian iron metabolism, Annu.

Rev. Nutr., 20, 627�662.

121. Layer, G., Jahn, D., and Jahn, M. (2011) Heme biosyn�

thesis, in Handbook of Porphyrin Science with Applications

to Chemistry, Physics, Materials Science, Engineering,

Biology and Medicine (Kadish, K. M., Smith, K. M.,

Guilard, R., and Hacksack, N. J., eds.) World Scientific

Publishing Co. Pte. Ltd., London�Singapore, pp. 159�215.

122. Horowitz, M. P., and Greenamyre, J. T. (2010)

Mitochondrial iron metabolism and its role in neurode�

generation, J. Alzheimer’s Dis., 20, S551�S568.

123. Huang, M. L.�H., Lane, D. J. R., and Richardson, D. R.

(2011) Mitochondrial mayhem: the mitochondrion as a

modulator of iron metabolism and its role in disease,

Antioxid. Redox Signal., 15, 3003�3019.

124. Sheftel, A. D., Zhang, A. S., Brown, C., Shirihai, O. S.,

and Ponka, P. (2007) Direct interorganellar transfer of iron

from endosome to mitochondrion, Blood, 110, 125�132.

125. Troadec, M. B., Warner, D., Wallace, J., Thomas, K.,

Spangrude, G. J., Phillips, J. D., Khalimonchuk, O., Paw,

B. H., Ward, D. M., and Kaplan, J. (2011) Targeted dele�

tion of the mouse Mitoferrin1 gene: from anemia to proto�

porphyria, Blood, 117, 5494�5502.

126. Shaw, G. C., Cope, J. J., Li, L., Corson, K., Hersey, C.,

Ackermann, G. E., Gwynn, B., Lambert, A. J., Wingert,

R. A., Traver, D., Trede, N. S., Barut, B. A., Zhou, Y.,

Minet, E., Donovan, A., Brownlie, A., Balzan, R., Weiss,

M. J., Peters, L. L., Kaplan, J., Zon, L. I., and Paw, B. H.

(2006) Mitoferrin is essential for erythroid iron assimila�

tion, Nature, 440, 96�100.

127. Richardson, D. R., Lane, D. J. R., Becker, E. M., Huang,

M. L.�H., Whitnall, M., Rahmanto, Y. S., Sheftel, A. D.,

and Ponka, P. (2010) Mitochondrial iron trafficking and the

integration of iron metabolism between the mitochondrion

and cytosol, Proc. Natl. Acad. Sci. USA, 107, 10775�10782.

128. Sheftel, A. D., and Lill, R. (2009) The power plant of the

cell is also a smithy: the emerging role of mitochondria in

cellular iron homeostasis, Ann. Med., 41, 82�99.

129. Li, F. Y., Nikali, K., Gregan, J., Leibiger, I., Leibiger, B.,

Schweyen, R., Larsson, C., and Suomalainen, A. (2001)

Characterization of a novel human putative mitochondrial

transporter homologous to the yeast mitochondrial RNA

splicing proteins 3 and 4, FEBS Lett., 2, 79�84.

130. Campuzano, V., Montermini, L., Molto, M. D., Pianese,

L., Cossee, M., Cavalcanti, F., Monros, E., Rodius, F.,

Duclos, F., and Monticelli, A. (1996) Friedreich’s ataxia:

autosomal recessive disease caused by an intronic GAA

triplet repeat expansion, Science, 271, 1423�1427.

131. Babcock, M., De Silva, D., Oaks, R., Davis�Kaplan, S.,

Jiralerspong, S., Montermini, L., Pandolfo, M., and

Kaplan, J. (1997) Regulation of mitochondrial iron accu�

mulation by Yfh1p, a putative homolog of frataxin,

Science, 276, 1709�1712.

132. Cavadini, P., Gellera, C., Patel, P. I., and Isaya, G. (2000)

Human frataxin maintains mitochondrial iron homeostasis

in Saccharomyces cerevisiae, Hum. Mol. Genet., 9, 2523�

2530.

133. Musco, G., Stier, G., Kolmerer, B., Adinolfi, S., Martin,

S., Frenkiel, T., Gibson, T., and Pastore, A. (2000)

Towards a structural understanding of Friedreich’s ataxia:

the solution structure of frataxin, Structure, 8, 695�707.

134. Allikmets, R., Raskind, W. H., Hutchinson, A., Schueck,

N. D., Dean, M., and Koeller, D. M. (1999) Mutation of

a putative mitochondrial iron transporter gene (ABC7) in

X�linked sideroblastic anemia and ataxia (XLSA/A), Hum.

Mol. Genet., 8, 743�749.

135. Leighton, J., and Schatz, G. (1997) An ABC transporter in

the mitochondrial inner membrane is required for normal

growth of yeast, EMBO J., 418, 346�350.

136. Kispal, G., Csere, P., Guiard, B., and Lill, R. (1997) The

ABC transporter Atm1p is required for mitochondrial iron

homeostasis, FEBS Lett., 418, 346�350.

137. Corsi, B., Cozzi, A., Arosio, P., Drysdale, J.,

Santambrogio, P., Campanella, A., Biasiotto, G.,

Albertini, A., and Levi, S. (2002) Human mitochondrial

ferritin expressed in HeLa cells incorporates iron and

affects cellular iron metabolism, J. Biol. Chem., 277,

22430�22437.

138. Levi, S., Corsi, B., Bosisio, M., Invernizzi, R., Volz, A.,

Sanford, D., Arosio, P., and Drysdale, J. (2001) A human

mitochondrial ferritin encoded by an intronless gene, J.

Biol. Chem., 276, 24437�24440.

139. Quigley, J. G., Yang, Z., Worthington, M. T., Phillips, J.

D., Sabo, K. M., Sabath, D. E., Berg, C. L., Sassa, S.,

Wood, B. L., and Abkowitz, J. L. (2004) Identification of a

human heme exporter that is essential for erythropoiesis,

Cell, 118, 757�766.

140. Cavadini, P., Biasiotto, G., Poli, M., Levi, S., Verardi, R.,

Zanella, I., Derosas, M., Ingrassia, R., Corrado, M., and

Arosio, P. (2007) RNA silencing of the mitochondrial

ABCB7 transporter in HeLa cells causes an iron�deficient

phenotype with mitochondrial iron overload, Blood, 109,

3552�3559.

141. Paterson, J. K., Shukla, S., Black, C. M., Tachiwada, T.,

Garfield, S., Wincovitch, S., Ernst, D. N., Agadir, A., Li,

X., Ambudkar, S. V., Szakacs, G., Akiyama, S., and

Gottesman, M. M. (2007) Human ABCB6 localizes to

both the outer mitochondrial membrane and the plasma

membrane, Biochemistry, 46, 9443�9452.

142. Krishnamurthy, P. C., Du, G., Fukuda, Y., Sun, D.,

Sampath, J., Mercer, K. E., Wang, J., Sosa�Pineda, B.,

Murti, K. G., and Schuetz, J. D. (2006) Identification of a

mammalian mitochondrial porphyrin transporter, Nature,

443, 586�589.

143. Dringen, R., Bishop, G. M., Koeppe, M., Dang, T. N.,

and Robinson, S. R. (2000) The pivotal role of astrocytes

in the metabolism of iron in the brain, Neurochem. Res.,

32, 1884�1890.

144. Malecki, E. A., Devenyi, A. G., Beard, J. L., and Connor,

J. R. (1999) Existing and emerging mechanisms for trans�



IRON METABOLISM IN HUMANS 563

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  6   2016

port of iron and manganese to the brain, J. Neurosci. Res.,

56, 113�122.

145. Dringen, R., Bishop, G. M., Koeppe, M., Dang, T. N.,

and Robinson, S. R. (2007) The pivotal role of astrocytes

in the metabolism of iron in the brain, Neurochem. Res.,

32, 1884�1890.

146. Lane, D. J. R., Robinson, S. R., Czerwinska, H., Bishop,

G. M., and Lawen, A. (2010) Two routes of iron accumu�

lation in astrocytes: ascorbate�dependent ferrous iron

uptake via the divalent metal transporter (DMT1) plus an

independent route for ferric iron, Biochem. J., 432, 123�

132.

147. Tulpule, K., Robinson, S. R., Bishop, G. M., and

Dringen, R. (2010) Uptake of ferrous iron by cultured rat

astrocytes, J. Neurosci. Res., 88, 563�571.

148. Rouault, T. A., and Cooperman, S. (2006) Brain iron

metabolism, Semin. Pediatr. Neurol., 13, 142�148.

149. Milto, I. V., Grishanova, A. Yu., Klimenteva, T. K.,

Suhodolo, I. V., Vasukov, G. Yu., and Ivanova, V. V. (2014)

Iron metabolism after application of modified magnetite

nanoparticles in rats, Biochemistry (Moscow), 79, 1245�1254.

150. Han, J., Seaman, W. E., Di, X., Wang, W., Willingham,

M., Torti, F. M., and Torti, S. V. (2011) Iron uptake medi�

ated by binding of H�ferritin to the TIM�2 receptor in

mouse cells, PLoS One, 6, e23800.

151. Fisher, J., Devraj, K., Ingram, J., Slagle�Webb, B.,

Madhankumar, A. B., Liu, X., Klinger, M., Simpson, I.

A., and Connor, J. R. (2007) Ferritin: a novel mechanism

for delivery of iron to the brain and other organs, Am. J.

Physiol. Cell Physiol., 293, C641�C649.

152. Finch, C. (1994) Regulators of iron balance in humans,

Blood, 84, 1697�1702.

153. Menshikov, V. V. (2002) Clinical Laboratory Analyses.

Principles of Clinical Laboratory Analysis [in Russian],

Agat�Med, Moscow.

154. Pantorullo, S. (2005) Iron, oxidative stress and human

health, Mol. Aspects Med., 26, 299�312.

155. Arosio, P., Ingrassia, R., and Cavadini, P. (2008) Ferritins:

a family of molecules for iron storage, antioxidation and

more, Biochim. Biophys. Acta, 1790, 589�599.

156. Harrison, P. M., and Arosio, P. (1996) The ferritins:

molecular properties, iron storage function and cellular

regulation, Biochim. Biophys. Acta, 1275, 161�203.

157. Chasteen, N. D., and Harrison, P. M. (1999)

Mineralization in ferritin: an efficient means of iron stor�

age, J. Struct. Biol., 126, 182�194.

158. Andrews, S. C., Arosio, P., Bottke, W., Briat, J.�F., Von

Darl, M., Harrison, P. M., Laulhkre, J.�P., Levi, S.,

Lobremx, S., and Yewdall, S. J. (1992) Structure, function

and evolution of ferritins, J. Inorg. Biochem., 47, 161�174.

159. Milto, I. V., Klimenteva, T. K., Suhodolo, and Krivova, N.

A. (2012) Prooxidant and antioxidant activity of blood

plasma and histology of internal organs of rats after intra�

venous administration of magnetite nanoparticles,

Biochemistry (Moscow), Suppl. Ser. B Biomed. Chem., 6,

225�230.

160. Cai, C. X., and Linsenmayer, T. F. (2001) Nuclear translo�

cation of ferritin in corneal epithelial cells, J. Cell Sci.,

114, 2327�2334.

161. Cai, C. X., Birk, D. E., and Linsenmayer, T. F. (1998)

Nuclear ferritin protects DNA from UV damage in corneal

epithelial cells, Mol. Biol. Cell, 9, 1037�1051.

162. Surguladze, N., Thompson, K. M., Beard, J. L., Connor,

J. R., and Fried, M. G. (2004) Interaction and reactions of

ferritin with DNA, J. Biol. Chem., 279, 14694�14702.

163. Alkhateeb, A., and Connor, J. R. (2010) Nuclear ferritin: a

new role for ferritin in cell biology, Biochim. Biophys. Acta,

1800, 793�797.

164. Bou�Abdallah, F., Santambrogio, P., Levi, S., Arosio, P.,

and Chasteen, N. D. (2005) Unique iron binding and oxi�

dation properties of human ferritin: A comparative analy�

sis with human H�chain ferritin, J. Mol. Biol., 347, 543�

554.

165. Double, K. L., Maywald, M., Schmittel, M., Riederer, P.,

and Gerlach, M. (1998) In vitro studies of ferritin iron

release and neurotoxicity, J. Neurochem., 70, 2492�2499.

166. Fischbach, F. A., Gregory, D. W., Harrison, P. M., Hoy, T.

G., and Williams, J. M. (1971) On the structure of hemo�

siderin and its relationship to ferritin, J. Ultrastruct. Res.,

37, 495�503.

167. Konijn, A. M., Glickstein, H., Vaisman, B., Meyron�

Holtz, E. G., Slotki, I. N., and Cabantchik, Z. I. (1999)

The cellular labile iron pool and intracellular ferritin in

K562 cells, Blood, 94, 2128�2134.

168. Ozaki, M., Awai, T., and Kawabata, M. (1988) Iron release

from haemosiderin and production of iron�catalyzed

hydroxyl radicals in vitro, Biochem. J., 250, 589�595.

169. Koorts, A. M., and Viljoen, M. (2007) Ferritin and ferritin

isoforms I: structure�function relationships, synthesis,

degradation and secretion, Arch. Physiol. Biochem., 113,

30�54.

170. O’Connell, M., Halliwell, B., Moorhouse, C. P., Aruoma,

O. I., Baum, H., and Peters, T. J. (1986) Formation of

hydroxyl radicals in the presence of ferritin and

haemosiderin. Is haemosiderin formation a biological pro�

tective mechanism? Biochem. J., 234, 727�731.

171. Beard, J. L., Dawson, H., and Pinero, D. J. (1996) Iron

metabolism: a comprehensive review, Nutr. Rev., 54, 295�

317.

172. Oxengendler, G. I. (1982) Poisons and Counterpoisons [in

Russian], Nauka, Leningrad.

173. Morgan, E. H. (1981) Transferrin, biochemistry, physiolo�

gy and clinical significance, Mol. Aspects Med., 4, 1�123.

174. Anderson, B. F., Baker, H. M., Norris, G. E., Rice, D. W.,

and Baker, E. N. (1989) Structure of human lactoferrin:

crystallographic structure analysis and refinement at 2.8 Å

resolution, J. Mol. Biol., 209, 711�734.

175. Gkouvatsos, K., Papanikolaou, G., and Pantopoulos, K.

(2012) Regulation of iron transport and the role of trans�

ferrin, Biochim. Biophys. Acta, 1820, 188�202.

176. De Domenico, I., McVey Ward, D., and Kaplan, J. (2008)

Regulation of iron acquisition and storage: consequences

for iron�linked disorders, Nat. Rev. Mol. Cell Biol., 9, 72�

81.

177. Kamyshnikov, V. S. (2000) Handbook of Clinical

Biochemical Laboratory Diagnosis [in Russian], Belarus,

Minsk.

178. Breuer, W., Hershko, C., and Cabantchik, Z. I. (2000) The

importance of non�transferrin bound iron in disorders of

iron metabolism, Transfus. Sci., 23, 185�192.

179. Hershko, C., Graham, G., Bates, G. W., and

Rachmilewitz, E. (1978) Non�specific serum iron in tha�

lassemia: an abnormal serum iron fraction of potential tox�

icity, Br. J. Haematol., 40, 255�263.



564 MILTO et al.

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  6   2016

180. Dresow, B., Petersen, D., Fischer, R., and Nielson, P.

(2008) Non�transferrin�bound iron in plasma following

administration of oral iron drugs, Biometals, 21, 273�

276.

181. Anderson, G. J. (1999) Non�transferrin�bound iron and

cellular toxicity, J. Gastroenterol. Hepatol., 14, 105�108.

182. Baker, E., Baker, S. M., and Morgan, E. H. (1998)

Characterization of non�transferrin�bound iron (ferric cit�

rate) uptake by rat hepatocytes in culture, Biochim.

Biophys. Acta, 1380, 21�30.

183. Latunde�Dada, G. O., Simpson, R. J., and McKie, A. T.

(2008) Duodenal cytochrome b expression stimulates iron

uptake by human intestinal epithelial cells, J. Nutr., 138,

991�995.

184. Morgan, E. H. (2001) Mechanisms of iron transport into

rat erythroid cells, J. Cell. Physiol., 186, 193�200.

185. Andrews, N. (1999) Disorders of iron metabolism, N.

Engl. J. Med., 341, 1986�1995.

186. Belous, A. M., and Konnik, A. T. (1991) Physiological Role

of Iron [in Russian], Naukova Dumka, Kiev.

187. Kawakami, H., and Lonnerdal, B. (1991) Isolation and

function of a receptor for human lactoferrin in human fetal

intestinal brush�border membranes, Am. J. Physiol., 261,

G841�G846.

188. Lonnerdal, B., and Bryant, A. (2006) Absorption of iron

from recombinant human lactoferrin in young US women,

Am. J. Clin. Nutr., 83, 305�309.

189. Bao, G., Clifton, M., Hoette, T. M., Mori, K., Deng, S.

X., Qiu, A., Viltard, M., Williams, D., Paragas, N.,

Leete, T., Kulkarni, R., Li, X., Lee, B., Kalandadze, A.,

Ratner, A. J., Pizarro, J. C., Schmidt�Ott, K. M., Landry,

D. W., Raymond, K. N., Strong, R. K., and Barasch,

J. (2010) Iron traffics in circulation bound to a sidero�

calin (Ngal)�catechol complex, Nat. Chem. Biol., 6, 602�

609.

190. Honore, P. M., Jacobs, R., Joannes�Boyau, O., De Regt,

J., Boer, W., De Waele, E., Collin, V., and Spapen, H. D.

(2011) Septic AKI in ICU patients: diagnosis, pathophys�

iology, and treatment type, dosing, and timing: a compre�

hensive review of recent and future developments, Ann.

Intensive Care, 1, 1�9.

191. Yang, J., Goetz, D., Li, J. Y., Wang, W., Mori, K., Setlik,

D., Du, T., Erdjument�Bromage, H., Tempst, P., Strong,

R., and Barasch, J. (2002) An iron delivery pathway medi�

ated by a lipocalin, Mol. Cell, 10, 1045�1056.

192. Maev, I. V., and Samsonov, A. A. (2005) Diseases of

Jejunum [in Russian], MEDpress�Inform, Moscow.

193. Crosby, W. H., Conrad, M. E., and Wheby, M. S. (1963)

The rate of iron accumulation in iron storage disease,

Blood, 22, 429�440.

194. Green, R., Charlton, R. W., Softel, H., Bothwell, T.,

Mayer, F., Adams, B., Finch, C., and Layrisse, M. (1968)

Body iron excretion in man. A collaborative study, Am. J.

Med., 45, 336�353.

195. Conrad, M. E., Weintraub, L. R., and Crosby, W. H.

(1964) The role of the intestine in iron kinetics, J. Clin.

Invest., 43, 963�974.

196. Conrad, M. E., Parmley, R. T., and Osterloh, K. (1987)

Small intestinal regulation of iron absorption in the rat, J.

Lab. Clin. Med., 110, 418�426.

197. Umbreit, J. (2005) Iron deficiency: a concise review, Am.

J. Hematol., 78, 225�231.

198. Rumyantseva, A. G., and Tokareva, Yu. N. (2004) Iron

Overload Diseases (Hemochromatoses) [in Russian], ID

Medpraktika, Moscow.

199. Porto, G., and De Sousa, M. (2007) Iron overload and

immunity, World J. Gastroenterol., 13, 4707�4715.

200. Beutler, E., Hoffbrand, A. V., and Cook, J. D. (2003) Iron

deficiency and overload, Hematol. Am. Soc. Hematol.

Educat. Program, 40, 40�61.


		2016-06-07T17:22:45+0300
	Preflight Ticket Signature




