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INTRODUCTION


Iron is a trace mineral essential to most organisms, important for many vital functions such as oxygen transport, DNA synthesis and cellular energy production.  Many iron-containing proteins are enzymes that utilize the ability of iron to exist in multiple oxidation states, and are associated with oxido-reductase activity.  Other necessary iron proteins are those involved in transporting iron throughout the body such as transferrin which carries iron to cells that need it.  


In humans, too little iron can result in anemia and mental retardation.  It is estimated that approximately 10-15% of humans worldwide suffer from iron deficiency anemia (Cook et al, 1994).  Therefore, adequate iron intake is necessary to prevent these unhealthy states.  


But how much iron constitutes adequate levels?  Chronic iron overload has been correlated with increased risk of heart disease, liver failure, Parkinson's disease, Alzheimer's disease, and some cancers (Lauffer, 1992a; Smith & Perry, 1995).  One critical point in the pathogenesis of these diseases is the reaction of iron with oxygen, which produces reactive oxygen intermediates (ROIs).  Iron overload can occur as the result of extremely high dietary iron intake, but more commonly results from a hereditary disease called genetic hemochromatosis (GH).  As discussed below, hemochromatosis causes an unregulated uptake of iron from the diet that greatly surpasses the body's need.  Regardless of how excess iron is acquired, it can eventually overwhelm the body's protective mechanisms and produce ROIs.  Some ROIs can be quenched by general scavengers, such as vitamins C and E, or catalytically removed by the action of enzymes such as catalase and superoxide dismutase.  However, due to the continuous formation of ROIs, some radicals can escape the scavenging systems and produce cellular damage.  When ROIs come in contact with biological substrates such as proteins, lipids or nucleic acids, organic free radicals can be formed which subsequently propagate damage throughout cells.  Thus, controlled iron uptake and regulation within the body is very important to preventing unwanted side-reactions.


Based on the observations outlined above, it is fairly easy to reason that too much or too little iron would cause poor health.  However, most people who live in western societies are not at either extreme of the iron load spectrum, but rather exist in a continuum of "normal" iron levels.  However, even in these "normal" states, ROIs can still be produced by reactions such as mitochondrial electron transport or other oxido-reductases such as xanthine oxidase.  It is, in essence, the price we pay for the ability to harness the electron transferring ability of iron for our metabolic needs.


The problem of iron toxicity is dealt with by different organisms in different ways.  In all organisms, iron is always bound to a chaperone which helps to make oxidized iron (Fe+3) soluble, since it is only sparingly soluble in aqueous solution at neutral pH (Neilands, 1995).  Usually, chaperones are proteins, but they can also be low molecular weight carriers (LMCs).  Bacteria, fungi and plants employ iron-chelating LMCs called siderophores to acquire iron from the environment (Bezkorovainy, 1980; Neilands, 1995).  In animals, LMCs are difficult to detect under most conditions, but increase in concentration during transient ischemia or oxidative challenge (Hallaway & Hedlund, 1992; Voogd et al, 1994; Cairo et al, 1995).  

SYSTEMIC IRON HOMEOSTASIS

Iron Uptake from the Diet

Dietary iron is taken up in the proximal small intestine (Conrad, 1993; Conrad et al, 1994; Waheed et al, 1999). A normal human absorbs approximately 0.5 to 2 mg of iron per day from a western diet, and an equal amount is excreted via nonspecific mechanisms (primarily desquamations) (Bezkorovainy, 1980; Ponka et al, 1990; Crichton, 1990; Halliday & Powell, 1992).  Over time a slight daily imbalance, either positive or negative, can have detrimental effects.  Recent work in this area has uncovered the identity of special iron transport proteins which take up iron from the gut and sequester it within the epithelial cells.  The main iron transporter in mammalian intestines is a protein variously called divalent cation transporter (DCT-1) or divalent metal transporter (DMT-1) (Gunshin et al, 1997; Wood & Han, 1998). This protein has high homology to natural resistance-associated macrophage proteins; thus, it was originally named Nramp2, and is still often referred to by that name (Lee et al, 1998).  An alternative uptake process has also been reported which involves 3-integrin and mobilferrin (Conrad et al, 1994).  It is not known if DMT-1 and mobilferrin are redundant systems, and the details of iron uptake certainly requires more study.

Proteins Requiring Iron for Non-Transport Functions

The cell type in mammals that utilizes the most iron is the red blood cell (RBC).  Over 60% of an adult human's iron is found in RBCs within hemoglobin, the protein which transports oxygen in the blood (Ponka et al, 1990).  However, other iron-containing proteins are necessary in all tissues for cellular processes.  Among these proteins are myoglobin, which serves as a reserve oxygen supply depot for muscle tissue; cytochromes, which carry electrons used for cellular energy production in all cells; mitochondrial aconitase (mAcon), which is the Krebs' cycle enzyme in mitochondria which converts citrate to isocitrate; and ribonucleotide reductase, which is the rate limiting enzyme in the synthesis of DNA precursors (Crichton, 1990).


Another class of ferroproteins is involved in binding iron as a protective mechanism against infection.  A vertebrate organism's first response to microbial infection is to reduce serum iron levels (primarily by transport into the liver), a phenomenon known as iron withholding (Crichton, 1990; Lauffer, 1992a; Weinberg, 1992).  The purpose of this response seems clearly to deprive the microbe of iron, the levels of which limit its growth.  Lactoferrin, a protein found in milk and other epithelial secretions (Iyer & Lonnerdal, 1993; Lonnerdal & Iyer, 1995), is thought to act as a primary defense against microbial infection through its iron binding capacity (Weinberg, 1992).  Lactoferrin is also present in serum, though at concentrations much lower than in milk (Lonnerdal & Iyer, 1995).  Lactoferrin also has the unusual secondary property of being able to enter cells and cell nuclei where it binds specifically to distinct DNA sequences and activates transcription of some genes (He & Furmanski, 1995).  This may be related to the reported ability of lactoferrin to enhance the activity of natural killer and lymphokine-activated killer cells in vitro (Shau et al, 1992).

Iron Transport and Storage

Transferrin (Tf) is the primary protein which carries iron in the plasma.  It is interesting to note that under normal conditions, most of the circulating Tf has no iron bound to it (Weinberg, 1992).  This excess iron-binding capacity serves to prevent any iron from existing "free" in the plasma, and possibly serves an antimicrobial iron-withholding function.  Proper iron sequestration by Tf is of great importance in halting free radical generation in the plasma, where oxidation of bio-molecules such as cholesterol (typically found as part of low density lipoproteins (LDL)) can lead to pathological states (Lauffer, 1992a).  Hemopexin is another iron-binding protein found in blood which binds heme-iron and directs it for catabolism and storage in the liver (Smith, 1990).  The importance of this protein stems from the observation that unchaperoned heme-iron is especially proficient at producing free radicals in cell membranes (Balla et al, 1993).


Recent findings have uncovered relationships between genetic hemochromatosis, intestinal iron uptake, and iron transport to cells.  In GH, iron is taken up by the intestine virtually unchecked, and extremely high iron levels accrue within several organs, primarily the liver.  The eventual outcome of this disease, if untreated, is general organ failure.  The most common defect (85% of GH patients) is a single amino acid substitution (C282Y) in HFE protein (Feder et al, 1998).  The importance of HFE protein has shown by the development of hemochromatosis in mice in which the HFE gene was disrupted (Zhou et al, 1998).  To understand the role of HFE in GH requires knowledge of transferrin (Tf)-mediated iron uptake.  


Iron-bound Tf is normally transported from serum into cells via the transferrin receptor (TfR) through receptor-mediated endocytosis (reviewed in Mascotti et al, 1995).  This process also requires the HFE protein to modulate the uptake efficiency.  It has been shown that HFE binds directly to TfR and causes a decrease in the affinity of Tf for TfR by a factor of approximately 10-fold at the plasma membrane (Feder et al, 1998; Lebron et al, 1998).  The mutant form of HFE found in GH patients is unable to bind to TfR, and subsequently causes increased iron uptake into parenchymal tissues (Feder et al, 1998).  The effect of a mutant HFE protein in gut crypt cells should be predicted to also load extra iron from the serum, since one of their functions is to sense serum iron levels and program the villi to take up the requisite amount of iron from the diet.  However, this is not the case, since it has been shown that in GH crypt cells become iron depleted (Waheed et al, 1999).  Why crypt cells respond to HFE mutations in an opposite manner to parenchymal tissue is not known, but is currently under investigation.


In addition to the involvement of Tf with HFE, other proteins are required to transport iron across membranes.  The protein responsible for iron uptake in intestinal cells, DMT-1, has been shown to also interact with Tf in recycling endosomes, indicating that DMT-1 is the probable acceptor of the iron from Tf in cells (Guenheid et al, 1999).  A relative of Nramp2 is Nramp1, which, in macrophages, has been shown to transport iron out of intracellular vesicles, indicating a possible iron-salvage pathway in macrophages (Atkinson & Barton, 1999).  Another interesting recent finding is that DMT-1 activity is regulated reciprocally with respect to HFE in intestinal cells (Fleming et al, 1999; Han et al, 1999).  The outcome of this is that in crypt cells of GH patients DMT-1 is upregulated so that excess iron it taken up by the villi.

The main storage organ for iron is the liver, where the protein ferritin binds up to several thousand atoms of iron per hetero-oligomer (24 subunits) of highly similar light and heavy subunits.  The iron is deposited in the center of this shell-like protein, sequestered away from the cytoplasm.  Despite its abundance in liver, ferritin is found to some extent in all tissues, albeit with differing ratios of heavy to light chains within oligomers from a given tissue.  For instance, heart cells contain mostly heavy (H)-ferritin, while the liver ferritin is primarily light (L)-chain.  The significance of the different ratios is not completely understood.  However, it may be related to the ability of H-chains to take up the iron into the ferritin shell, whereas its all-L counterpart is responsible for nucleating the iron core within ferritin (Rucker et al, 1996).   Ferritin is evolutionarily conserved from prokaryotes to eukaryotes (Grossman et al, 1992), and has been postulated to be a storage depot for iron that can later be used in a variety of metabolic pathways (Crichton, 1990; Crichton, 1991; Crichton & Ward, 1992).  The sequestration of iron into the interior of the ferritin multimer locks iron in the +3 oxidation state and prevents reaction of the iron with oxygen and oxygen intermediates.  Deposition of iron into ferritin is a desirable strategy used by cells to prevent the production of oxygen free radicals via Fenton-type reactions (reviewed in Halliwell & Gutteridge, 1990; Rice-Evans, 1994).  Thus, ferritin is thought to act both as an iron storage repository and as a cytosolic defense against generation of toxic free radicals (Crichton, 1991; Bolann & Ulvik, 1993; Balla et al, 1993; 1994).

Effects of Iron Excess or Deficit

As discussed above, uptake of iron from the diet poses potentially lethal problems for mutant HFE heterozygotes and homozygotes.  GH is a surprisingly common disorder in humans.  Approximately 1 in 10 people of European ancestry are heterozygous and 1 in 300 are homozygous for defects in the HFE protein (located in the HLA-A locus of chromosome 6) (Halliday & Powell, 1992; Feder et al, 1998).  The high incidence of heterozygosity may provide a selective advantage for populations with dietary iron deficiencies (Datz et al, 1998).  


Other conditions can lead to states where iron accretion can overwhelm storage and transport capacity.  Examples include -thalassemia (excessive breakdown of erythrocytes) and porphyria cutanea tarda (a defect in heme synthesis leading to a shortage of RBCs and iron with no heme with which to associate).  In humans who do not have one of the aforementioned conditions, the main possible origin of high iron levels in the body is a diet particularly high in iron.  Cases like this have been demonstrated in some south African tribes where alcoholic beverages are fermented in cast iron drums, leading to high dietary iron intake (Isaacson & Bothwell, 1981).   However, in general, it is quite unusual to take up or misroute iron to the great excess seen in those with a predisposing genetic affliction.  In cases of iron overload, current treatment protocols are administration of desferoxamine or other iron chelators (which are then excreted via the kidneys), phlebotemies, and chronic transfusions of normal (i.e., non-iron-overloaded) serum.


One report shows that high iron levels are as predictive as high serum cholesterol levels for risk of ischemic heart disease (Sullivan, 1992).  Subsequent studies have, in general, not supported this earlier finding (Sempos et al, 1996).  However, a point which has not been contradicted is that one observes a strong correlation between the incidence of coronary artery disease and the algebraic product of serum iron and cholesterol levels (Sullivan, 1992).  This correlation is thought to be due to iron-induced aggregation or oxidative damage of LDL.  Numerous other reports have linked high iron levels with incidence of several autoimmune disorders (Lauffer, 1992a), cancers (Stevens, 1992), and Alzheimer's disease (Smith & Perry, 1995).  The pathological damage of each of these ailments is thought to be rooted in iron-induced free radical formation.


The converse of excess iron is anemia, which can have, among other manifestations, detrimental effects on development.  For instance, iron is essential to normal neural development, and normal cognitive functions can be impaired in adults suffering from insufficient iron (reviewed in Cook et al, 1994; Connor & Menzies, 1995).  Fortunately, for those who live in North America and Europe, the western diet is relatively iron-rich, and anemia affects only a minority of people, usually only for short periods of their life.  A different situation exists in many Third World nations where general malnutrition and insufficient iron uptake threaten not only long-term survival but also impair general quality of life.  In those places, the supplementation of foods with iron is an excellent way to combat anemia.


Interestingly, the efficiency of iron uptake by the gut depends on how the iron is chelated in the diet.  Optimal characteristics for a chelator include both high solubility and high recognizability by the intestinal brush border cells.  Using these criteria, the iron chelator, ascorbate (vitamin C), is very efficient in promoting effective iron uptake (Rao & Rao, 1992; Lauffer, 1992b).  Conversely, there are also molecules in some foods which can chelate iron in a form that makes it less likely to be absorbed.  For example, phytate, found in rye and other whole grains, greatly hinders the uptake of iron (Lauffer, 1992b).  Thus, dietary iron supplementation must be administered in conjunction with the correct corresponding diet for optimal effects.

Factors other than insufficient dietary iron can also cause anemia.  Among the most prevalent are HIV infection, malaria and sickle-cell anemia, which together account for approximately 60% of all cases of anemia worldwide (Cook et al, 1994).  Since the origin of the iron mismanagement is from infectious or genetic pathologies, treatment of these diseases with iron supplementation alone is not generally helpful.


The regulation of iron homeostasis within an organism can be perturbed by events that, at first glance, appear to be unrelated.  For example, chronic infection can affect iron levels.  As discussed above, vertebrate organisms utilize a strategy of withholding iron from microbes to prevent infection.  However, the long-term result of iron withholding is anemia.  Plasma iron depletion also occurs during inflammatory episodes such as various collagen diseases and following surgery (Weinberg, 1992).  The regulatory mechanisms of iron withholding during inflammation is not clear; however, it may be related to the effect of cytokines on liver iron uptake (Hirayama et al, 1993).  It is also very likely that the pathways to achieve iron withholding utilize DMT-1 (Fleming and Andrews, 1999).


The normal mechanism of iron delivery to cells from interstitial fluid is by endocytosis of iron-bound Tf via membrane-bound Tf-receptors (Mascotti et al, 1995).  However, when no transferrin is present but iron salts are available, cultured cells will take up iron salts quite readily.  Uptake of unchaperoned iron may reflect a primitive pathway that typically has little relevance in cells outside of the gut, which are normally presented with iron as transferrin-bound.  The mechanism of iron-salt uptake by non-gut cells may be related to the mechanism of iron uptake in the gut villi, which is also transferrin-independent (Inman et al, 1993; Inman & Wessling-Resnick, 1994; Conrad, 1993; Conrad et al, 1994).  The uptake of iron through transferrin-independent routes into non-gut cells is probably not relevant to normal conditions; however, it may be relevant to iron overload brought on by the aforementioned conditions such as GH or -thalassemia.  By bypassing the normal route of controlled, transferrin-mediated iron uptake, cells could accrue damage from improperly chaperoned iron.


Even normal levels of iron can be dangerous to cells.  For instance, in otherwise normal tissue ischemia or oxidative challenge has been associated with increases in levels of LMCs (Voogd et al, 1994; Cairo et al, 1995).  Iron is also thought to be the underlying initiator of tissue damage observed during reperfusion after ischemic episodes (Hallaway & Hedlund, 1992).  One example of iron-induced tissue damage occurs following transient ischemia of the heart, which can lead to myocardial infarction.  The severity of damage in myocardial infarctions can be greatly reduced by pretreatment with the iron chelator desferoxamine, indicating a role for iron in the damage pathway (Hallaway & Hedlund, 1992).  Cells in the brain are also particularly sensitive to ischemia/reperfusion damage.  Desferoxamine has also been shown to decrease the severity of damage accompanying several types of induced cerebral ischemic episodes (Hallaway & Hedlund, 1992).  To date, no systematic studies have been performed to determine whether low iron stores lessens the damage from strokes.  Also, it will be of interest to determine which brain cell types are most vulnerable to ischemia/reperfusion damage.

CELLULAR IRON HOMEOSTASIS

Response of Different Cells to Iron

In contrast to systemic uptake and rearrangement of iron pools, individual cells of different tissues have their own ways of utilizing and handling iron.  The overall distribution of iron in the body is the composite of how each individual cell achieves its own iron homeostasis.  Variations between different individuals are due to type and quantity of ingested iron, infections and genetic factors.


Regulation of cellular iron homeostasis is accomplished by adjusting the levels and activities of specific proteins, which can be controlled at several different points.  As shown in Figure 1, the production of an active protein or enzyme is the result of several processes, all of which are potential points of control.  Transcription of genes which encode proteins involved in iron storage is inducible by iron, but also by factors such as cytokines.  This interesting association of inflammation and iron metabolism will be discussed more below.  Additionally, production of ferritin, mAcon and erythroid aminolevulinic acid synthase (-ALAS, the rate-limiting enzyme of heme synthesis) are also controlled at the level of translation (reviewed in Harford, 1993; Klausner et al, 1993; Melefors & Hentze, 1993; Munro, 1993; Theil, 1993; Mascotti et al, 1995).  The trigger for induction of translation is iron; however, cytokines have also been shown to affect the translation of ferritin (reviewed in Mascotti et al, 1995).  Prokaryotes, yeast and plants respond to iron influx entirely by altering transcription of iron-related genes (Theil, 1990/91).


Erythroid cells respond to iron levels in different ways than non-erythroid cells (Ponka & Schulman, 1993; Smith, 1990).  The specialized nature of erythroid cells, which are devoted to making large amounts of hemoglobin, dictates stringent and coordinated regulation of heme and hemoglobin synthesis (Ponka et al, 1990; Smith, 1990; Ponka & Schulman, 1993; Chan et al, 1994).  Since -ALAS is the rate-limiting enzyme in heme synthesis, its synthesis is a logical target for iron regulation.  As noted above, iron influxes increase expression of -ALAS by a translational mechanism (Ponka & Schulman, 1993).  This, in turn, induces transcriptional activation of hemoglobin subunit messages (Ponka & Schulman, 1993).  Thus, regulation of several protein levels is achieved by iron.  The details of how iron facilitates the induction of -ALAS translation are discussed below.

Special RNA Structures and Proteins Necessary for Iron Response

Rapid induction of ferritin synthesis resulting from iron influx is accomplished by upregulating translation.  Iron-poor cells contain translationally inactive ferritin mRNA because a cis-acting repression site within the mRNA called the Iron Responsive Element (IRE) is bound by one of a family of trans-acting factors called Iron Responsive Proteins (IRPs).  Uptake of iron-bound transferrin or of heme induces the translation of these inert ferritin mRNAs by causing the release of IRP from the IRE.  Release is due to different alterations of each IRP, as discussed below.


The IRE is a conserved stem-loop structure which serves as the docking site for an IRP (Figure 2; reviewed in Leibold & Guo, 1992; Klausner et al, 1993; Melefors & Hentze, 1993; Munro, 1993; Theil, 1993; Mascotti et al, 1995).  Binding of an IRP to the IRE located near the 5' capped end of the ferritin mRNA represses translation of that mRNA by preventing access of eIF-4F (the cap binding protein) to the 5' cap structure (Figure 3; Goossen et al, 1990; Thach, 1992; Bhasker et al, 1993).  When eIF-4F cannot bind to the 5' end, association of the 43S ribosomal pre-initiation complex with the mRNA is prevented.  Blockage of 43S ribosomal subunit loading has been shown to be the mechanism for repression of ferritin mRNA translation (Gray & Hentze, 1994).  When iron levels are increased in the cell, IRP dissociates from the IRE, allowing for the binding of the 43S ribosomal subunit and subsequent translation of the ferritin and -ALAS mRNAs (reviewed in Klausner et al, 1993; Melefors & Hentze, 1993; Munro, 1993; Mascotti et al, 1995).


Figure 2 depicts a minimal consensus structure of the IRE.  The IRE contains a loop with a consensus sequence of CAGUGM (where M may be C, U, or A) (Klausner et al, 1993; Mascotti et al, 1995).  There is a non-Watson-Crick base-pair interaction between loop positions 1 and 5 (C-G, in the consensus sequence) (Sierzputowska-Gracz et al, 1995).  Adjacent to the loop is a 5 base pair (bp) stem.  On the 5' side of the stem is a conserved unpaired cytosine residue.  Sequences other than the IRE are required for optimal ferritin translational induction, although the exact sequences have not been mapped precisely.  Endogenous ferritin synthesis undergoes a 20- to 30-fold induction upon iron stimulation (Goossen et al, 1990; Goossen & Hentze, 1992; Coulson & Cleveland, 1993); however, in plasmid constructs where a heterologous open reading frame is placed downstream from an IRE, only a 4- to 5-fold induction by iron has been achieved (Goossen et al, 1990; Goossen & Hentze, 1992; Daniels-McQueen et al, 1992; Coulson & Cleveland, 1993; Mascotti et al, 1996b).  Thus, the IRE is a sine qua non for translational control of ferritin, but complete iron induction of ferritin requires other RNA sequences/structures (Mascotti et al, 1996b).  The requirement of sequences other than the IRE for full translational control appears to be unique to ferritin, as it has been shown that (-aminolevulinic acid synthase ((-ALAS) translational induction by iron is only ~4- to 5-fold in vivo (which also has an IRE, see below) (Schalinske et al, 1998).


Perhaps due to the importance of IREs in gene regulation, few common mutants have been found to date.  The most studied of these involves the association of cataract formation with hyperferritinaemia.  A family of several different mutations of the IRE within the 5’UTR of the L-ferritin mRNA has been shown to be responsible for the increase of ferritin levels as well as the formation of cataracts (Girelli et al, 1995; Girelli et al, 1997; Beaumont et al, 1995).  Loss of the IRE in L-ferritin messages has not yet been attributed to any other maladies; however, investigations are underway to determine if any exist.  It would be likely that mutations in the IREs of genes other than ferritin (see below) could cause damaging, if not lethal, effects on cellular and systemic iron management.

Messages Other than Ferritin Contain Iron Responsive Elements (IREs)

Ferritin is not the only gene that contains an IRE.  Table 1 shows other messages that contain IREs in their 5' UTRs, including those encoding erythroid -ALAS (Cox et al, 1991; Bhasker et al, 1993), Drosophila melanogaster succinate dehydrogenase (Kohler et al, 1995; Melefors, 1996), and mitochondrial aconitase (mAcon) (Dandekar et al, 1991).  The IREs found in all of these mRNAs appear to be functional in vivo, as translation of the encoded open reading frames is enhanced by iron treatment in all cases.


Transferrin receptor (TfR) messages contain five functional IREs (Table 1).  In contrast to messages such as ferritin which have IREs in their 5' UTRs, TfR IREs are located in the 3' untranslated region (3' UTR) of the mRNA (Harford, 1993; Klausner et al, 1993).  IRP also binds to these IREs in the absence of iron and dissociates in the presence of iron.  While bound to the IREs in TfR mRNA, IRP confers protection from degradation by nucleases (Harford, 1993).  Dissociation of IRP caused by iron binding results in rapid degradation of TfR mRNA, leading to a decrease in the amount of TfR produced and displayed on the cell surface.  This results in a decreased ability to take up iron, which correlates in time with an activation of ferritin translation and concomitant ability to store iron.  Thus, a coordinately regulated cycle for iron uptake/storage is created (Kuhn & Hentze, 1992; Klausner et al, 1993).


Similar to TfR messages, one of the alternatively spliced DMT-1 isoforms, DMT-1(IRE), has an IRE in its 3' UTR (Lee et al, 1998).  Low iron levels would be predicted to stabilize the DMT-1 mRNA from nucleolytic degradation (Bacon et al, 1999).  This is consistent with the finding that the lower iron levels found in crypt cells lead to greater DMT-1 synthesis (Fleming et al, 1999; Han et al, 1999).
Proteins that Bind Specifically to IREs and Effects of Iron

As noted above, IREs can be recognized and bound by IRPs.  So far, two IRPs have been discovered.  Both are proteins of approximately 100 kilodaltons, and are evolutionarily conserved throughout vertebrate organisms (Rothenberger et al, 1990).  IRP2 has been shown to be distinct from IRP1 in that antibodies raised against a 75 amino acid peptide unique to IRP2 do not recognize IRP1 (Guo et al, 1994; Guo et al, 1995a).  Despite the presence of the unique region of IRP2, the general functions of the two IRPs appear to be similar.  They both bind to the same wild-type IREs, but the specificity of each IRP varies slightly (Henderson et al, 1993).  For instance, IRP1 binds in vitro to an IRE where the C1-G5 base pair has been mutated to an A1-U5 base pair (see Figure 2; Henderson et al, 1994), while IRP2 does not bind to this IRE variant in vitro, indicating a greater specificity of IRP2 for the native sequence.  It is still unclear which of these IRPs acts as the genuine IRE-binding protein in vivo or whether both are operative.  With regard to this issue, it has been recently reported that cultured murine pro-B lymphocytes have no detectable IRP1 protein or mRNA; however, IRP2 is functional and regulates both ferritin and TfR levels (Schalinske et al, 1997).


The amino acid sequence of both IRP proteins is highly homologous to mitochondrial aconitase (mAcon) (Klausner et al, 1993; Mascotti et al, 1995).  mAcon is a Krebs' cycle iron-sulfur enzyme that catalyzes the conversion of citrate to isocitrate via a cis-aconitate intermediate (hence, the basis of the enzyme name). IRP1 has been determined to be the apo version of the cytosolic aconitase (cAcon) (Klausner et al, 1993).  The similarity of IRP1 to mAcon leads to the suggestion that iron, itself, is directly involved in the iron-sensing mechanism of IRP1.  Like mAcon, IRP1 (i.e., apo cAcon) can form an iron-sulfur cluster (3 or 4 iron atoms in conjunction with 4 S atoms) (Klausner et al, 1993).  An IRP1 with a fully loaded iron-sulfur cluster (as would occur in an iron-loaded cell) cannot bind to an IRE, presumably because the RNA-binding domain of IRP1 is occluded (Basilion et al, 1994a).  In such a state, the molecule exhibits aconitase activity (Figure 3).


It has been shown that high concentrations of reductants such as 2-mercaptoethanol (2-ME) induce cAcon to bind to an IRE in vitro (Klausner et al, 1993).  By observing the effects of 2-ME on different IRP1 mutants, investigators have determined that three cysteines are required for coordination of the iron-sulfur cluster (Philpott et al, 1993; 1994; Hirling et al, 1994).  Additionally, a fourth cysteine must be reduced for IRE-binding to occur.  The iron-induced switch of IRP1 to cAcon reduces the affinity of the protein for RNA.  Moreover, it has been demonstrated that it is the formation of the Fe-S cluster, not aconitase activity per se, that inactivates RNA binding (Philpott et al, 1994).


Ultraviolet radiation induced crosslinking of radiolabeled IREs with IRP1 has been used to identify the RNA-binding sites of IRP1 (Basilion et al, 1994a; Swenson & Walden, 1994).  The regions of IRP1 that crosslink to the IRE overlap the aconitase iron-sulfur cluster cleft, a finding consistent with the mutually exclusive states of RNA-binding and aconitase activity (Beinert & Kennedy, 1993).  Additional site-directed mutagenesis studies have implicated three arginines as being critical to high affinity RNA-binding (Philpott et al, 1994).  The site of contact of the IRE with IRP2 has not yet been determined.


Treatment of either whole organisms (Ward et al, 1994) or cultured cells with iron salts or iron-bound heme induces ferritin synthesis while decreasing production of TfR (Hoffman et al, 1980; Battistini et al, 1991; Balla et al, 1992; Mullner et al, 1992; Goessling et al, 1992; 1994).  These phenomena are temporally coordinated with a switch from IRP1 to cAcon (Gray et al, 1993; Klausner et al, 1993; Hirling et al, 1994; Philpott et al, 1994).  These and other observations indicate that the iron-loaded form of IRP1 (cAcon) does not bind RNA in vivo, and thus permits simultaneous ferritin translation and destabilization of the TfR mRNA (Mascotti et al, 1995).


Formation of cAcon from IRP1 by administration of iron salts in vivo has been shown to be essentially irreversible in the absence of iron chelators or nitric oxide (NO) (Goessling et al, 1992; 1994).  Corroboration of this finding has been shown in rat liver, where cAcon levels do not decrease upon iron starvation, although IRP1 and IRP2 activity both increase (Chen et al, 1998).  Since cAcon is a stable end product, it may serve some cellular function.  One present hypothesis is that cAcon may actually function to convert citrate to isocitrate in the cytoplasm, although that is a process of unknown metabolic significance.  Alternatively, cAcon could be a "sensor" for NO or other oxidants, a possibility discussed below.


Under some conditions, heme has been shown to bind to IRP1 and direct its degradation (Lin et al, 1990; 1991; Goessling et al, 1992; 1994; Mascotti et al, 1996a).  It is of some significance that heme may be more than simply a source of iron (once it is liberated by heme oxygenase) (Eisenstein et al, 1991).  Degradation of IRP1 is thermodynamically irreversible, and new IRP1 must be synthesized in order to restore the repressed state under conditions favoring higher growth rates (Goessling et al, 1992; 1994).  Growth state dependence of heme effects on IRP1 in vitro may reflect tissue and cell specificity in vivo (Mullner et al, 1992; Drapier et al, 1993; Goessling et al, 1994).


The iron response of IRP2 differs strikingly from the aconitase pathway for IRP1 (Guo et al, 1994; Henderson et al, 1993; Cairo & Pietrangelo, 1994; Cairo et al, 1995; Samaniego et al, 1994).  Recent evidence indicates that IRP2 cannot acquire aconitase activity (Guo et al, 1994).  Furthermore, addition of 2% 2-ME does not increase the affinity of IRP2 for IREs in vitro (Guo et al, 1994).  Iron administration does down-regulate IRP2 function; however, this process occurs by way of a proteolytic degradation via the proteasome pathway (Figure 3; Guo et al, 1995b).  The degradation process is reminiscent of decreases in IRP1 levels triggered by heme under some conditions (Goessling et al, 1992; 1994).  It has also been shown that heme-bound iron mediates the breakdown of IRP2 in vivo (Mascotti et al, 1998).  

OTHER REGULATORY MOLECULES THAT AFFECT GENES INVOLVED IN IRON METABOLISM

Cytokines

Cytokines are peptide hormones that are messengers of many inflammatory responses (also known as the acute response), and have been implicated in modulating the synthesis of proteins that are iron-regulated (Torti et al, 1988; Rogers et al, 1990; Miller et al, 1991; Rogers, 1992; Seiser et al, 1993; Hirayama et al, 1993; Fahmy & Young, 1993; Rogers et al, 1994; Torti & Torti, 1994).  For instance, actions of cytokines can result in the selective stimulation of H-and L-ferritin synthesis.  This process is accomplished both by transcriptional (Wei et al, 1990; Miller et al, 1991) and translational mechanisms (Rogers et al, 1990; Rogers, 1992; Rogers et al, 1994).  However, the effect of iron on overall ferritin expression appears to be independent of the cytokine effects (Miller et al, 1991; Torti & Torti, 1994).


Several cytokines have been shown to specifically affect ferritin protein synthesis, and each cytokine varies in its effect.  One acute response cytokine, interleukin-1 (Il-1) has been shown to induce the preferential synthesis of the ferritin H-chain in both myoblasts and myotubes resulting in an increased H:L subunit ratio (Wei et al, 1990).  Another acute response protein, tumor necrosis factor- (TNF-), also enhances H-ferritin relative to L-ferritin synthesis in myoblasts, myotubes, and muscle cells (Torti et al, 1988; Wei et al, 1990; Miller et al, 1991).  Furthermore, the effects of Il-1 and TNF- are additive (Wei et al, 1990).


Different cytokines elicit selective effects on monocytes, which are major sites of cytokine synthesis as well as response.  Interferon- (IFN-) and TNF- increase ferritin H-chain mRNA levels in monocytes, whereas interleukin-1 (Il-1) has no effect on these levels (Fahmy & Young, 1993).  No cytokine has been found to affect the levels of mRNA encoding L-ferritin.  Thus, the ferritin H:L mRNA ratio is increased by TNF- and IFN-, but not by Il-1.  TNF- and Il-1 also decrease TfR protein levels; however, IFN- has no effect on expression of TfR synthesis in monocytes (Fahmy & Young, 1993).  Thus, some cytokines appear to increase both H-ferritin and TfR mRNA levels, while others affect only one or the other.  It can be concluded that iron may be involved in only some, but not all of these effects.  In monocytes, Il-1, IFN- and TNF- all decrease the overall rate of iron uptake substantially; however, TNF- induces a greater fraction of the iron that is taken up to become incorporated into ferritin than do the other two cytokines (Fahmy & Young, 1993).  The reduction of TfR expression by TNF- and Il-1 correlates with decreased iron uptake; however, IFN- reduces iron uptake despite its lack of effect on TfR levels.  The reason for these differential effects are at present unknown.


The effect of another cytokine, interleukin-2 (IL-2), on TfR levels in a proliferating mouse T-cell line has also been described (Seiser et al, 1993).  IL-2 activates transcription of the TfR gene by approximately 3-fold and induces stabilization of the TfR mRNA.  The stabilization of TfR mRNA against nucleolytic degradation occurs via activation of IRP binding activity, altering the TfR mRNA conformation in a way that inhibits access to nucleases (Harford, 1993).  Additional effects of IL-2 are required for TfR mRNA stabilization, although the mechanisms are unknown.


In addition to the effect of cytokines on transcription, cytokines can also affect translation of ferritin (Rogers, 1992; Rogers et al, 1990).  In human hepatoma cells, IL-1 increases the translation from both H- and L-ferritin mRNAs (Rogers et al, 1990).  The mRNA levels of L-ferritin are not increased by IL-1 or IL-1, indicating that any increase of L-ferritin synthesis is due to translational effects (Torti et al, 1988; Wei et al, 1990; Miller et al, 1991; Fahmy & Young, 1993).  The induction of L-ferritin synthesis is accompanied by a shift of L-ferritin mRNA from monosomes to polysomes, indicating an enhancement of its translatability (Rogers et al, 1990).  The rate of iron uptake is unchanged by IL-1; however, iron incorporation into ferritin increases slightly upon IL-1 stimulation (Fahmy & Young, 1993).  These results together suggest that intracellular iron pools are redistributed during IL-1 treatment.


Recently, it has been shown that a 20-nucleotide sequence within the ferritin H-chain 5' UTR, distinct from the IRE, is responsible for an approximately 2-fold enhancement of translation following treatment by IL-1 (Rogers et al, 1994).  This sequence has been named the acute box and appears to function at the level of translational initiation.  When the iron chelator desferoxamine is added in conjunction with IL-1, no induction of L-ferritin translation is observed (Rogers et al, 1990).  Thus, the translational induction by IL-1 must occur after release of IRP from the IRE.

Nitric Oxide

Nitric oxide (NO) is an extremely potent second messenger of many cytokine actions (Welsh et al, 1991; Lowenstein & Snyder, 1992).  Also, NO binds to and affects iron-containing proteins, including IRP1, in many ways (Welsh et al, 1991; Drapier et al, 1993; Henry et al, 1993; Weiss et al, 1993; Castro et al, 1994; Hausladen & Fridovich, 1994; Jaffrey et al, 1994; Stamler, 1994).  The mechanism of NO action on ferroproteins occurs via NO or metabolites of NO and oxygen (Castro et al, 1994; Hausladen & Fridovich, 1994).  The binding of NO or NO metabolites disrupts the iron-sulfur cluster in cAcon and induces the formation of IRP1 (Drapier et al, 1994; Weiss et al, 1993; Jaffrey et al, 1994).  Indeed, it has been suggested that the primary function of cAcon may be to sense NO and transduce this signal to alter iron metabolism (Stamler, 1994).  Thus, an elegant mechanism for connecting iron metabolism to the inflammation response may be mediated by nitric oxide.  There is also a feedback mechanism relating nitric oxide synthase production to intracellular iron availability in murine macrophages (Weiss et al, 1994).

Phosphorylation

Both IRP1 and IRP2 can be phosphorylated in vivo upon phorbol 12-myristate 13-acetate (PMA) activation of HL-60 cells (Eisenstein et al, 1993; Schalinske & Eisenstein, 1996).  Phosphorylation induces a greater fraction of primarily IRP2, and to a lesser extent IRP1, to become competent to bind IREs in vitro.  However, the measured association constants for the high affinity IRPs with IREs are not altered.  Further evidence suggests that the apo-IRPs are preferentially phosphorylated (Schalinske & Eisenstein, 1996).  These findings imply that there is a reserve pool of IRP2 which can be recruited to bind IREs when phosphorylated.  The reserve pool of IRP1 is cAcon, which can be recruited to bind IREs when the 4Fe-4S cluster is removed.


Because PMA induces cellular differentiation and kinase activity, the phosphorylation of IRP2 may be related to cell proliferation and to cytokine stimulation of cells.  Upon partial hepatectomy of rat livers, levels of ferritin decline and levels of TfR increase in the regenerating liver (Cairo & Pietrangelo, 1994).  Phosphorylation of IRP2 could account for this observation, since hepatectomy induces a state of rapid cell division.  And, as stated above, phosphorylation of IRP2 correlates with induction of cell division.  Also, it has been postulated that the increased stability of TfR mRNA in proliferating T-cells (induced by Il-2) is related to phosphorylation of IRP1 (Seiser et al, 1993).

SUMMARY AND FUTURE QUESTIONS


The unique chemistry of iron is utilized by living organisms for many vital metabolic reactions.  One of iron's primary attributes is its ability to be a partner in reduction-oxidation reactions.  Safe utilization of iron's redox potential results in beneficial reaction products.  However, even low levels of unchaperoned iron can have deleterious consequences to cells.  Most organisms have evolved systems which distribute and sequester iron into safe environments.  Iron or iron bound to a transporter can signal pathways to up-regulate or down-regulate expression of many genes.  In a highly connective way, the expression of most genes that encode iron-containing proteins is regulated in some way by iron and other iron-containing proteins.


Beyond the action of iron, other molecules such as cytokines can affect transcription and translation of genes involved in iron-management.  The details of how cytokines affect expression of genes such as ferritin are only now coming to light.  It is known, for example, that one second messenger of cytokines, NO, can increase the IRE binding activity of IRP1, bringing about translational repression of ferritin and stabilization of TfR mRNA.  This underscores the linkage between iron metabolism and other cell activities.  A better understanding of the connection between inflammation and iron homeostasis could provide insight into the mechanism of iron withholding during microbial challenge or trauma.  More general questions remain about the IRE and IRPs, questions which are likely to direct us to learn more about overall cellular metabolism.  More exploration of the effects of agents such as cytokines will be instrumental in the understanding of not only systemic iron homeostasis and inflammation, but also of heart disease, cancer and brain pathologies.
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Table 1.  Messenger RNAs that Contain Functional IREs

mRNA
Number of IREs
Location of IRE(s)
Effect of Iron
Ferritin (H- and L-Chains)
1
5' Untranslated Region
Increases Translation

Erythroid -ALAS
1
5' Untranslated Region
Increases Translation

Mitochondrial Aconitase
1
5' Untranslated Region
Increases Translation

Succinate Dehydrogenase
1
5' Untranslated Region
Increases Translation

(Drosophila melanogaster)

Transferrin Receptor
5
3' Untranslated Region
Decreases mRNA Stability

DMT-1
1
3' Untranslated Region
Degreases mRNA Stability

FIGURE LEGENDS

Figure 1.  Points of Control in Eukaryotic Gene Expression.  This is an extended version of the central dogma of molecular biology.  Included are the primary processes where information is transferred from the DNA primary sequence into an active protein product.  For each individual protein expressed in mammals, there are multiple levels of control which can affect the amount and timing of expression of each protein.

Figure 2.  The IRE.  This is a schematic representation of the consensus IRE found in several iron-regulated mRNAs.  The interaction between C-1 and G-5 within the loop is indicated, and M represents any nucleotide except G.

Figure 3.  The Iron Responsive Translation of Ferritin mRNA.  At the top of the figure is a representation of the ferritin mRNA which is untranslated due to the binding of an IRP to an IRE located near its 5' end.  Also represented are the 5' cap as the small black oval on the left end and a polyadenylated tail on the right side as An.  Addition of iron to a cell induces translation of the ferritin message by two possible pathways.  If the IRP in question were IRP1, an iron-sulfur cluster would form in IRP1 and cause dissociation of the protein from the IRE.  If IRP2 were the IRP in question, IRP2 would be degraded by the proteasome pathway.  Irrespective of which IRP had been bound, the bottom of the figure shows ribosomes translating the ferritin open reading frame once the IRP is released.  Also shown is a small ribosomal subunit attached to the 5' untranslated region before it scans for the AUG codon.
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