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Abstract

:

From the nutritional standpoint, several aspects of the biochemistry and physiology of iron are unique. In stark contrast to most other elements, most of the iron in mammals is in the blood attached to red blood cell hemoglobin and transporting oxygen to cells for oxidative phosphorylation and other purposes. Controlled and uncontrolled blood loss thus has a major impact on iron availability. Also, in contrast to most other nutrients, iron is poorly absorbed and poorly excreted. Moreover, amounts absorbed (~1 mg/day in adults) are much less than the total iron (~20 mg/day) cycling into and out of hemoglobin, involving bone marrow erythropoiesis and reticuloendothelial cell degradation of aged red cells. In the face of uncertainties in iron bioavailability, the mammalian organism has evolved a complex system to retain and store iron not immediately in use, and to make that iron available when and where it is needed. Iron is stored innocuously in the large hollow protein, ferritin, particularly in cells of the liver, spleen and bone marrow. Our current understanding of the molecular, cellular and physiological mechanisms by which this stored iron in ferritin is mobilized and distributed—within the cell or to other organs—is the subject of this review.
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1. Introduction


Iron is traditionally considered the most abundant trace element in the mammalian organism, the total iron in adult humans being in the range of 2.5–4.5 g. These quantities are much lower than those of the major minerals (Ca, P, K, Na, Cl and Mg), which range from 1200 to 26 g in the human adult [1]. Quantities of iron are only slightly higher than fluorine (~2.6–4 g), and considerably higher than zinc (1.6–2.3 g), silicon (1.1 g), copper (0.11 g) and the many other elements present in the whole organism. Iron is unique in several other ways. For one, it is probably the only element located mainly in the blood (in red blood cell hemoglobin, to mediate oxygen transport), which makes it unusually vulnerable to being lost by bleeding. For another, its chemistry makes it difficult to absorb from the diet, since iron ions form insoluble oxides, hydroxides and other precipitating salts in aqueous solutions at physiological pH; and only nutrients that chelate iron keep some soluble available for uptake by enterocytes. About 10% of dietary non-heme iron is absorbed. Heme iron is absorbed somewhat more efficiently and as the heme complex [2]. Iron stored by plant and animal cells in the large protein ferritin may be absorbed even more efficiently, and by receptor mediated endocytosis [3]. Also unusual is that the amounts of iron absorbed daily (1–2 mg) are only a tiny fraction of the total in the body, and more than an order of magnitude less than the amounts of iron cycling daily in and out of iron-dependent proteins (18–24 mg) [1]. In biological systems, iron is in the 2+ and 3+ state, hemoglobin iron being Fe2+, iron transported on transferrin in the blood or stored intracellularly in ferritin being Fe3+, and that in enzymes and cytochromes being redox active and cycling between the two states.



Not only is iron difficult to absorb, but the mammal is not well equipped to rid itself of excess iron except by deliberate (or accidental) bleeding. Mechanisms within the organism are poised to ensure that once iron has entered cell fluids and tissues, it is retained. Thus, for example, aged red cells are taken up by macrophages, particularly in spleen and liver, to process the iron within a regulated manner, and recycle it via transporter/transport proteins or store it within the large hollow, multi-subunit protein ferritin. If erythrocytes are lysed within the blood, their hemoglobin binds to haptoglobin in the plasma and is taken to hepatocytes. Any free heme is chaperoned to hepatocytes by hemopexin [4]. Binding to larger proteins ensures that little or no iron is lost by glomerular filtration and entry into urine. Opposing these tendencies to retain iron are natural as well as accidental events that remove body iron. These include menstrual bleeding (4–37 mg per period), pregnancy (350–450 mg total), and accidental bleeding (0.5 mg/mL blood) [1]. Excretion is thought to occur primarily through the sloughing off of enterocytes at the ends of intestinal villi, and a small proportion (about 0.2 mg) is lost in the urine, the origin of which is unclear. More iron is lost when body stores are high, since more is retained by the enterocytes stored in ferritin, in response to signals that the body has sufficient iron. This response is at least partly programmed into enterocytes when they are being formed in crypts at the base of the intestinal villi. New cells migrate to the villus tips in 3–5 days. Shed cells are digested and most of the iron not reabsorbed. Less iron is lost this way when stores are low, since the enterocytes transfer almost all they absorb to the blood and have little or none stored in ferritin.



Apart from iron circulating in adult erythrocyte hemoglobin (2–2.5 g), a significant fraction (~300 mg) is in skeletal and cardiac muscle myoglobin to mediate intracellular oxygen transport [1,5]. Much smaller portions of total body iron are associated with cytochromes in the electron transport system of mitochondria in all cells, and with a limited number of enzymes. The latter include the heme enzymes catalase and cytochrome P450s (“drug metabolizing” enzymes in the endoplasmic reticulum), as well as those requiring iron-sulfur clusters (aconitase) or other complexes. An iron-dependent rate-limiting enzyme for cell division (in all organisms including humans) is ribonucleotide reductase, which provides the deoxyribonucleotides needed for DNA synthesis, and contains a bi-nuclear Fe-O-Fe unit that helps to produce a tyrosyl radical for the reaction. Much smaller quantities enter and exit all other iron dependent proteins. Quantitatively, most of the iron metabolized daily is that being incorporated into developing reticulocytes (in the bone marrow) and removed from aged erythrocytes that have entered reticuloendothelial cells (macrophages that are mostly in spleen and liver). (Macrophages normally account for ~600 mg of body iron [5]). Much of the iron released from cell and protein degradation is at least temporarily stored in ferritin, amounts in ferritin varying enormously from one individual to another [1].



The need for erythropoiesis thus drives much of iron metabolism, and this is regulated especially by the peptide hormone erythropoietin, which responds to oxygen tension in the blood. Thus, if blood is lost, levels of oxygen in blood are reduced and erythropoiesis is stimulated, which requires the mammal to send more iron to the bone marrow. The iron comes from iron stores in ferritin, which tend to be highest in liver, spleen and bone marrow. The iron also comes from enhanced absorption by the intestine, if the dietary iron is chemically available, dissolved in gut fluids. Erythropoietin is produced by the kidney and to some extent also by the liver [6]. Interaction of this hormone with cells in various organs results in upregulation in the expression of genes required for development and maturation of reticulocytes into erythrocytes, and production of other regulatory factors supportive of erythropoiesis, including those that enhance iron transport to the bone marrow after its mobilization from ferritin or absorption from the diet. Major players regulating the iron transport aspect include the small peptide hormone hepcidin produced mainly by liver hepatocytes, and the iron efflux transporter ferroportin, with which it interacts in the plasma membranes of intestinal mucosal cells as well as those of macrophages and hepatocytes in the liver and spleen. Our current understanding of the steps and mechanisms for mobilizing the iron stored in ferritin in support of erythropoiesis in the bone marrow and/or formation of iron enzymes and cytochromes within cells is the subject of this review.




2. Ferritin Structure and Formation for Iron Storage and Detoxification


Ferritin is a large hollow, symmetrical protein, usually comprised of mixtures of two kinds of paired homologous but not identical subunits (heavy and light; H and L; about 20 kDa) expressed from separate genes, for a total 24 subunits and a molecular weight of about 480 kDa [7,8,9]. In cardiac and skeletal muscle, a larger form comprised of 36 subunits is also present [10,11,12]; and “mini” ferritins with 12 subunits are produced by bacteria [13,14]. In mammals, most ferritin is produced by cytosolic ribosomes and found in that cellular compartment [15], although some is also found in lysosomes (see later), and some is secreted into the extracellular fluid and blood plasma [16,17,18] after synthesis on ER-bound polyribosomes. Mitochondria also contain some ferritin (24-subunit, H-like) encoded by a separate, intronless nuclear gene [19]. Like other ferritins, it sequesters iron to supply the metal for heme biosynthesis (a major function of mitochondria) and perhaps to protect mitochondria against iron-enhanced ROS production [20]. (It is not the subject of this review). X-ray structural analyses of the main (non-mitochondrial) ferritin indicate that the hollow protein “shell” is composed of pairs of subunits (associated head to foot) arranged with 432 symmetry, so that pores of two kinds are produced: hydrophilic ones where portions of three subunits combine, and hydrophobic ones made up of portions of four subunits. The wider hydrophilic pores (eight per ferritin molecule) are involved in uptake and deposition of ferric iron within the structure. The function (if any) of the hydrophobic pores is unknown [21]. The inside of ferritin is where iron not currently being transported or utilized is stored in the form of ferrihydrite crystals (5Fe2–9H2O) [22]. Storage is very efficient. It has been estimated that up to 4500 atoms of Fe can be accommodated within a single 24 subunit molecule, although the average Fe content (at least in liver and spleen cells) tends to be about half of that or less [23,24]. Ferritin from non-hepatic tissues, as well as cancers, tend to have a lower iron content [25,26]. The iron content of individual ferritin molecules covers a wide range; some molecules have much and others little or no iron. This has been determined by electron microscopy, where the relative amounts of electron-dense iron crystallites within donut-like ferritin shells can be viewed directly and by separating batches of purified ferritin in density gradients, where density depends upon the iron content, and measuring the iron:protein ratio [8,27,28,29,30]. Deposition of ferrihydrite crystals in ferritin occurs in vitro upon incubation of the protein with Fe2+ in the presence of oxygen [29,31]. This process involves movement and oxidation of Fe2+ and reduction of oxygen (ferroxidation) by several means and in several stages. Stages include entry of Fe2+ into the three-fold channels of the ferritin “shell”; oxidation to Fe3+ at ferroxidase active sites of H subunits involved with these channels [31]; transfer of Fe3+ (and some Fe2+) to the interior; binding to nucleation sites (glutamate and histidine residues on L subunits) within the cavity that promote formation of microcrystals, mainly of ferrihydrite; and additional Fe2+ oxidation on the surface of the microcrystals already deposited there [32]. It has plausibly been assumed that in vivo iron deposits within ferritin in the same manner as it does in vitro. However, some iron deposition may be aided by a recently reported cytosolic chaperone [33,34]. The large capacity of ferritin for iron and the fact that once converted to mineral the iron becomes innocuous and cannot participate in redox chemistry, renders ferritin not only an efficient means of storing excess iron rapidly but also an efficient means of detoxifying the metal.



Another aspect of ferritin metabolism supportive of detoxification is that synthesis of additional ferritin protein is stimulated by influx of iron into the cell cytosol [5,6]. Moreover, this system is mainly post-transcriptional, involving removal of a translational inhibitor (iron response proteins IRP1 or IRP2) bound to an iron response element (IRE) in the 5′untranslated region (UTR) of ferritin mRNA, resulting in an immediate burst of translation that leads to more ferritin. Thus, whenever iron enters the “labile iron pool” of the cell cytosol (such as from endosomes after receptor mediated endocytosis of transferrin, or after direct uptake through cell surface transporters like DMT1 and ZIP14 [35]) it finds ferritin molecules that still have lots of space to take in more iron. Simultaneously, more ferritin is made to ensure adequate numbers of ferritin molecules are there to take in more. The presence of this kind of dynamic and adaptive iron storage system underscores the need for cells to immediately store and detoxify any incoming iron not immediately utilized by iron-dependent proteins, so that oxidative damage is prevented or minimized. As a result, the iron status of a cell determines the rate at which ferritin is expressed, and its inherent ferritin iron and protein concentrations. This works both ways, so that when iron is lost or removed from the cell, ferritin iron and protein concentrations fall (see section 3.2 on mechanisms of ferritin degradation).



The cytosolic “labile iron pool” [36] is thus the major factor controlling levels of ferritin iron and protein. It represents iron fluxing in and out of cellular proteins and compartments and is not currently associated with iron-dependent enzymes, cytochromes, and oxygen carriers, or already stored in ferritin. Though of uncertain composition and defined as “chelatable iron”, the labile iron pool regulates not only the translation rate of ferritin mRNA but that of a whole series of other proteins involved in iron metabolism, including transferrin receptor 1. Transferrin receptor 1 mediates most of the cellular iron uptake, by binding Fe-transferrin at the cell surface, which is internalized by receptor-mediated endocytosis; release (by low pH) and reduction of the iron in endosomes (by a reductase, possibly Steap 3 [5,37], or endosomal ascorbate [38]); and transport of the released iron into the cytosol via divalent metal transporter 1 or other transporters. Other iron-related proteins controlled by the labile iron pool include reticulocyte δ-amino levulinate synthase, the rate-limiting step in porphyrin and heme biosynthesis that provides heme for hemoglobin, myoglobin, cytochromes and heme-dependent enzymes; and ferroportin, the major iron efflux transporter in the cell plasma membrane, which will also release iron from cells in storage organs (like liver and spleen) to the blood for transport to the bone marrow. Messenger RNAs for all these enzymes have iron response elements (IREs) in either the 5′ or 3′UTRs. As with ferritin mRNA, the 5′-UTR location of the IRE in δ-amino levulinate synthase mRNA allows iron response proteins, IRP1 or IRP2, to bind to the IREs and block translation. Since iron inactivates or reduces levels of the inhibitory IRP1 and 2, respectively, production of ferritin in all cells and heme in erythroid cells is positively coordinated with iron influx or availability, and vice versa. In contrast, multiple IREs in the 3′-UTR (as in transferrin receptor 1) allow for stabilization and accumulation of specific mRNAs through IRP binding, resulting in more mRNA to be translated, more protein, and in the case of transferrin receptor 1, uptake of more iron to remedy iron deficiency. A lack of IRP binding to those mRNAs results in mRNA destabilization and degradation, with the opposite overall effect. Thus, cells deficient in iron have IRPs bound to IREs in the 5′ and 3′-UTRs of several mRNAs, resulting in inhibition of production of some proteins (like ferritin and δ-amino levulinate synthase) and increased production of others, like transferrin receptor deployed on the cell surface to bring in extra iron. In contrast, cells in which iron is entering are producing ferritin to store it, and reducing their levels of transferrin receptor, since they are not lacking the element. In the long-term, there is additional regulation of expression of these iron-involved proteins at the transcriptional level through mechanisms not yet fully understood. Iron status also affects rates of transcription of ferritin genes in several cell types and organisms [39], increasing expression with long-term enhancement of iron availability. Hormonal regulation (particularly of ferritin H transcription) also occurs in some cells [40,41].




3. Release of Stored Iron from Ferritin


3.1. Regulation of Ferritin Degradation


While ferritin synthesis is stimulated by increased levels of iron in the cytosolic labile iron pool through removal of IRP inhibition of ferritin mRNA translation, a lowering of labile iron has the opposite effect. With less iron in the labile iron pool, most or all ferritin mRNA is bound to inhibitory IRPs that block translation, and thus, rates of ferritin synthesis are much lower or virtually nil, while some degradation of ferritin may still be occurring. However, the degree of IRP binding to ferritin mRNA (and thus, the rate of ferritin synthesis) is not the only factor determining levels of ferritin protein in cells at any given moment. Alterations in rates of ferritin protein degradation are also involved. Studies from our laboratory some time ago in cultured rat hepatoma cells showed that the levels of iron influx regulated the rates of ferritin protein degradation, as measured by loss of 35S-methionine/cysteine-labeled ferritin protein over time, and by other methods [42]. In fact, these studies showed that high levels of iron influx (exposure to 180 µM ferric ammonium citrate) virtually eliminated degradation of ferritin protein, while also stimulating production. In contrast, prevention of further iron influx by treatment of cells with the iron chelator, desferrioxamine (DFO) [42,43], or equally well by transfer of cells to a low-iron medium [42], resulted in ferritin degradation at rates that varied with cell type (half-lives ranging from 11 to 23 h). This was observed in models for enterocytes (Caco2 cells), hepatocytes (rat hepatoma cells H4-II-E-C3), and reticulocytes (K562 cells differentiated with tributyrin), each of which handle iron in very different ways. Enterocytes (and Caco2 cell monolayers) are involved in regulating dietary iron absorption. They take up less iron across their apical brush border and release less to the blood side when iron is abundant; and take up more dietary iron and release more to the blood when iron is relatively unavailable. (It is interesting that Caco2 cell monolayers with tight junctions display the same, seemingly selfless trait as enterocytes do in vivo, releasing most of the iron they absorb to the basolateral chamber, representative of the blood, in response to iron deprivation [44,45]). Hepatocytes are particularly important for storage of extra iron that can be called upon when needed. They respond to iron influx by accumulating ferritin iron and protein and lose ferritin iron and ferritin protein when iron influx ceases. Reticulocytes are focused on incorporating iron into hemoglobin and differentiating into finished erythrocytes that carry oxygen in the circulation. Good iron availability in the blood results in rapid uptake from Fe2-transferrin by receptor mediated endocytosis, and the iron is incorporated into the porphyrin ring to form heme for hemoglobin (through ferrochelatase in mitochondria) or into ferritin for temporary storage. Less circulating iron-replete transferrin results in less iron uptake and lowered rates of synthesis of porphyrin/heme as well as of the globin portion of hemoglobin [46]. Thus, iron regulates not only the rate of synthesis of ferritin but also its rate of degradation [42]. Exactly how iron regulates ferritin degradation however is unclear and has not been well studied. However, Bridges and Hoffman showed that ascorbate (1 nmol/107 cells) reduced rates of degradation and iron release [47].



The results of more recent studies in some other cell types suggest that iron may not always be regulating rates of ferritin degradation. Asano et al. [48] found that in cancerous HeLa cells, iron deprivation enhanced degradation of ferritin compared to that occurring in the presence of iron in the medium, but that in primary and cultured fibroblasts ferritin protein was turning over at about the same rate whether in the presence of 100 µM ferric ammonium citrate (FAC) or in a state of iron deprivation. Degradation was also measured by following loss of 35S-radioactivity from labeled ferritin in cells exposed to FAC or made iron deficient by exposure to DFO, which enters lysosomes, or with another chelator (bathophenanthroline disulfonate) that stays outside the cell. (Both forms of degradation appeared to involve the lysosome, but in different ways—see later.) The authors suggest that continuous turnover of iron-containing ferritin might be a normal process, while cancer cells might gain protection against iron-dependent formation of reactive oxygen species (ROS) by only degrading ferritin when its iron is needed for cell proliferation. Consistent with their hypothesis, the hepatic cells in which we demonstrated cessation of ferritin degradation when culturing in 180 µM ferric ammonium citrate were cancerous (a hepatoma cell line). However, other explanations are also possible, including that these processes vary with cell type, and that differences in rates and mechanisms of iron uptake might result in different steady-state levels of the labile iron pool in the cytosol, which may be the key to iron regulation of ferritin turnover.




3.2. Mechanisms of Ferritin Degradation and Release of Its Iron


In theory, there are two mechanisms by which ferritin protein, like other proteins, might be degraded. These are through lysosomal proteolysis following autophagy from the cytosol into lysosomes, and by the proteasome in the cytosol following tagging by ubiquitin. Evidence for the involvement of both processes has been reported. The relative importance of these two degradative routes for ferritin and their consequences may vary among cell types. What we know about these processes is here described.



3.2.1. Lysosomal Ferritin Degradation


It has been known for a long time that while most ferritin tends to be in the cytosol where it is produced, some is located in lysosomes, especially in iron loaded cells [49,50,51,52]. Moreover, a number of different investigators have obtained solid evidence that in a variety of cell types, lysosomal proteases are involved in ferritin degradation and release its iron, and indeed that this may be the main route for ferritin degradation and iron release. Lysosomes are a cellular compartment that is constantly in flux. It consists of fusing and dividing vacuoles, into which degradative enzymes flow from the Trans Golgi Network, and substrates to be degraded enter via autophagy of intracellular components (and organelles), or by fusion with endocytic vesicles containing extracellular or plasma membrane materials [53]. Lysosomal pH (5–5.5) is optimal for the activity of its cysteine, aspartate and serine-type proteases (cathepsins) of which there may be at least 14 varieties [54]. Lysosomes also contain high concentrations of thiol reducing agents, particularly glutathione and cysteine [55,56] but also ascorbate. These have the potential to react with the iron, including that in ferritin iron crystallites (see later). Apart from the role of lysosomes in degrading materials—such as aged red cells or receptor-hormone complexes from the plasma membrane (all endocytosed from the environment)—they also degrade and recycle internal membrane materials, and proteins—particularly those with long half-lives—which include the enzymes of the proteasome [57,58]. Overall, ferritin would seem to fit into the category of long-life proteins, those with half-lives of days rather than hours. For example, we reported the half-life of ferritin protein in rat liver to be about 2.5 days [24]. However, in cell culture, the half-life can be as short as 3.5 h [59].



Bridges and colleagues [47,60,61] were among the first to provide evidence that ferritin entered lysosomes for its degradation. Using erythroleukemic K562 cells they found that ferritin was autophagized by lysosomes. Moreover, ferritin autophagy and degradation were inhibited by ascorbate, and this prevented ferritin iron release, implying that lysosomal proteolysis was needed for mobilization of its iron. Subsequent studies by Konijn and others [62,63] using erythroleukemic K562 cells as well as primary human erythroid cultures showed that inhibition of lysosomal proteolysis by specific inhibitors like leupeptin and chymostatin, or raising the lysosomal pH with chloroquine, reduced the rate of transfer of 59Fe tracer from ferritin to hemoglobin, and prevented the concomitant decrease in ferritin protein normally observed during reticulocyte development. (In this case, iron deprivation resulting in ferritin movement to lysosomes was initiated with the SIH, a cell permeant iron chelator that accumulates mainly in the cytosol). Radisky and Kaplan [64] showed in fibroblasts that endogenous as well as exogenously administered (cationic) ferritin was degraded by lysosomes, and that the resulting iron released returned to the cytosol, where it induced the formation of (and was incorporated into) new ferritin. Ollinger and Roberg [65] reported the same phenomenon for rat hepatocytes, namely that as a consequence of iron lack (through serum deprivation or treatment with the strong chelator desferrioxamine; DFO), cytosolic ferritin moved to lysosomes and this increased iron levels of the cytosolic labile iron pool. As already mentioned, we reported in 2001 [42] that for rat hepatoma cells, rates of ferritin degradation and ferritin iron release were parallel processes, implying that ferritin protein degradation was required for release of its iron. Larson et al. [66] confirmed in 2004 that ascorbate prevented ferritin redistribution to lysosomes, lysosomal ferritin degradation, and ferritin iron release induced by infection of epithelial cells with the pathogenic bacterium Neisseria meningitidis, which needs the iron for proliferation. Kwok and Richardson [67] demonstrated in cardiac and cancer cells (including melanocytes) that lysosomal protease inhibitors, including doxorubicin, promoted accumulation of ferritin iron intracellularly. We then reported that the same kinds of treatments (leupeptin, chymostatin, chloroquine) reduced rates of ferritin iron release and ferritin protein degradation in enterocyte, hepatocyte and reticulocyte cell culture models [43]. In these studies, cells were first treated to induce production of 59Fe-labeled ferritin and then deprived of iron by reculturing them in the presence of DFO, or exposing them to a culture medium low in iron without the presence of an iron chelator. Iron deprivation resulted in first order losses of ferritin protein and ferritin iron over time, with half lives in the range of 10–25 h. It was noteworthy that again the time course for loss of ferritin iron was identical to that for loss of ferritin protein, implying that both processes were occurring simultaneously, and that one was dependent upon the other. (This agreed with conclusions from our earlier studies of the regulation of ferritin degradation by iron [42].) Another observation was that in these cells, inhibitors of proteasomal degradation (lactacystin or MG132) did not alter ferritin degradation or iron release [43].



Much more recent reports confirm and extend these observations. Zhang et al. [68] reported that in a mouse B cell hybridoma cell line, lysosomal proteolysis was the primary degradation pathway for cytosolic ferritin, and that degradation of ferritin protein by lysosomes was necessary for release of its iron. In this case, ferritin iron degradation was triggered by overexpression of mitochondrial ferritin, which preferentially took up the iron released from cytosolic ferritin after lysosomal degradation. Initiating expression of mitochondrial ferritin (repressed by tetracycline) triggered degradation of cytosolic ferritin and increased its colocalization with a marker (LC3) of autophagosomes (indicative of macroautophagy—see later). Cytosolic (and mitochondrial) ferritin responses were monitored by immunoblotting, but also by labeling with 35S-amino acids and 59Fe. Lysosomal protease inhibitors (leupeptin and E64D) but not an inhibitor of the proteasome (lactacystin) inhibited degradation of ferritin protein and release of its iron but did not affect deployment of transferrin receptor on the plasma membrane and the capacity for iron uptake. Curiously, they also presented some evidence that blocking proteasomal degradation with lactacystin promoted stabilization of cytosolic ferritin when cells were kept in a high iron environment. This finding is discussed further in the section on ferritin degradation by proteasomes (below).



A major recent study confirming the importance of lysosomes is that of Asano et al. [48], in which degradation of ferritin was studied in primary and transformed mouse embryonic fibroblasts. In these studies, degradation was monitored in ferritin radiolabeled with 35S-amino acids. Turnover caused by DFO, the non-endocytosed iron chelator bathophenanthroline sulfonate, or by activation of ferroportin expression (enhancing iron efflux) was lowered by treatment with (a) inhibitors of lysosomal proteases (E64D and pepstatin); (b) an inhibitor of lysosomal acidification (bafilomycin A, which prevents proton influx); and (c) decreasing expression of proteinaceous factors that mediate macroautophagy of proteins into lysosomes (ATG5 and ATG7). Degradation rates were not affected by inhibition of the proteasome (lactacystin). Although release of iron from ferritin was not directly monitored, reduced lysosomal function resulted in lysosomal iron accumulation (as monitored by transmission electron microscopy-energy-dispersive X-ray analysis) as well as in cytosolic iron deficiency (monitored by IRP binding). Moreover, inhibition of lysosomal acidification (with bafilomycin A) had more of an effect on retention of ferritin iron by lysosomes than did treatment with pepstatin and E64d. This makes sense in that (a) the protease inhibitors used may not have decreased the activity of all the proteases involved in ferritin degradation; (b) increasing lysosomal pH would decrease the effectiveness of all the lysosomal proteases, slowing the degradation of the ferritin protein “shell”; (c) the decreased acidity would most likely also reduce the solubilization of the ferrihydrite crystallites of ferritin upon their exposure to the lysosomal environment (see more in section 3.4 below). Together, all of these studies clearly show that in a variety of different cell types, mobilization of the iron stored in ferritin is at least in large partly dependent on its movement into lysosomes (via macroautophagy) and degradation of its protein “shell” within that organelle. Whether and how the cytosolic proteasome system may be involved is discussed in the next section. In these same cell types, inhibitors of the proteasome were not effective in preventing ferritin iron release.



Another observation already mentioned and worth emphasizing [48] is that at least in embryonic fibroblasts, ferritin protein turned over even under conditions in which cells were continuously exposed to 100 µM of ferric ammonium citrate. Moreover, degradation was still mediated by lysosomal proteolysis, but through micro- rather than macro-autophagy (see more about these distinctions below); and the authors provided preliminary evidence that cancer cells might differ from non-cancer cells in only degrading ferritin in response to iron deprivation, e.g., via macro-autophagy, which might render them more resistant to iron toxicity. (Ferritin would only be turning over and releasing iron when it was needed for cell growth).



A large body of additional evidence has accumulated indicating that lysosomes are the major site in cells where redox active iron is released through degradation of hemoglobin, ferritin and other iron proteins. Many of these studies are from the group of Brunk and Kurz, who have concentrated on the potential importance of this organelle-confined process in shielding other cell parts from potential oxidative damage that iron might otherwise engender [53,69]. Since it is well known that iron ions released from proteins can undergo Fenton chemistry to produce damaging reactive oxygen species (ROS), confining this chemistry mainly to lysosomes would spare more vital portions of the cell. They point out that Fenton chemistry proceeds more rapidly at lower pH, as in lysosomes; and that lysosomes are the most likely to contain ROS damaged molecules such as are present in lipofuscin granules [53,56,69], which are aggregates of chemically-altered, oxidized, and no longer degradable lipid, protein and/or polysaccharide. These granules have long been considered related to induction of cellular aging and senescence [70]. Kurz et al. [53] contend that lysosomes contain most of the labile iron in cells. In support of this, they showed that partial permeabilization of lysosomal membranes in cultured macrophages (J774 and THP-1) by a specific detergent, induced ferritin production in the cytosol, presumably due to release of lysosomal iron. Alkalization of lysosomes with ammonium chloride prevented this detergent-dependent ferritin induction, consistent with the concept that degradation of ferritin and other iron proteins (which would be much slower at alkaline pH) provided the lysosomal iron that induced ferritin production [71]. Interestingly, they also reported that some inhibitors of cathepsins B and L did not have the same inhibitory effect as alkalization. This implies that other cathepsins are responsible for ferritin proteolysis in macrophage lysosomes, although cathepsin B (inhibited by leupeptin) is implicated in ferritin degradation in many other cell types (see earlier). Another possibility is that alkalization itself made lysosomal iron unavailable, e.g., unable to induce ferritin synthesis by removing IRPs from its mRNA.



Kurz, Brunk and colleagues [53,69,72] propose that while lysosomes are more vulnerable to ROS damage due to their role in degrading ferritin and other iron-containing proteins, their low pH and reducing environment, mechanisms to reduce ROS formation in lysosomes have also evolved. These would include a rapid return of iron to the cytosol (for incorporation into and detoxification by ferritin) and temporary binding to protective proteins. Specific proteins brought into lysosomes would mitigate ROS production. They have accumulated direct and indirect evidence that ferritin (and particularly apoferritin), metallothionein (MT), and heat shock protein 70 (Hsp70) reduce ROS production in lysosomes, and point out that expression of all three is induced by oxidative stress [40,41,73,74]. Overexpression of the chaperone Hsp70 protected lysosomes against oxidative stress [75]; in vitro at lysosomal pH, pure Hsp70 (0.5–1.5 µM) very effectively reduced ROS production, in contrast to the pure albumin control (1 µM) [76]. To generate ROS, they mixed 10 µM FeCl3, 100 µM cysteine and 100 µM peroxide, in the presence of dihydro-dichloro-fluorescein, and monitored changes in fluorescence. As concerns metallothionein (MT), they cite studies of others [73] that oxidative stress increases expression of MT in liver, and that a high expression increases resistance to oxidative stress. In Kurz and Brunk’s own studies [77], high levels of MT induced by zinc treatment of cultured macrophages (J774) reduced apoptosis and oxidative damage to lysosomes. Here, they introduced iron into lysosomes by treating with FeCl3 which they claim forms an endocytosed iron-phosphate complex that can be seen within the lysosomes by electron microscopy after treatment by the sulfide-silver method. Cells were treated with the fluor dihydro-dichloro-fluorescein that enters the lysosomes. ROS formation was then induced by peroxide. If lysosomes were damaged, the fluor leaked into the cytosol and fluoresced in response to the increased pH of its environment. They also showed that at least in vitro, MT binds iron (presumably Fe2+). A significant caveat however is that, although they state that both MT and Hsp70 might be authophagized into lysosomes, they did not actually provide evidence for this being the case.



Their work with ferritin is more extensive and concrete. In several studies, they showed that extracellular apoferritin introduced into macrophage lysosomes via endocytosis protected lysosomes against oxidative damage [50,53,69,78]. Introduction of iron-rich ferritin was less effective than apoferritin, but still provided some protection. Others have shown that H-ferritin may be particularly helpful in protecting whole cells against oxidative stress [79,80]. However, that may simply reflect the ability of ferritin (and particularly H-ferritin) to oxidize Fe2+ and sequester it in a way that does not damage cells. Overall, these various studies indicate that mobilizing stored iron in lysosomes, after ferritin autophagy, is not only a major function of the lysosomal compartment but that during solution of the iron within ferritin, the un-degraded or partially degraded ferritin still present (and perhaps also some other proteins, like MT and Hsp70), is/are protecting the lysosome against ROS production and damage.



Ferritin autophagy and its triggers have not been well studied. Autophagy of cytosolic components into lysosomes can occur in several different ways. There are at least three ways for cytosolic proteins to enter lysosomes for degradation, macro-autophagy, micro-autophagy, and autophagy assisted by chaperone proteins [81]. In macroautophagy, small portions of the cytosol (containing a variety of substituents) become enclosed by a double membrane to form autophagosomes that eventually coalesce with lysosomes for degradation of their contents [82,83]. Microautophagy is a kind of endocytosis involving invagination of the lysosomal (rather than plasma) membrane [81]. Autophagy via chaperone proteins is a burgeoning field of investigation, since malfunction of factors involved in these processes are implicated in various diseases involving protein aggregates [81,84,85]. “Chaperone mediated autophagy” (CMA) is the best-known chaperone system, and mainly targets proteins that have amino acid sequences approximating KFERQ (lys, phe, glu, arg, gln) in their structure. Immunoprecipitation studies with KFERQ antibodies indicate that about 30% of cytosolic proteins may be in that category. For import into lysosomes, a chaperone Hsc70 (formerly known as Hcp73: heat shock cognate protein 73) binds to the KFERQ sequence in an ATP hydrolysis dependent reaction. Then, with the help of co-chaperones (including Hsp90, Hsp 40, and BAG1), the complex interacts with its lysosome receptor, lysosome-associated membrane protein 2 (LAMP2), unfolding the target protein and threading it into the lysosome through the LAMP2 channel [81,86,87]. A chaperone-assisted “selective” autophagy process is also recognized, which can (like for the proteasome) involve tagging with ubiquitin (see below). However, this tag leads to lipidation of the protein and entry into lysosomes [85,88,89]. Chaperone-associated ubiquitin-ligase (CHIP) assists in this form of autophagy [88]. Possibly, only large misfolded proteins that cannot easily enter the proteasome are targeted this way [88]. Ferritin, though not normally misfolded, is very large, and might also in theory have trouble entering the proteasome, although oxidized ferritin is efficiently degraded at least by the 20S proteasome (without the 19S “lids”), as demonstrated in vitro (see below). Ferritin can also form natural aggregates, and protein aggregates are often the target of lysosomal autophagy and can even inhibit the activity of the proteasome/ubiquitin-tagged degradation system in the cytosol [37,90] (see more below).



The mechanisms of ferritin’s autophagic entry into lysosomes are only just beginning to emerge. It was already noted some time ago by Bridges et al. that ascorbate inhibited ferritin autophagy [47,60,61]. How (or if) autophagy per se might be regulated by ascorbate is unknown. Since ascorbate would reduce Fe3+, ferrous iron might be part of the signal. As already indicated, recent work of Zhang et al. [68] with mouse B cell hybridomas, and Asano et al. [48] with embryonic fibroblasts both provided evidence that macroautophagy is involved. Knockout or knockdown of factors associated with formation of autophagosomes [68] and other aspects of macroautophagy (ATG5 and ATG7) [48] inhibited ferritin turnover induced by iron deprivation. However, in the latter studies with fibroblasts, ferritin also turned over in the presence of high levels of iron in the medium, and this mechanism of degradation (also dependent on lysosomes) was not affected by knocking out ATG5 and ATG7 It also was not prevented by knocking out LAMP2, one of the factors involved in the CMA form of chaperone-mediated autophagy. This implies that two kinds of autophagy might bring ferritin into lysosomes, depending on circumstances and cell type. Preliminary studies of a similar kind in a fibroblast line were carried out by the group of Jerry Kaplan and Ivana De Domenico [91]. Here as well, deletion of LAMP2 (and LAMP1) had no effect on ferritin degradation induced by iron deprivation with the chelator DFO, further supporting the idea that CMA is not involved in ferritin autophagy, although they indicated that ferritin does contain some KFERQ-like motifs. These investigators also reported that the classic inhibitor of autophagosome formation (macroautophagy) 3-methyladenine [92] failed to inhibit lysosomal ferritin degradation in HEK293T cells; but this contrasts with the findings of Asano et al. [48] for fibroblasts, who found it did inhibit the lysosomal degradation of ferritin that took place in the presence of 100 µM iron in the medium. This latter form of lysosomal ferritin autophagy (also thought to be macroautophagy), however, was distinguished from the macroautophagy occurring in response to iron deprivation, in that it was not dependent upon ATG5 and ATG7. Meanwhile, it appears that the actions of 3-methyladenine are much more complex than originally thought, making conclusions from its use less certain. Studies of Wu et al. [93] indicate that 3-methyladenine can both promote and inhibit autophagic flux depending upon the nutritional composition of the culture medium, and that this happens through differential effects on phosphatidylinositol-3-kinases (PI3K Classes I and III) and resulting signaling pathways. Overall, the data so far suggest that for ferritin, at least two kinds of lysosomal autophagy that include macroautophagy but not CMA may be occurring under different circumstances and in different cell types. Whether these findings can be confirmed and extended to other cells remains to be seen.



A relatively unknown fact about ferritin that might be related to its mechanism of autophagy is that it does form aggregates. Since, as already mentioned, protein aggregation can trigger autophagy [90,94], formation of ferritin aggregates might perhaps be a preliminary step leading to lysosomal uptake. The presence of ferritin aggregates, also known as ferritin oligomers, was established long ago, using electron microscopy of purified ferritin first separated in native PAGE [30,95,96,97]. Ferritin preparations were found to contain covalently-linked dimers, trimers, tetramers, and larger oligomers, usually representing no more than 10% of the total ferritin. (Much larger array-like aggregates of partially degraded ferritin—known as hemosiderin—also occur [30], particularly in iron overload). The way in which ferritin oligomers are formed and their purpose (if any) within cells is unclear. It has been demonstrated that individual ferritin molecules can become linked through disulfide bonds between external cysteines when oxidation is induced by loading iron into ferritin in vitro, which is also prevented by mercaptoethanol and the radical scavenger ceruloplasmin [98,99]. However, the original studies of the naturally occurring oligomers showed that treatment with disulfide reducing agents did not disassemble them [97]. So, oxidation is not likely to be involved in their formation. More recently, Hasan et al. [100,101] obtained in vitro evidence that ferritin aggregates while binding to tubulin fibers, and that this also occurs in vivo in the cytosol of several cell types. Moreover, they presented in vitro evidence that the fraction binding to tubulin (and aggregating) was 2.5-times richer in iron than the ferritin as a whole. If this is the mechanism of its oligomerization, and ferritin oligomerization also induces autophagy into lysosomes, then the ferritin entering lysosomes must be particularly iron rich, which seems possible.




3.2.2. Proteasomal Degradation of Ferritin


There are some reports that proteasomal degradation of ferritin can occur. Proteasomes are very large dumb-bell-like structures in the cytosol, with an internal hollow proteolytic (20S) cylinder or barrel. They particularly dispose of proteins with short half-lives and/or those that have PEST segments (rich in pro, glu, ser and thr residues) [102]. They also degrade oxidized or otherwise damaged, misfolded or mutant proteins. Proteins are degraded after being unfolded and entering the internal hollow barrel (the “20S proteasome”) made up of arrays of several different proteases, sealed at either end by bulky “lids” (19S) to form the overall 26S proteasome. Most proteins targeted for proteasomal degradation are tagged with chains of ubiquitin (Ub), a 76 amino acid protein that is one of the most conserved and abundant in nature. Tags of at least 4 (and up to 50) Ub monomers, linked to each other and to their target proteins via a peptide bond between the C-terminal carboxyl group of Ub and a lysine-amino group (lys 48 in Ub), cause the proteasome to identify and degrade the tagged proteins. Ub-protein ligases (E3 enzymes) (of which there are many) recognize specific target proteins as substrates for polyubiquitination. Tagged proteins bind to the “lids” of the proteasome, which remove the poly-Ub, and unfold and release the target into the barrel for degradation with the help of ATP hydrolysis [103]. However, degradation of damaged/oxidized proteins appears to occur by a mechanism not involving Ub or ATP [104] (see more below).



Reports dating back to 1994 indicate that oxidized ferritin can be degraded by proteasomes [104,105,106]. Rudeck et al. [106] showed in vitro, using the purified 20S proteasome (and no ATP or Ub ligation system), that pure ferritin oxidized by a variety of agents was degraded three to four-times faster than the native form. It should be noted that some degradation by the proteasome occurred even with unoxidized (native) ferritin, at least in this in vitro system. Oxidation of the ferritin also resulted in release of some of its iron. However, it was interesting that proteolysis (by the proteasome) did not add to the iron released, from which they concluded that “the proteasome recognizes only ferritin molecules that are already depleted of iron, which are nonfunctional”. This is the first hint that iron-poor ferritin or apoferritin might be degraded by that route and by a system not involving Ub. Evidence for non-Ub-based proteasomal degradation of oxidized proteins and ferritin was then obtained by Shringarpure et al. [104] in vitro and in vivo, using Chinese hamster lung fibroblast cell lines and their lysates that did and did not express the Ub-activating (E1) enzyme required for target protein ubiquitination. In line with in vitro findings [106], oxidized proteins were degraded three to four-times faster than native proteins in vivo [104]. (Shringarpure et al. [104] did not test for ferritin degradation.) Rates of oxidized protein proteolysis were reduced by an inhibitor of the proteasome (NLVS) and only very mildly affected by the absence of ubiquitination. The potential effects of ubiquitination on degradation of oxidized ferritin by the proteasome in vitro were also tested. Oxidation by peroxide enhanced ferritin degradation. However, the presence of a ubiquitination system that included ATP, Ub and cell lysate made no difference. It did seem that some Ub had been added to the oxidized ferritin; however, the gels presented are somewhat hard to interpret. Following ferritin in vivo, Mehlhase et al. [14] then reported that MG132 (a well-known inhibitor of the proteasome) markedly reduced the rate of oxidized ferritin degradation induced by peroxide treatment of RAW264.7 macrophages, as monitored by the radioactivity remaining in 35S-labeled ferritin H and ferritin L subunits. (They did not examine turnover of unoxidized ferritin.) More recently, Zhang et al. [68] reported that while the primary site for ferritin degradation and release of its iron was the lysosome, the proteasome might also sometimes be involved. Using a B cell hybridoma line (B9) they confirmed that treatment with iron (as ferric ammonium citrate; FAC) stabilized cytosolic ferritin (measured by immunoblotting); that addition of leupeptin increased retention of ferritin protein about 20% over that of FAC alone; but that lactacystin (which inhibits the proteasome) also slightly enhanced ferritin stability (about 13%). Although this was a single study involving three “experiments” and the differences were small, the authors concluded that the proteasome could have a role in ferritin degradation under certain circumstances. Some more recent studies by the group of Jerry Kaplan and Ivana De Domenico [91,107] indicate that in addition to lysosomes, the proteasome can degrade ferritin, and particularly iron-poor or apoferritin. In 2006, they reported on studies in ferroportin-transfected HEK293T cells (under ecdysone control), in which they first produced ferritin by iron loading and then induced its degradation by activating ferroportin expression, which would promote efflux of iron from the cells [107]. Using this somewhat artificial system, they reported that the proteasome inhibitor MG132, or inactivation of the E1 ligase involved in ubiquitination, markedly reduced the loss of ferritin protein induced by ferroportin activation. However, this treatment did not influence the amount of ferritin iron lost. Although the iron content of the ferritin present in these cells was not actually measured (loss of ferritin iron being gauged by radiolabeling), these observations imply that iron-poor or apoferritin is being degraded by the proteasome but that iron-containing ferritin is not. In further studies with the same cell system, the group reported that degradation of ferritin could occur in both lysosomes and the proteasome, depending upon the chelator used for iron deprivation: DFO, which enters cells only by endocytosis [28], induced degradation of ferritin in lysosomes that was inhibited by chloroquine, whereas treatment with the permeant chelators deferriprone and desferasirox—that probably access iron in the cytosolic labile iron pool—resulted in ferritin degradation via the proteasome, being inhibited by MG132 and not chloroquine [91]. The finding that DFO is somehow unique among chelators in inducing migration of ferritin into lysosomes is not consistent with the findings of many others in more commonly used cell types (already cited) showing that simply switching to a low iron medium has exactly the same effect of inducing lysosomal ferritin degradation inhibited by chloroquine and inhibitors of lysosomal proteases [43,53,69].





3.3. Does Iron Exit Ferritin without the Protein First Being Degraded?


It has been known for a long time that iron can come out of ferritin in vitro without markedly disturbing its overall structure [8,27,30]. For this, ferritin isolated from organisms or tissues is usually incubated with strong reducing and chelating agents, such as mercaptoacetic (thioglycolic acid) acid and α,α′-dipyridyl, at pH 5, which results in formation of dialyzable Fe2+-chelates that diffuse out of the ferritin, through the hydrophilic threefold channels of the protein “shell”. Chelators like DFO that cannot enter the channels [108] can also receive the Fe2+ released from ferritin outside the protein [11] indicating that amino acids within the pore/channel are mediating release, just as they mediate entry. This is how iron is removed to make apoferritin in vitro, which can then for example be re-loaded with specific numbers of iron atoms in the presence of Fe2+ and oxygen, to study the mechanisms of ferritin iron entry and deposition/crystallization [28,29,32]. In recent years, studies of this sort (including those from the laboratories of Elizabeth Theil and Dennis Chasteen have increased our understanding of the mechanisms and steps by which iron is oxidized and internalized by ferritins with different proportion of H and L subunits, or upon mutating specific amino acid residues within channels and the interior cavity of ferritin [29,31,32].



Based on these and other studies (to be described), Theil sees ferritin as a nanocage with flexible iron pores (the hydrophilic channels) [21]. Moreover, she proposes that the pores resemble channels of transmembrane proteins through which cations diffuse, and that the pores are “gated” by specific bulky amino acid side chains that intrude into the ferritin channels [109]. More importantly, she sees the pores as serving not only for entry but also for exit of the iron. This clearly happens in vitro, and her laboratory has shown that certain mutations in amino acid sequence and/or exposure of ferritin to low concentrations of chaotropic agents like urea can enhance rates of exit. Some of these studies were motivated by the identification of a spontaneous mutation in recombinant frog H ferritin that resulted in a markedly faster rate of iron release by reducing and chelating agents [110].



To measure effects of various factors on iron release from ferritin, the pure protein (usually frog H ferritin) denuded of iron and reloaded with specific numbers of iron atoms per molecule, was typically incubated with NADH, FMN and bipyridyl in MOPS-NaCl, at pH 7, and the rate of Fe2+-bipyridyl complex formation was monitored over time [21,110]. Substituting proline for leucine 134, close to one end of the hydrophilic channels, resulted in an enlargement of these pores [21,111]. Substituting proline, valine, alanine or glycine for leucine 134, or making similar substitutions for leucine 110 (more central to the channel) resulted in three to four-times higher initial rates of iron release compared to the wild type, the proline substitution being the most potent [110]. Times for release of 80% of the ferritin iron were reduced to 8–24 min from about 60 min for the wild type, and that for the proline mutant (L134P) to 2 min. Altering the aspartate-arginine (ion pair) interaction (at the other end of the channel from leucine 134) had similar effects, and the same was the case with certain modifications of the loops between helices C/D and B/C. Theil’s group has also demonstrated that 1 and 10 mM concentrations of chaotropes (urea and guanidine HCl) enhanced rates of iron release [28]. These concentrations were much lower than those needed to denature the ferritin structure (which is stable to 6 M urea) and might cause localized opening of channel obstructions, as demonstrated by changes in the melting temperature transitions of some helix subdomains. Low concentrations of urea—in the range of those used in the experiments—might occur in certain cells (particularly those of the liver and kidney) normally or in pathological states, and this might influence ferritin pore structure and accessibility. All of these studies indicate that mutations that increase the size of the hydrophilic channels in ferritin or environmental factors that unfold flexible areas leading to widening of the channels can greatly increase the rates at which the iron inside dissolves so it can diffuse out of the structure. Since the rate of reduction of the ferrihydrite is the rate-limiting step in this process, increasing the size, width and/or accessibility of the channels would be expected to increase the rate at which agents like reduced FMN are able to access the internal mineral.



Theil’s group also screened a combinatorial library of random heptapeptides for tight ferritin binding with the idea that small peptides might perturb access to the ferritin iron pores and/or modulate the size and width of the channels or their flexible “gates” [112]. One (hydrophobic) peptide was found that enhanced iron release rates six-times; another (with a high histidine and glycine content) reduced release rates to about half. Although there is no evidence these peptides occur in cells, it seems plausible that there might be peptides that interact with pore-regions of the ferritin structure and regulate access of either iron or reducing/chelating agents to channels leading into and out of the hollow cavity in ferritins.



These concepts of the mechanism by which iron is released from ferritin are very reasonable and are based on solid evidence obtained through studies of the purified protein. What is missing, however, is evidence that the processes defined in vitro also occur in vivo. Indeed, as already described, virtually all the in vivo evidence supports a very different chain of events, involving degradation of the protein “nanocage” prior to release of the iron inside. Indeed, it might be more disadvantageous to the organism to leave control of iron release to changes in levels of ascorbate and/or glutathione, for example that might not be under as tight control, leading to efflux not connected with iron needs and promoting oxidative stress. Also, Bridges et al. [47,60,61] showed repeatedly that treating cells with high doses of ascorbate, a highly effective iron reductant and chelator, failed to enhance ferritin iron release, an observation that our laboratory has confirmed and extended to observations with other reductants and chelators [113]. Moreover, ascorbate actually had the opposite effect (see section 3.2), inhibiting lysosomal autophagy and ferritin iron release. This effect was also recorded by Ollinger and Roberg [65] in hepatocytes and by Larson et al. [66] in epithelial cells in which ascorbate inhibited ferritin redistribution to, and degradation in, lysosomes induced by infection with the pathogenic bacterium Neisseria meningitidis, which needs iron for proliferation.




3.4. Solubilization of Ferritin Iron in Lysosomes


Although we have described the abundant evidence for iron being released from ferritin in lysosomes following or in parallel with degradation of its protein “shell”, the steps leading to solubilization of the ferritin ferrihydrite nanocrystals that would allow transport of iron back into the cytosol are currently mainly in the realm of speculation. It is clear (from data already described) that the iron released from ferritin in lysosomes returns to the cytosol, where it induces new ferritin synthesis [50,58] and contributes to the labile iron pool [48]. It is also clear that lysosomes normally contain high concentrations of reducing agents that would seem capable of dissolving ferritin iron, notably glutathione and ascorbate [53,56]. In as yet unpublished studies from our laboratory presented at meetings [114] we found that 1–10 mM concentrations of glutathione and ascorbate readily dissolved large portions of ferritin mineral that had been extracted and purified from rat liver ferritin, both at pH 5 and pH 7. Extracts of fluid from purified cell or tissue lysosomes were able to solubilize the iron as well. Since these agents would not only chelate but also reduce the iron ions in the mineral, their actions alone would most likely produce Fe2+ that is ready for transfer across the lysosomal membrane into the cytosol, via specific transporters (see next section). Lysosomal pH alone is not sufficiently acidic to dissolve the mineral rapidly, which also suggests that reduction of Fe3+ by a reductase enzyme is not likely to be involved.




3.5. Transport and Distribution of Iron after Release from Ferritin in Lysosomes


Once the iron in ferritin has been mobilized by dissolving it with endogenous reducing and chelating agents like glutathione and ascorbate, it must be conveyed back into the cytosol and from here directed to where it is needed in the cell or exported into the blood. The specific steps involved are still being worked out. One would expect that one or more transporters residing in the lysosomal membrane would export Fe2+ to the cytosol, where it would associate with as yet ill-defined components of the labile iron pool, and then find its way to other cell compartments or Fe-dependent enzymes or to ferroportin in the plasma membrane through which it would exit as Fe2+. Thereupon it would bind to transferrin in the blood plasma, after oxidation to Fe3+ either by transferrin itself [115] or by one or another of the multi-copper ferroxidases present in the plasma [116] or on the cell surface [84,117]. Transferrin would then deliver it to cells all over the organism but particularly to developing reticulocytes in the bone marrow, in support of normal or enhanced erythropoiesis.



Several potential and actual iron transporters have been reported to be associated with lysosomal membranes. The most likely to be involved in lysosomal iron efflux is divalent metal transporter 1 (DMT1/NRAMP2), which, as already described, is very active in dietary iron uptake by enterocytes across the brush border membrane and also releases iron from early endosomes in which transferrin-transferrin receptor complexes are cycling after endocytosis of Fe-transferrin from the blood plasma (see earlier). We and others have reported its colocalization with lysosomes [114,118]. At least in macrophages and neutrophils, a homologous protein to DMT1, natural resistance-associated macrophage protein 1 (NRAMP1), is located in late endosomes and phagolysosomes (that express LAMP1) [119], where it is thought to promote loss of iron (and perhaps also other metals) from vesicles containing phagocytosed microbial pathogens, who need iron for growth and proliferation. (Expression of NRAMP1 in CHO cells resulted in increased rates of transport of Fe2+ as well as Mn2+ [120].) Studies with Nramp1−/− mice showed that spleens (and to a much lesser extent livers) retained larger than normal loads of iron, and that the effect was exacerbated by overloading the circulation with damaged red cells induced by treatment with phenylhydrazine [121]. The same group, studying macrophage erythrophagocytosis with RAW 264.7 cells showed that knockdown of DMT1 with siRNA or cells with lower (versus higher) levels of Nramp1 expression resulted in retention of extra iron [122]. Knockdown of DMT1 in the low Nramp1 expressing cells, however, had the largest negative effect. Up to 40% of the 59Fe from the phagocytosed erythrocytes was retained in the cells after 24 h compared with 13% in the control.



Another potential candidate is TRPML1, the dysfunction of which is associated with mucolipidosis type IV and severe anemia [121]. Expressed in most cells [123] and located mainly in late endosomes and lysosomes [124], it has been demonstrated to transport iron when transfected into HEK293 cells [125]. It was also reported that skin fibroblasts from patients with the disease had more iron in their lysosomes (estimated histologically by a modified sulfide-silver method after exposure of cells to Fe-dextran), and that these cells also had lower cytosolic iron (measured with fluor-quenching). However, others demonstrated that knocking down TRPML1 in HEK293 cells resulted in enlarged lysosomes with high levels of zinc (shown by confocal microscopy) but no differences in total cellular Fe [126]. There was also an accumulation of Zn in mucolipidosis patient fibroblasts; and TRPML1 knockout mice had a significant but small (~15%) increase in zinc but not in other metals in their brains (determined by ICP-MS). Whether this ion channel normally plays a role in iron transport across cell membranes thus remains unresolved. A member of the Zip family of zinc (and iron) transporters, ZIP8, was also considered a possible lysosomal transporter. However, Wang et al. [127] showed that when overexpressed in HEK 293T cells, it enhanced uptake of Fe2+ across the plasma membrane and was found not so much in lysosomal membranes but in that of the cell and of early endosomes. Moreover, transport of iron was very poor at lysosomal pH, all of which makes it unlikely that ZIP8 participates in iron efflux from lysosomes.



Once in the cytosol, the iron in the labile pool (presumably as Fe2+ because of the continued reducing environment) will conceivably be carried to other sites in the cell where it might be needed, or shuttled to the plasma membrane where it could be transferred to the blood plasma for transferrin transport in the circulation. Sites within the cell that might require iron would include the mitochondria, where iron is incorporated not only into Fe-S clusters for specific enzymes (including aconitase in the TCA cycle) but also into protoporphyrin IX by ferrochelatase, the last step in heme biosynthesis. Interestingly, endogenous cytosolic ferritin may not be a source of iron for heme synthesis in some cells, as reported by Mikhael et al. [128] for the cultured macrophage line RAW264.7 in which heme biosynthesis was stimulated by incubation with the 5-amino levulinate from which porphyrin is produced. How iron is shuttled from one place to another within the cell cytosol, and as part of the labile iron pool, is still uncertain but may involve potential chaperones of various kinds [5,33,34,77,129].



What is certain is that ferroportin in the plasma membrane is a major route by which iron is released by most cells into the blood. Moreover, it is the only as yet identified iron exporter [37]. Knocking out ferroportin expression results in a profound iron deficiency ascribable not only to reduced absorption of dietary iron (due to reduced efflux into the blood from enterocytes), but also to a reduction in cycling of iron in red cell hemoglobin that must be released from macrophages and hepatocytes and returned to bone marrow erythropoiesis [37,130]. Ferroportin knockout is embryonic lethal in mice; deletion in utero after initial embryogenesis results in pups that die soon after birth and show accumulation of iron in enterocytes, macrophages and hepatocytes, consistent with the importance of this exporter for dietary absorption and red cell iron cycling. Interestingly, knocking out 90% of ferroportin expression in macrophages led to only mild anemia [131]. This suggests either that the remaining 10% was sufficient to carry out the bulk of the iron efflux involved in red cell iron recycling, and/or that there are other iron efflux mechanisms. (Studies by several groups using enterocyte cell models have shown that vesicular iron transport for efflux can also be important [45,132,133,134]).



Ferroportin is also a critical control site for recycling iron according to need; its expression levels on the plasma membrane being controlled mainly by the small peptide hepcidin, a master regulator of the iron homeostasis already mentioned, which binds to it and causes its endocytic disposal (degradation in lysosomes) in macrophages and enterocytes [37,135]. Hepcidin expression by liver (and macrophages [136]) is enhanced by iron and inflammation, resulting in decreased intestinal iron absorption through diminished release from enterocytes, as well as retention of iron by macrophages and hepatocytes. Control of synthesis is however also important, since this provides the ferroportin for cellular iron efflux. In the most relevant cells involved in iron absorption and recycling (intestinal enterocytes, macrophages of spleen and liver, and hepatocytes), gene expression of ferroportin is promoted by hypoxia induced by anemia and blood loss (through HIF1α and HIF2α transcription factors), and by iron itself—including that from heme. The iron effect occurs in part through binding of the heavy metal transcription factor MTF1 to two metal response elements in the ferroportin promoter, and also requires Zn [37]. However, it seems that at least in the macrophages, transcription is mediated primarily by heme itself rather than by the iron released from heme, while translation and protein expression depend on the iron [137]. In hepatocytes, protein expression is regulated by iron through the IRE-IRP system, since these cells express one of two alternatively spliced forms of ferroportin mRNA that has a 5′IRE (like the mRNA of ferritin) [5,37]. This does not occur in enterocytes, which have the non-IRE form. Transcription can be inhibited by the inflammatory agent lipopolysaccharide (LPS), perhaps through changes in activation of the transcription factor NRF2. Ferroportin is thought to export Fe2+, since copper-dependent ferroxidases are usually required to mediate ferroportin iron efflux as well as binding of the resulting Fe3+ to apotransferrin in extracellular fluid (see section 2). As a consequence of these regulatory processes that control deployment of ferroportin in the plasma membrane, iron is absorbed more efficiently by the intestine, released from ferritin stores, and recycled rapidly by cells of internal organs in response to iron lack/anemia/hypoxia/blood loss, while the reverse occurs when iron is readily available, storage levels are high, or the body is in a state of inflammation or infection.





4. Conclusions


This review has considered the evidence available relating to the mechanisms by which iron stored in ferritin is mobilized by cells and organs and released for distribution to where it is needed, when called upon to do so. Figure 1 summarizes what would seem to be the most plausible steps involved that have been presented and discussed. These steps may be summarized as follows:

	
In response to a signal relating to iron deprivation (resulting in a drop in the level of the labile iron pool) and/or decreased oxygen tension, cells in various organs cause ferritin in the cytosol to be taken up by lysosomes via autophagy. The form of autophagy is unclear but both macro-autophagy and perhaps also ferritin aggregation might be involved. Iron-rich ferritin may be targeted preferentially. Possibly, iron-poor and apoferritin are degraded in the cytosol by the proteasome simultaneously, to minimize reincorporation of iron into ferritin.



	
In the lysosomes, the ferritin protein “shell” is degraded by cathepsins, exposing the nanocrystals of ferrihydrite inside, which dissolve in the lysosomal fluid upon reduction by glutathione, ascorbate, and other fluid constituents, the Fe2+ chelated by binding to them and to residual proteins present (including undegraded ferritin and perhaps also Hsp70 and metallothionein).



	
Fe transporters in the lysosomal membrane, including DMT1, and depending upon the cell type also NRAMP1 and perhaps TRPML1, facilitate diffusion of Fe2+ into the cytosol, where it joins the labile iron pool, bound to potential chaperones that have and have not as yet been identified.



	
Depending upon the cell type and perhaps also the signal, the new iron in the labile pool coming from ferritin via lysosomes is distributed to where it is needed within the cell (such as for Fe-S cluster or heme biosynthesis in the mitochondria) and/or exported into the extracellular fluid and blood via the plasma membrane transporter ferroportin and bind to the transport protein transferrin mediated by membrane-attached or soluble extracellular ferroxidases, like hephaestin and ceruloplasmin, respectively.



	
Iron on transferrin then goes on mostly to develop reticulocytes in the bone marrow, but is also available to most other cells as needed, where it is taken up by receptor-mediated endocytosis of di- and monoferric-transferrin, and released from endosomes into the cytosol by DMT1 (and perhaps also other transmembrane transporters) after reduction of Fe3+ by Steap 3, other reductases, or endosomal ascorbate.
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Figure 1. Summary of the potential and most likely steps involved in mobilization of iron stored in cytosolic ferritin when the need arises. A description of the steps is given in the text. Various forms of lysosomal autophagy including those not involved in ferritin uptake are also depicted. (Modified from E.N. Sauble [118].) 






Figure 1. Summary of the potential and most likely steps involved in mobilization of iron stored in cytosolic ferritin when the need arises. A description of the steps is given in the text. Various forms of lysosomal autophagy including those not involved in ferritin uptake are also depicted. (Modified from E.N. Sauble [118].)



[image: Nutrients 05 04022 g001]









Acknowledgments


The contribution of Eric N. Sauble and his Master’s thesis [118] to this review is gratefully acknowledged.




Conflicts of Interest


The author declares no conflict of interest.




References


	



Linder, M.C. Nutrition and Metabolism of Trace Elements. In Nutritional Biochemistry and Metabolism, 2nd ed.; Linder, M.C., Ed.; Elsevier/Appleton-Lange: New York, NY, USA, 1991; pp. 215–276. [Google Scholar]

	



LeBlanc, S.; Barrick, M.D.; Arredondo, M. Heme carrier protein 1 transports heme and is involved in heme iron metabolism. Am. J. Physiol. Cell Physiol. 2012, 302, C1780–C1785. [Google Scholar] [CrossRef]

	



Theil, E.C.; Chen, H.; Miranda, C.; Janser, H.; Elsenhans, B.; Nunez, M.T.; Pizarro, F.; Schumann, K. Absorption of iron from ferritin is independent of heme iron and ferrous salts in women and rat intestinal segments. J. Nutr. 2012, 142, 478–483. [Google Scholar] [CrossRef]

	



Schaer, D.J.; Buehler, P.W.; Alayashi, A.; Belcher, J.D.; Vercellotti, G.M. Hemolysis and free hemoglobin revisited: Exploring hemoglobin and hemin scavengers as a novel class of therapeutic proteins. Blood 2013, 121, 1276–1284. [Google Scholar] [CrossRef][Green Version]

	



Wang, J.; Pantopoulos, K. Regulation of cellular iron metabolism. Biochem. J. 2011, 434, 365–381. [Google Scholar] [CrossRef]

	



Muckenthaler, M.U.; Galy, B.; Hentze, M. Systemic iron homeostasis and the iron-responsive element/iron-regulatory protein (IRE/IRP) regulatory network. Annu. Rev. Nutr. 2008, 28, 197–213. [Google Scholar] [CrossRef]

	



Clegg, G.A.; Fitton, J.E.; Harrison, P.M.; Treffry, A. Ferritin: Molecular structure and iron storage mechanisms. Prog. Biophys. Mol. Biol. 1980, 36, 56–86. [Google Scholar]

	



Harrison, P.M.; Hoy, T.G.; Macara, I.G.; Hoare, R.J. Ferritin iron uptake and release. Structure-function relationships. Biochem. J. 1974, 143, 445–451. [Google Scholar]

	



Linder, M.C.; Kakavandi, H.R.; Miller, P.; Nagel, G.N. Dissociation of ferritins. Arch. Biochem. Biophys. 1989, 269, 485–496. [Google Scholar] [CrossRef]

	



Linder, M.C.; Goode, C.A.; Gonzalez, R.; Gottschling, C.; Gray, J.; Nagel, G.N. Heart tissue contains small and large aggregates of ferritin subunits. Arch. Biochem. Biophys. 1989, 273, 34–41. [Google Scholar] [CrossRef]

	



Linder, M.C.; Nagel, G.N.; Roboz, M.; Hungerford, D., Jr. Heart cells contain a ferritin larger and more asymmetric than ferritins of other mammalian tissues. J. Biol. Chem. 1981, 256, 9104–9111. [Google Scholar]

	



Vulimiri, L.; Linder, M.C.; Munro, H.N.; Catsimpoolas, N. Structural features of rat cardiac ferritins. Biochim. Biophys. Acta 1977, 491, 67–75. [Google Scholar] [CrossRef]

	



Andrews, S.; Robinson, A.K.; Rodriguez-Quinones, F. Bacterial iron homeostasis. FEMS Microbiol. Rev. 2003, 27, 215–237. [Google Scholar] [CrossRef]

	



Macedo, S.; Romao, C.V.; Mitchell, E.; Matias, P.M.; Liu, M.Y.; Xavier, A.V.; LeGall, J.; Teixeira, M.; Lindley, P.; Carrondo, M.A. The nature of the di-iron site in the bacterioferritin from Desulfovibrio desulfuricans. Nat. Struct. Biol. 2003, 10, 285–290. [Google Scholar] [CrossRef]

	



Theil, E.C. Iron, ferritin, and nutrition. Annu. Rev. Nutr. 2004, 24, 327–343. [Google Scholar] [CrossRef]

	



Campbell, C.H.; Ismail, R.; Linder, M.C. Ferritin mRNA is found on bound as well as free polyribosomes in rat heart. Arch. Biochem. Biophys. 1989, 273, 89–98. [Google Scholar] [CrossRef]

	



Linder, M.C.; Madani, N.; Middleton, R.; Miremadi, A.; Cairo, G.; Tacchini, L.; Schiaffonati, L.; Rappocciolo, E. Ferritin synthesis on polyribosomes attached to the endoplasmic reticulum. J. Inorg. Biochem. 1992, 47, 229–240. [Google Scholar] [CrossRef]

	



Tran, T.N.; Eubanks, S.; Zhou, C.Y.J.; Linder, M.C. Secretion of ferritin by rat hepatoma cells and its regulation by inflammatory cytokines and iron. Blood 1997, 90, 4979–4986. [Google Scholar]

	



Levi, S.; Corsi, B.; Bosisio, M.; Invernizzi, R.; Volz, A.; Sanford, D.; Arosio, P.; Drysdale, J. A human mitochondrial ferritin encoded by an intronless gene. J. Biol. Chem. 2001, 276, 24437–24440. [Google Scholar]

	



Richardson, D.R.; Lane, D.J.R.; Becker, E.M.; Huang, M.L.-H.; Whitnall, M.; Rahmanto, Y.S.; Sheftel, A.D.; Ponka, P. Mitochondrial iron trafficking and the integration of iron metabolism between the mitochondrion and cytosol. Proc. Natl. Acad. Sci. USA 2010, 107, 10775–10782. [Google Scholar] [CrossRef]

	



Theil, E.C.; Liu, X.S.; Tosha, T. Gated pores in the ferritin protein nanocage. Inorg. Chim. Acta 2008, 361, 868–874. [Google Scholar] [CrossRef]

	



Liu, X.; Theil, E.C. Ferritins: Dynamic management of biological iron and oxygen chemistry. Acc. Chem. Res. 2005, 38, 167–175. [Google Scholar] [CrossRef]

	



Vulimiri, L.; Catsimpoolas, N.; Griffith, A.L.; Linder, M.C.; Munro, H.N. Size and charge heterogeneity of rat tissue ferritins. Biochim. Biophys. Acta 1975, 412, 148–156. [Google Scholar] [CrossRef]

	



Vulimiri, L.; Linder, M.C.; Munro, H.N. Sex difference in the distribution and iron responsiveness of rat cardiac and skeletal muscle ferritins. Biochim. Biophys. Acta 1977, 497, 280–287. [Google Scholar] [CrossRef]

	



Linder, M.C.; Moor, J.R.; Munro, H.N.; Morris, H.P. Structural differences in ferritins from normal and malignant rat tissues. Biochim. Biophys. Acta 1975, 386, 409–421. [Google Scholar] [CrossRef]

	



Linder, M.C.; Wright, K.; Madara, J. Concentration, structure and iron-saturation of ferritins from normal human lung and lung tumors with graded histopathology. Enzyme 1982, 27, 189–198. [Google Scholar]

	



Linder, M.C.; Munro, H.N. Metabolic and chemical features of ferritin, a series of iron inducible tissue proteins. Am. J. Pathol. 1973, 72, 263–282. [Google Scholar]

	



Liu, X.; Jin, W.; Theil, E.C. Opening protein pores with chaotropes enhances Fe reduction and chelation of Fe from the ferritin biomineral. Proc. Natl. Acad. Sci. USA 2003, 100, 3653–3658. [Google Scholar] [CrossRef]

	



May, C.A.; Grady, J.K.; Laue, T.M.; Poli, M.; Arosio, P.; Chasteen, N.D. The sedimentation properties of ferritins. New insights and analysis of methods of nanoparticle preparation. Biochim. Biophys. Acta 2010, 1800, 858–870. [Google Scholar] [CrossRef]

	



Munro, H.N.; Linder, M.C. Ferritin: Structure, biosynthesis, and role in iron metabolism. Physiol. Rev. 1978, 58, 317–396. [Google Scholar]

	



Theil, E.C. Ferritin protein nanocages use ion channels, catalytic sites, and nucleation channels to manage iron/oxygen chemistry. Curr. Opin. Chem. Biol. 2011, 15, 304–311. [Google Scholar] [CrossRef]

	



Toussaint, L.; Bertrand, L.; Hue, L.; Crichton, R.R.; Declercq, J.P. High resolution E-ray structures of human apoferritin H chains mutants correlates with their activity and metal binding sites. J. Mol. Biol. 2007, 365, 440–452. [Google Scholar] [CrossRef]

	



Philpott, C.C. Coming into view: Eukaryotic iron chaperones and intracellular iron delivery. J. Biol. Chem. 2012, 2878, 13518–13523. [Google Scholar] [CrossRef]

	



Shi, H.; Bencze, K.Z.; Stemmler, T.L.; Philpott, C.C. A cytosolic iron chaperone that delivers iron to ferritin. Science 2008, 320, 1207–1210. [Google Scholar] [CrossRef]

	



Nam, H.; Wang, C.Y.; Zhang, L.; Zhang, W.; Hojyo, S.; Fukada, T.; Knutson, M.D. ZIP14 and DMT1 in the liver, pancreas, and heart are differentially regulated by iron deficiency and overload: Implications for tissue iron uptake in iron-related disorders. Haematologica 2013, 98, 1049–1057. [Google Scholar] [CrossRef]

	



Kahlon, O.; Cabantchik, Z.I. The labile iron pool: Characterization, measurement, and participation in cellular processes (1). Free Radic. Biol. Med. 2002, 33, 1037–1046. [Google Scholar] [CrossRef]

	



Ward, D.M.; Kaplan, J. Ferroportin-mediated iron transport: Expression and regulation. Biochim. Biophys. Acta 2012, 1823, 1426–1433. [Google Scholar] [CrossRef]

	



Lane, D.J.R.; Chikhani, S.; Richardson, V.; Richardson, D.R. Transferrin iron uptake is stimulated by ascorbate via an intracellular reductive mechanism. Biochem. Biophys. Acta 2013, 1833, 1527–1541. [Google Scholar] [CrossRef]

	



Arosio, P.; Ingrassia, R.; Cavadini, P. Ferritins: A family of molecules for iron storage, antioxidation and more. Biochim. Biophys. Acta 2009, 1790, 589–599. [Google Scholar] [CrossRef]

	



Torti, F.M.; Torti, S.V. Regulation of ferritin genes and protein. Blood 2002, 99, 3505–3516. [Google Scholar] [CrossRef]

	



Tsuji, Y. JunD activates transcription of human ferritin H gene through an antioxidant defense element during oxidative stress. Oncogene 2005, 24, 7567–7578. [Google Scholar] [CrossRef]

	



Truty, J.; Malpe, R.; Linder, M.C. Iron prevents ferritin turnover in hepatic cells. J. Biol. Chem. 2001, 276, 48775–48780. [Google Scholar] [CrossRef]

	



Kidane, T.Z.; Sauble, E.; Linder, M.C. Release of iron from ferritin requires lysosomal activity. Am. J. Physiol. Cell Physiol. 2006, 291, C445–C455. [Google Scholar] [CrossRef]

	



Linder, M.C.; Zerounian, N.A.; Moriya, M.; Malpe, R. Iron and copper homeostasis and intestinal absorption, using the Caco2 cell model system. BioMetals 2003, 16, 145–160. [Google Scholar] [CrossRef]

	



Moriya, M.; Linder, M.C. Vesicular transport and apotransferrin in intestinal iron absorption, as shown in the Caco2 cell model. Am. J. Physiol. Gastrointest. Liver Physiol. 2006, 290, G301–G309. [Google Scholar] [CrossRef]

	



Dailey, H.A.; Meissner, P.N. Erythroid heme biosynthesis and its disorders. Cold Spring Harb. Perspect. Med. 2013, 3. [Google Scholar] [CrossRef]

	



Bridges, K.R.; Hoffman, K.E. The effects of ascorbic acid on the intracellular metabolism of iron and ferritin. J. Biol. Chem. 1986, 261, 14273–14277. [Google Scholar]

	



Asano, T.; Komatsu, M.; Yamaguchi-Iwai, Y.; Ishikawa, F.; Mizushima, N.; Iwai, K. Distinct mechanisms of ferritin delivery to lysosomes in iron-depleted and iron-replete cells. Mol. Cell. Biol. 2011, 31, 2040–2052. [Google Scholar] [CrossRef]

	



Faa, G.; Terlizzo, M.; Gerosa, C.; Congiu, T.; Angelucci, E. Patterns of iron distribution in liver cells in β-thalassemia studied in X-ray microanalysis. Haematologica 2002, 87, 479–484. [Google Scholar]

	



Garner, G.; Roberg, K.; Brunk, U.T. Endogenous ferritin protects cells with iron-laden lysosomes against oxidative stress. Free Radic. Res. 1998, 29, 103–114. [Google Scholar] [CrossRef]

	



Houghton, P.B.; James, E.M.; Williams, W.J.; Henderson, W.J. The fine structure of dense lysosomes isolated from rat spleen. Beitr. Pathol. 1976, 157, 244–250. [Google Scholar] [CrossRef]

	



Persson, H.L.; Nilsson, K.J.; Brunk, U.T. Novel cellular defenses against iron and oxidation: Ferritin and autophagocytosis preserve lysosomal stability in airway epithelium. Redox Rep. 2001, 6, 57–63. [Google Scholar] [CrossRef]

	



Kurz, T.; Eaton, J.W.; Brunk, U.T. The role of lysosomes in iron metabolism and recycling. Int. J. Biochem. Cell Biol. 2011, 43, 1686–1697. [Google Scholar] [CrossRef]

	



Droga-Mazovec, G.; Bojic, L.; Petelin, A.; Ivanova, S.; Romih, R.; Repnik, U.; Salvesen, G.S.; Stoka, V.; Turk, V.; Turk, B. Cysteine cathepsins trigger caspase-dependent cell death through cleavage of bid and antiapoptotic Bcl-2 homologues. J. Biol. Chem. 2008, 283, 19140–19150. [Google Scholar] [CrossRef]

	



Schafer, F.Q.; Buettner, G.R. Redox environment of the cell as viewed through the redox state of the glutathione disulfide/glutathione couple. Free Radic. Biol. Med. 2001, 30, 1191–1212. [Google Scholar] [CrossRef]

	



Terman, A.; Kurz, T.; Navratil, M.; Arriaga, E.; Brunk, U. Mitochondrial turnover and aging of long-lived postmitotic cells: The mitochondrial-lysosomal axis theory of aging. Antioxid. Redox Signal. 2010, 12, 503–535. [Google Scholar] [CrossRef]

	



Klionsky, D.J.; Cuervo, A.M.; Dunn, W.A., Jr.; Levine, B.; van der Klei, I.; Seglen, P.O. How shall I eat thee? Autophagy 2007, 3, 413–416. [Google Scholar]

	



Park, C.; Cuervo, A.M. Selective autophagy: Talking with the UPS. Cell. Biochem. Biophys. 2013, 67, 3–13. [Google Scholar] [CrossRef]

	



Mehlhase, J.; Sandig, G.; Pantopoulos, K.; Grune, T. Oxidation-induced ferritin turnover in microglial cells: Role of proteasome. Free Radic. Biol. Med. 2005, 38, 276–285. [Google Scholar] [CrossRef]

	



Bridges, K.R. Ascorbic acid inhibits lysosomal autophagy of ferritin. J. Biol. Chem. 1987, 262, 14773–14778. [Google Scholar]

	



Hoffman, K.E.; Yanelli, K.; Bridges, K.R. Ascorbic acid and iron metabolism: Alterations in lysosomal function. Am. J. Clin. Nutr. 1991, 54, 1188S–1192S. [Google Scholar]

	



Roberts, S.; Bomford, A. Ferritin iron kinetics and protein turnover in K562 cells. J. Biol. Chem. 1988, 263, 19181–19187. [Google Scholar]

	



Vaisman, B.; Fibach, E.; Konijn, A.M. Utilization of intracellular ferritin iron for hemoglobin synthesis in developing human erythroid precursors. Blood 1997, 90, 831–838. [Google Scholar]

	



Radisky, D.C.; Kaplan, J. Iron in cytosolic ferritin can be recycled through lysosomal degradation in human fibroblasts. Biochem. J. 1998, 336, 201–205. [Google Scholar]

	



Ollinger, K.; Roberg, K. Nutrient deprivation of cultured rat hepatocytes increases the desferrioxamine-available iron pool and augments the sensitivity to hydrogen peroxide. J. Biol. Chem. 1997, 272, 23707–23711. [Google Scholar] [CrossRef]

	



Larson, J.A.; Howie, H.L.; So, M. Neisseria meningitidis accelerates ferritin degradation in host epithelial cells to yield an essential iron source. Mol. Microbiol. 2004, 53, 807–820. [Google Scholar] [CrossRef]

	



Kwok, J.C.; Richardson, D.R. Examination of the mechanisms involved in doxorubicin-mediated iron accumulation in ferritin: Studies using metabolic inhibitors, protein synthesis inhibitors, and lysosomotropic agents. Mol. Pharmacol. 2004, 65, 81–195. [Google Scholar]

	



Zhang, Y.; Mikhael, M.; Xu, D.; Li, Y.; Soe-Lin, S.; Ning, B.; Li, W.; Nie, G.; Zhao, Y.; Ponka, P. Lysosomal proteolysis is the primary degradation pathway for cytosolic ferritin and cytosolic ferritin degradation is necessary for iron exit. Antioxid. Redox Signal. 2010, 13, 999–1009. [Google Scholar] [CrossRef]

	



Kurz, T.; Gustafsson, B.; Brunk, U.T. Cell sensitivity to oxidative stress is influenced by ferritin autophagy. Free Radic. Biol. Med. 2011, 50, 1647–1658. [Google Scholar] [CrossRef]

	



Sulzer, D.; Mosharov, E.; Talloczy, Z.; Zucca, F.A.; Simon, J.D.; Zecca, L. Neuronal pigmented autophagic vacuoles: Lipofuscin, neuromelanin, and ceroid as macroautophagic responses during aging and disease. J. Neurochem. 2008, 106, 24–36. [Google Scholar] [CrossRef]

	



Ghosh, M.; Carlsson, F.; Laskar, A.; Yuan, X.-M.; Li, W. Lysosomal membtane permeabilization causes oxidative stress and ferritin induction in macrophages. FEBS Lett. 2011, 585, 623–629. [Google Scholar] [CrossRef]

	



Kurz, T.; Terman, A.; Gustafsson, B.; Brunk, U.T. Lysosomes in iron metabolism, ageing and apoptosis. Histochem. Cell Biol. 2008, 129, 389–406. [Google Scholar] [CrossRef]

	



Andrews, G.K. Regulation of metallothionein gene expression by oxidative stress and metal ions. Biochem. Pharmacol. 2000, 59, 95–104. [Google Scholar] [CrossRef]

	



Ruttkay-Nedecky, B.; Nejdl, L.; Gumulec, J.; Zitka, O.; Masarik, M.; Eckschlager, T.; Stiborova, M.; Adam, V.; Kizek, R. The role of metallothionein in oxidative stress. Int. J. Mol. Sci. 2013, 14, 6044–6066. [Google Scholar] [CrossRef]

	



Doulias, P.T.; Kotoglou, P.; Tenopoulou, M.; Keramisanou, D.; Tzavaras, T.; Brunk, U.T.; Galaris, D.; Angelidis, C. Involvement of heat shock protein-70 in the mechanism of hydrogen peroxide-induced DNA damage: The role of lysosomes and iron. Free Radic. Biol. Med. 2007, 42, 567–577. [Google Scholar] [CrossRef]

	



Kurz, T.; Brunk, U.T. Autophagy of HSP70 and chelation of lysosomal iron in a non-redox active form. Autophagy 2009, 5, 93–95. [Google Scholar] [CrossRef]

	



Baird, S.K.; Kurz, T.; Brunk, U.T. Metallothionein protects against oxidative stress-induced lysosomal destabilization. Biochem. J. 2006, 394, 275–283. [Google Scholar] [CrossRef]

	



Garner, G.; Li, W.; Roberg, K.; Brunk, U.T. On the cytoprotective role of ferritin in macrophages and its ability to enhance lysosomal stability. Free Radic. Res. 1997, 27, 487–500. [Google Scholar] [CrossRef]

	



Epsztejn, S.; Glickstein, H.; Picard, V.; Slotki, I.N.; Breuer, W.; Beaumont, C.; Cabantchik, Z.I. H-Ferritin subunit overexpression in erythroid cells reduces the oxidative stress response and induces multidrug resistance properties. Blood 1999, 94, 3593–3603. [Google Scholar]

	



Orino, K.; Tsuji, Y.; Torti, F.M.; Torti, S.V. Adenovirus E1A blocks oxidant-dependent ferritin induction and sensitizes cells to pro-oxidant cytotoxicity. FEBS Lett. 1999, 462, 334–338. [Google Scholar]

	



Li, W.; Yang, Q.; Mao, Z. Chaperone-mediated autophagy: Machinery, regulation and biological consequences. Cell. Mol. Life Sci. 2011, 68, 749–763. [Google Scholar] [CrossRef]

	



Cuervo, A.M. Autophagy: Many paths to the same end. Mol. Cell. Biochem. 2004, 263, 55–72. [Google Scholar] [CrossRef]

	



Mizushima, N. Methods for monitoring autophagy. Int. J. Biochem. Cell Biol. 2004, 36, 2491–2502. [Google Scholar] [CrossRef]

	



Fuqua, B.K.; Vulpe, C.D.; Anderson, G.J. Intestinal iron absorption. J. Trace Elem. Med. Biol. 2012, 26, 115–119. [Google Scholar] [CrossRef]

	



Kettern, N.; Dreiseidler, M.; Tawo, R.; Hohfeld, J. Chaperone-assisted degradation: Multiple paths to destruction. Biol. Chem. 2010, 391, 481–489. [Google Scholar]

	



Kaushik, S.; Cuervo, A.M. Autophagy as a cell-repair mechanism: Activation of chaperone-mediated autophagy during oxidative stress. Mol. Aspects Med. 2006, 27, 444–454. [Google Scholar] [CrossRef]

	



Massey, A.; Kiffin, R.; Cuervo, A.M. Pathophysiology of chaperone-mediated autophagy. Int. J. Biochem. Cell Biol. 2004, 36, 2420–2434. [Google Scholar] [CrossRef]

	



Gamerdinger, M.; Carra, A.; Behl, C. Emerging roles of molecular chaperones and co-chaperones in sselective autophagy: Focus on BAG proteins. J. Mol. Med. 2011, 89, 1175–1182. [Google Scholar] [CrossRef]

	



Kirkin, V.; McEwan, D.G.; Novak, I.; Didik, I. A role for ubiquitin in selective autophagy. Mol. Cell 2009, 34, 259–269. [Google Scholar] [CrossRef]

	



Grune, T.; Jung, T.; Merker, K.; Davies, K.J. Decreased proteolysis caused by protein aggregates, inclusion bodies, plaques, lipofusion, ceroid, and “aggresomes” during oxidative stress, aging, and disease. Int. J. Biochem. Cell Biol. 2004, 36, 2519–2530. [Google Scholar] [CrossRef]

	



De Domenico, I.; Ward, D.M.; Kaplan, J. Specific iron chelators determine the route of ferritin degradation. Blood 2009, 114, 4546–4551. [Google Scholar] [CrossRef]

	



Seglen, P.O.; Gordon, P.B. 3-Methyl adenine: Specific inhibitor of autophagic/lysosomal protein degradation in isolated rat hepatocytes. Proc. Natl. Acad. Sci. USA 1982, 79, 1889–1892. [Google Scholar] [CrossRef]

	



Wu, Y.-T.; Tan, W.-L.; Shui, G.; Bauvy, C.; Huang, Q.; Wenk, M.R.; Ong, C.-N.; Codogno, P.; Shen, H.-M. Dual role of 3methyladenine in modulation of autophagy via different temporal patterns of inhibition on Class I and III phosphoinositide 3-kinase. J. Biol. Chem. 2010, 285, 10850–10861. [Google Scholar] [CrossRef]

	



Williams, A.; Jahreiss, L.; Sarkar, S.; Saiki, S.; Menzies, F.M.; Ravikumar, B.; Rubinsztein, D.C. Aggregate-prone proteins are cleared from the cytosol by autophagy: Therapeutic implications. Curr. Top. Dev. Biol. 2006, 76, 89–101. [Google Scholar] [CrossRef]

	



Harrison, P.M.; Gregory, D.W. Evidence for the existence of stable “aggregates” in horse ferritin and apoferritin. J. Mol. Biol. 1965, 14, 626–629. [Google Scholar] [CrossRef]

	



Lee, S.S.C.; Richter, G.W. The monomers and oligomers of ferritin and apoferritin: Association and dissociation. Biochemistry 1967, 15, 65–70. [Google Scholar]

	



Williams, M.A.; Harrison, P.M. Electron microscopic and chemical studies of oligomers of ferritin. Biochem. J. 1968, 110, 265–280. [Google Scholar]

	



Welch, K.D.; Reilly, C.A.; Aust, S.D. The role of cysteine residues in the oxidation of ferritin. Free Radic. Biol. Med. 2001, 33, 399–408. [Google Scholar] [CrossRef]

	



Welch, K.D.; van Eden, M.E.; Aust, S.D. Modification of ferritin during iron loading. Free Radic. Biol. Med. 2001, 31, 999–1006. [Google Scholar] [CrossRef]

	



Hasan, M.R.; Morishima, D.; Tomita, K.; Katsuki, M.; Kotani, S. Identification of a 250 kDa putative microtubule-associated protein as bovine ferritin: Evidence for ferritin-microtubule interaction. FEBS J. 2005, 272, 822–831. [Google Scholar] [CrossRef]

	



Hasan, M.R.; Koikawa, S.; Kotani, S.; Miyamoto, S.; Nakagawa, H. Ferritin forms dynamic oligomers to associate with microtubules in vivo: Implication for the role of microtubules in iron metabolism. Exp. Cell Res. 2006, 312, 1950–1960. [Google Scholar] [CrossRef]

	



Rechsteiner, M.; Rogers, S.W. PEST sequences and regulation by proteolysis. Trends Biochem. Sci. 1996, 21, 267–271. [Google Scholar]

	



Adams, J. The proteasome: Structure, function, and role in the cell. Cancer Treat. Rev. 2003, 29, S3–S9. [Google Scholar] [CrossRef]

	



Shringarpure, R.; Grune, T.; Mehlhase, J.; Davies, K.J.A. Ubiquitin conjugation is not required for the degradation of oxidized proteins by proteasome. J. Biol. Chem. 2003, 278, 311–318. [Google Scholar] [CrossRef]

	



Rock, K.L.; Gramm, C.; Rothstein, L.; Clark, K.; Stein, R.; Dick, L.; Hwang, D.; Goldberg, A.L. Inhibitors of the proteasome block the degradation of most cell proteins and the generation of peptides presented on MHC class I molecules. Cell 1994, 78, 761–771. [Google Scholar] [CrossRef]

	



Rudeck, M.; Volk, T.; Sitte, N.; Grune, T. Ferritin oxidation in vitro: Implication of iron release and degradation by the 20S proteasome. IUBMB Life 2000, 49, 451–456. [Google Scholar] [CrossRef]

	



De Domenico, I.; Vaughn, M.B.; Li, L.; Bagley, D.; Musci, G.; Ward, D.M.; Kaplan, J. Ferroportin-mediated mobilization of ferritin iron precedes ferritin degradation by the proteasome. EMBO J. 2006, 25, 5396–5404. [Google Scholar] [CrossRef]

	



Lloyd, J.B.; Cable, H.; Rice-Evans, C. Evidence that desferrioxamine cannot enter cells by passive diffusion. Biochem. Pharmacol. 1991, 41, 1361–1363. [Google Scholar] [CrossRef]

	



Tosha, T.; Behera, R.K.; Ng, H.L.; Bhattahali, O.; Alber, T.; Theil, E. Ferritin protein nanocage ion channels: Gating by N-terminal extensions. J. Biol. Chem. 2012, 287, 13016–13025. [Google Scholar]

	



Jin, W.; Takagi, H.; Pancorbo, B.; Theil, E.C. “Opening” the ferritin pore for iron release by mutation of conserved amino acids at interhelix and loop sites. Biochemistry 2001, 40, 7525–7532. [Google Scholar] [CrossRef]

	



Takagi, H.; Shi, D.; Ha, Y.; Allewell, N.M.; Theil, E.C. Localized unfolding at the junction of three ferritin subunits. A mechanism for iron release? J. Biol. Chem. 273, 1998, 18685–18688. [Google Scholar]

	



Liu, X.S.; Patterson, L.D.; Miller, M.J.; Theil, E.C. Peptides selected for the protein nanocage pores change the rate of iron recovery from the ferritin mineral. J. Biol. Chem. 2007, 282, 31821–31825. [Google Scholar]

	



Nguyen, T.; Linder, M.C. California State University: Fullerton, CA, USA, Unpublished work. 2010.

	



Morgan, J.; La, A.; Nguyen, T.; Sauble, E.; Gonzalez, A.; Nguyen, A.; Linder, M.C. Release of Iron from Cellular Iron Stores in Lysosomes: Potential Involvement of Divalent Metal Transporter 1 (DMT1) and Common Metabolites. In Proceedings of the Metals at EB2012, San Diego, CA, USA, 21–25 April 2012.

	



Harris, D.C.; Aisen, P. Facilitation of Fe(II) autoxidation by Fe(III) complexing agents. Biochim. Biophys. Acta 1973, 329, 156–158. [Google Scholar] [CrossRef]

	



Gray, L.A.; Kidane, T.Z.; Nguyen, A.; Akagi, S.; Petrasek, K.; Chu, Y.-L.; Nguyen, T.; Cabrera, A.; Kantardjieff, K.; Mason, A.Z.; et al. Copper proteins and ferroxidases in human plasma in that of wild type and ceruloplasmin knockout mice. Biochem. J. 2009, 419, 237–245. [Google Scholar] [CrossRef]

	



Chen, H.; Attieh, Z.K.; Syed, B.A.; Kuo, Y.M.; Stevens, V.; Fuqua, B.K.; Anderson, H.S.; Naylor, C.E.; Evans, R.W.; Gambling, L.; et al. Identification of zyklopen, a new member of the vertebrate multicopper ferroxidase family, and characterization in rodents and human cells. J. Nutr. 2010, 140, 1728–1735. [Google Scholar] [CrossRef]

	



Sauble, E.N. Mechanisms of Ferritin Degradation in Lysosomes. Master’s Thesis, California State University, June 2007. [Google Scholar]

	



Gruenheid, S.; Pinner, E.; Desjardins, M.; Gros, P. Natural resistance to infection with intracellular pathogens: The Nramp1 protein is recruited to the membrane of the phagosome. J. Exp. Med. 1997, 185, 717–730. [Google Scholar] [CrossRef]

	



Forbes, J.R.; Gros, P. Iron, manganese, and cobalt transport by Nramp1 (Slc11a1) and Nramp2 (Slc11a2) expressed at the plasma membrane. Blood 2003, 102, 1884–1892. [Google Scholar] [CrossRef]

	



Soe-Lin, S.; Apte, S.S.; Andriopoulos, B., Jr.; Andrews, M.C.; Schranzhofer, M.; Kahawita, T.; Garcia-Santos, D.; Ponka, P. Nramp1 promotes efficient macrophage recycling of iron following erythrophagocytosis in vivo. Proc. Natl. Acad. Sci. USA 2009, 106, 5960–5965. [Google Scholar] [CrossRef]

	



Soe-Lin, S.; Apte, S.S.; Mikhael, M.R.; Kayembe, L.K.; Nie, G.; Ponka, P. Both Nramp1 and DMT1 are necessary for efficient macrophage iron recycling. Exp. Hematol. 2010, 38, 609–617. [Google Scholar] [CrossRef]

	



Sun, M.; Goldin, E.; Stahl, S.; Falardeau, J.L.; Kennedy, J.C.; Acierno, J.S., Jr.; Bove, C.; Kaneski, C.R.; Nagle, J.; Bromley, M.C.; et al. Mucolipidosis type IV is caused by mutations in a gene encoding a novel transient receptor potential channel. Hum. Mol. Genet. 2000, 9, 2471–2478. [Google Scholar] [CrossRef]

	



Venkatachalam, K.; Hofmann, I.; Monteil, C. Lysosomal localization of TRPML3 depends on TRPML2 and the mucolipidosis-associated protein TRPML1. J. Biol. Chem. 2006, 281, 17517–17527. [Google Scholar] [CrossRef]

	



Dong, X.P.; Cheng, X.; Mills, E.; Delling, M.; Wang, F.; Kurz, T.; Xu, H. The type IV mucolipidosis-associated protein TRPML1 is an endolysosomal iron release channel. Nature 2008, 455, 992–996. [Google Scholar] [CrossRef]

	



Eichelsdoerfer, J.L.; Evans, J.A.; Slaugenhaupt, S.A.; Cuajungco, M.P. Zinc dyshomeostasis is linked with the loss of mucolipidosis IV-associated TRPML1 ion channel. J. Biol. Chem. 2010, 285, 34304–34308. [Google Scholar]

	



Wang, C.Y.; Jenkitkasemwong, S.; Duarte, S.; Sparkman, B.K.; Mackenzie, B.; Knutson, M.D. ZIP8 is an iron and zinc transporter whose cell-surface expression is up-regulated by cellular iron loading. J. Biol. Chem. 2012, 287, 34032–34043. [Google Scholar]

	



Mikhael, M.; Sheftel, A.D.; Ponka, P. Ferritin does not donate its iron for haem synthesis in macrophages. Biochem. J. 2010, 429, 463–471. [Google Scholar] [CrossRef]

	



Devireddy, L.R.; Hart, D.O.; Goetz, D.H.; Green, M.R. A mammalian siderophore synthesized by an enzyme with a bacterial homolog involved in enterobactin production. Cell 2010, 141, 1006–1017. [Google Scholar] [CrossRef]

	



Donovan, A.; Lima, C.A.; Pinkus, J.L.; Pinkus, G.S.; Zon, L.I.; Robine, S.; Andrews, N.C. The iron exporter ferroportin/Slc40a1 is essential for iron homeostasis. Cell Metab. 2005, 1, 191–200. [Google Scholar] [CrossRef]

	



Zhang, A.; Zhang, F.; An, P.; Guo, X.; Shen, Y.; Tao, Y.; Wu, Q.; Zhang, Y.; Yu, Y.; Ning, B.; et al. Ferroportin 1 deficiency in mouse macrophages impairs iron homeostasis and inflammatory responses. Blood 2011, 118, 1912–1922. [Google Scholar] [CrossRef]

	



Alvarez-Hernandez, X.; Smith, M.; Glass, J. The effect of apotransferrin on iron release from Caco2 cells, an intestinal epithelial cell line. Blood 1998, 91, 3974–3979. [Google Scholar]

	



Ma, Y.; Specian, R.D.; Yeh, K.Y.; Yeh, M.; Rodriguez-Paris, J.; Glass, J. The transcytosis of divalent metal transporter 1 and apo-transferrin during iron uptake in intestinal epithelium. Am. J. Physiol. Gastrointest. Liver Physiol. 2002, 283, G965–G974. [Google Scholar]

	



Nunez, M.T.; Nunez-Millacura, C.; Beltran, M.; Tapia, V.; Alvarez-Hernandez, X. Apotransferrin and holotransferrin undergo different endocytic cycles in intestinal epithelia (Caco2) cells. J. Biol. Chem. 1997, 272, 19425–19428. [Google Scholar]

	



Nemeth, E.; Ganz, T. Regulation of iron metabolism by hepcidin. Annu. Rev. Nutr. 2007, 26, 323–342. [Google Scholar] [CrossRef]

	



Sow, F.B.; Florence, W.C.; Satoskar, A.R.; Schlesinger, L.S.; Zwilling, B.S.; Lafuse, W.P. Expression and localization of hepcidin in macrophages: A role in host defense against tuberculosis. J. Leukoc. Biol. 2007, 82, 934–945. [Google Scholar] [CrossRef]

	



Delaby, C.; Rondeau, C.; Pouzet, C.; Willemetz, A.; Pilard, N.; Canonne-Hergaux, F. Subcellular localization of iron and heme metabolism related proteins at early stages of erythropoiesis. PLoS One 2012, 7, e42199. [Google Scholar]





© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







nav.xhtml


  nutrients-05-04022


  
    		
      nutrients-05-04022
    


  




  





media/file0.png
. ceruloplasmin (ferroxidase)
Fe

N e &

ferroportin

transferrin

BLOOD

apoferritin to
proteasome?

) 4 AProteasome

Fe-rich ferritin ® L
sosomes -~ L .
via aggregation? small peptides





media/file1.png
ceruloplasmin (ferroxidase)

Fed+ & Fel+

transferrin ferroportin
BLOOD _
hephaestin
€ (ferroxidase) Fe2+
) &
€ NRAMPI?]
macroautophagy
e
$e —
e
aggregation
?

apoferritin to
OE proteasome?

8 cromi

\ autophagy
2@ 9

"~ feitins . ferntins © ; v o Proteasome t‘@
Fe-rich ferritin ® b ‘f cystosolic protein
to lysosomes L (KFERQ)

—
via aggregation? small peptides






