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ABSTRACT 
 
Iron is the most abundant transition metal in the earth's crust. It cycles easily 

between ferric (oxidized; Fe(III)) and ferrous (reduced; Fe(II)) and readily forms 

complexes with oxygen, making this metal a central player in respiration and 

related redox processes. However, 'loose' iron, not within heme or iron-sulfur 

cluster proteins, can be destructively redox-active, causing damage to almost all 

cellular components, killing both cells and organisms. This may explain why iron is 

so carefully handled by aerobic organisms. Iron uptake from the environment is 

carefully limited and carried out by specialized iron transport mechanisms. One 

reason that iron uptake is tightly controlled is that most organisms and cells cannot 

efficiently excrete excess iron. When even small amounts of intracellular free iron 

occur, most of it is safely stored in a non-redox-active form in ferritins. Within 

nucleated cells, iron is constantly being recycled from aged iron-rich organelles 

such as mitochondria and used for construction of new organelles. Much of this 

recycling occurs within the lysosome, an acidic digestive organelle. Because of 

this, most lysosomes contain relatively large amounts of redox-active iron and are 

therefore unusually susceptible to oxidant-mediated destabilization or rupture. In 

many cell types, iron transit through the lysosomal compartment can be remarkably 

brisk. However, conditions adversely affecting lysosomal iron handling (or oxidant 

stress) can contribute to a variety of acute and chronic diseases. These 

considerations make normal and abnormal lysosomal handling of iron central to the 

understanding and, perhaps, therapy of a wide range of diseases.  
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I. INTRODUCTION 

The transition metal iron is the most abundant metal on the earth. Its capacity to 

swiftly change between different valences, mainly Fe(II) and Fe(III), makes it an 

excellent electron transporter and it is found in a large number of essential enzymes 

and other macromolecules. Iron is, however, also associated with harmful processes, 

many of which take place inside the lysosomal compartment where iron occurs in low 

mass redox-active form, creating Fenton-type reactions with hydrogen peroxide that 

may diffuse from the cytosol (vide infra). As a consequence, lysosomes may be 

destabilized  or accumulate the age pigment lipofuscin with secondary depression of 

autophagic capacity (Kurz et al., 2010, Terman et al., 2010). 

Most metabolically active iron exists within hemoglobin, myoglobin and 

cytochromes. In mitochondria, iron is a vital part of the electron-transporting 

complexes and in the cytoplasm it is a prosthetic group of a number of enzymes that 

drive redox reactions. Since humans lack mechanisms for iron elimination, except 

menstrual bleeding and removal of apoptotic enterocytes and some macrophages by 

defecation, iron uptake is strictly regulated (vide infra). Nevertheless, over time, iron 

as well as some other heavy metals, accumulate, especially in postmitotic cells such as 

neurons and myocardial cells (Brun and Brunk, 1973, Brunk et al., 1992, Double et al., 

2008). This accumulation is largely associated with the age pigment lipofuscin that 

forms and remains within the lysomal compartment (vide infra). Whether or not such 

iron-accumulation is linked to any pathological processes is not clear, but it is of 

interest to note that disturbances in iron metabolism have been coupled to several 

neurodegenerative diseases such as Alzheimer’s, Parkinson’s and Huntington’s 

diseases and Friedreich’s ataxia. 
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As mentioned above, iron is a transition metal able to transport electrons and 

its facile interconversion from Fe(II) to Fe(III) makes it hazardous if present in free 

form. Fe(II) can react with oxygen (O2) to form superoxide (O2•-). More importantly, 

Fe(II) can also homolytically cleave hydrogen peroxide (H2O2) yielding hydroxyl 

radicals (HO•) and hydroxyl ions (OH–). HO• is a particularly aggressive, oxidative and 

short-lived species (half-life 10-9 sec) that reacts directly where it is formed without 

having the time to diffuse. Therefore, antioxidants that are supposed to react with 

and detoxify HO• must be present in tissues in enormous and non-physiological 

concentrations to be able to significantly protect against this radical. Consequently, 

many substances considered to be effective antioxidants are most probably not at all 

scavengers of HO•, but are either chelators that prevent iron from reacting with 

hydrogen peroxide or molecules like N-acetyl cysteine that enhance the 

concentration of glutathione (GSH) that in turn helps glutathione peroxidase to 

degrade hydrogen peroxide. Interestingly, many natural antioxidants that are found 

in grapes, blueberries, tea and other plants are polyphenols and powerful iron-

chelators (Hatcher et al., 2009, Lopes et al., 1999, Mandel et al., 2006). 

Superoxide is not a particularly powerful oxidant but rather acts as a reducing 

agent. By itself it is not very reactive but has the capacity to reduce Fe(III) to Fe(II), 

thereby initiating the production of the much more destructive HO•. Since superoxide 

dismutase (SOD) is an enzyme that occurs in large amounts in the cytosol, 

mitochondria and extra-cellularly, we can deduce that superoxide is indeed toxic and 

in need of being eliminated before it manages to reduce unreactive Fe(III) to reactive 

Fe(II). This concept is supported by the fact that although O2•- spontaneously 

dismutates at a high rate (5 x 105 M-1 s-1 at pH 7.0), the reaction is accelerated up to 

1.5 x 109 M-1 s-1 by SOD (Halliwell and Gutteridge, 2007a). 



Kurz et al. – Lysosomes and iron metabolism 6 

Considering these realities, it is understandable that evolution has led to the 

development of a range of complicated measures that allow iron to be taken up from 

the food in a very regulated way, transported in bound non-redox-active form and 

delivered, sorted and stored in cells probably without ever being redox-active. 

Actually, recent evidence supports the idea that only when liberated within the 

lysosomal compartment following autophagic degradation of iron-containing 

macromolecules does some iron exist in redox-active form for a short period of time 

before being recycled or stored. This danger is lessened, but not eliminated, by 

intralysosomal mechanisms that keep low mass iron in bound form (vide infra). 

 

II. SYSTEMIC IRON HOMEOSTASIS 

The total body iron of a healthy human is typically about 50 mg/kg, most of which is 

in hemoglobin and myoglobin within erythrocytes and muscle cells, respectively 

(Munoz et al., 2009). Since humans lack an effective iron-excreting mechanism 

(McCance and Widdowson, 1938), body iron has to be tightly regulated by strictly 

controlled uptake from the food, which in turn requires effective reutilization 

following degradation of iron-containing macromolecules. Only 0.5 – 2 mg/day of 

iron is absorbed by the enterocytes of the upper part of the small bowel from where it 

is transported by the blood to cells in need of a supply (Munoz et al., 2009, Sharp and 

Srai, 2007). Aged erythrocytes (mean life span 120 days) are phagocytosed by 

macrophages and degraded within their lysosomal compartment. Iron is then 

excreted to the blood, bound by transferrin and transported away for reutilization 

(Dunn et al., 2007). Dietary non-heme iron is not as bioavailable and has to be 

reduced by ferrireductases before it can pass the apical enterocyte membrane. It is 

then transported into the cytoplasm by the divalent metal transporter 1 (DMT1) 
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(Mims and Prchal, 2005). Heme-iron, however, is easily absorbed by a receptor-

mediated mechanism using the heme-carrier protein-1. In the enterocyte, iron is 

liberated by heme oxygenase 1 (Hmox 1) (Dunn et al., 2007). Iron is then transported 

away from the basolateral membrane of the enterocyte and from macrophages, by 

ferroportin 1, which is expressed in all iron-exporting cells and plays a critical role in 

the regulation of iron-export to the bloodstream (Donovan et al., 2005, Troadec et al., 

2010).  

A newly identified protein, hepcidin, is produced by the liver in response to high 

intracellular iron levels and excreted into the circulation where it interacts with 

ferroportin 1 on the surface of iron exporting cells (enterocytes, macrophages and 

hepatocytes) and causes the complex to be endocytosed and degraded. This feedback 

mechanism is important for the regulation of circulating iron by preventing iron 

export (Knutson et al., 2005, Nemeth et al., 2006). Exactly how hepatocyte iron 

regulates the production of hepcidin is presently not known.  

Following its release into the bloodstream from enterocytes and macrophages, 

iron binds to transferrin (Tf), an abundant plasma glycoprotein able to bind two 

atoms of iron with very high affinity (Aisen et al., 1978, Morgan, 1981).  

Consequently, little or no free and potentially toxic iron is in circulation (Anderson 

and Vulpe, 2009). Circulating Tf-Fe binds to the plasma membrane transferrin 

receptor 1 (TfR1) and the complex is endocytosed (Richardson and Ponka, 1997). In 

the slightly acidic environment of late endosomes, iron is released and transported 

into the cytoplasmic pool of labile (chelatable) iron by DMT1. Whether or not iron in 

this pool is redox-active is unknown, neither is it known in which molecular form iron 

exists within this transient pool before it is incorporated and stored in ferritin or 

delivered to the mitochondria or elsewhere for synthesis of iron-sulfur complexes, 
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heme and iron-containing enzymes. Recent studies on erythroid cells have given 

results that challenge the existence of a labile pool of iron in at least these particular 

cells and point to a docking process between late endosomes and mitochondria 

(Sheftel et al., 2007). Further research is needed to clarify the exact mechanisms of 

iron transport from late endosomes to ferritin or places of synthesis for iron-

containing macromolecules, mainly in the mitochondria.  

Storage of excess iron in ferritin is essential to prevent iron-mediated oxidative 

processes and ferritin is therefore a most important anti-oxidant  (Arosio et al., 2009, 

Balla et al., 1992, Balla et al., 1993). Ferritin is a high molecular weight 24-mer 

consisting of heavy (H-ferritin) and light (L-ferritin) subunits (Harrison and Arosio, 

1996). The ferroxidase activity of the H-chain is responsible for converting Fe(II) to 

Fe(III) and then together with the L-form for its storage as a ferric oxohydroxide 

mineral (Arosio et al., 2009). The final complex is a 12 nm wide structure with an 8 

nm wide core that may harbor up to 4,500 atoms of iron in a bioavailable but safe 

form (Chasteen and Harrison, 1999). 

Recently, the presence of ferritin has been demonstrated also in mitochondria and 

in the nucleus. Interestingly, mitochondrial ferritin is mainly comprised of H-chains 

(Levi et al., 2001, Santambrogio et al., 2007) which might indicate that the main 

function of this particular ferritin is to ensure that no Fe(II) is present, which in light 

of the substantial production of superoxide in mitochondria would make sense and 

prevent Fenton-type reactions. An overview of selected proteins and their function in 

iron metabolism is presented in Table 1. 
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III. REGULATION OF CELLULAR IRON UPTAKE 

The Tf-TfR1 complex is re-circulated to the cell surface, where the neutral pH causes 

the iron-free Tf to dissociate from the receptor and be returned to the circulation 

(Gunshin et al., 1997, Ponka et al., 1998). Recently, a number of other iron-uptake 

mechanisms have been identified, especially for hepatocytes, which express 

transferrin receptor 2 (TfR2) that is a homolog to TfR1 (Graham et al., 2008, 

Kawabata et al., 2001, West et al., 2000). The affinity between the latter receptor and 

iron is, however, much lower than for TfR1 and its role in iron-uptake is not fully 

established. 

In iron over-load conditions, such as thalassemia and haemochromatosis, when 

the iron-binding capacity of Tf is saturated, some circulating non-transferrin-bound 

iron (NTBI) can be detected (Esposito et al., 2003, Loreal et al., 2000). The increased 

NTBI may result in hemosiderosis of the liver, heart and insulin-producing -cells 

(Anderson and Vulpe, 2009). 

The iron regulatory proteins 1 and 2 (IRP1 and IRP2) control the uptake and 

storage of iron at the cellular level by interacting at the translational level with iron-

responsive elements (IREs) on RNA transcripts that code for the H- and L-ferritin 

subunits, TfR1, DMT1, mitochondrial aconitase and 5-aminolevulinate synthase 

(Hentze et al., 2010, Rouault, 2006). Depending on their degree of iron binding, IRPs 

attach themselves to IREs and thereby prevent or stabilize translation of the above 

proteins that regulate uptake, storage, transport and metabolism of intracellular iron. 

As an example: in the presence of sufficient iron, formation of TfR1 is suppressed and 

ferritin is produced, while the opposite happens when cellular iron is low. The result 

is a strict control of iron uptake and storage (Hentze and Kuhn, 1996, Rouault and 
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Klausner, 1997). The details of this sophisticated regulation, still not known in all 

particulars, are beyond the scope of this review. 

 

IV. MITOCHONDRIAL UPTAKE AND METABOLISM OF IRON 

Mitochondria are central for iron metabolism and most iron sulfur clusters (ISC) and 

all heme molecules are synthesized inside the matrix of mitochondria (Muhlenhoff 

and Lill, 2000, Ponka, 1997). However, the details of how iron is targeted to these 

organelles or how heme is exported to the cytosol remain unclear.  The recently 

detected proteins mitoferrin 1 and mitoferrin 2 might act as iron-transporters over 

the inner mitochondrial membranes (Paradkar et al., 2009, Shaw et al., 2006), 

although they cannot be the only transporters involved because their deletion is not 

lethal. Since mitochondria are the main cellular producers of superoxide and 

hydrogen peroxide, one has to anticipate that mitochondrial iron is predominantly 

kept in a non-redox-active form since otherwise fulminant production of hydroxyl 

radicals would result.  In cells with high metabolic activity, such as cardiomyocytes 

and neurons, a mitochondrial ferritin with high homology to H-ferritin may function 

as an antioxidant by oxidizing existing Fe(II) and  then keeping it bound (Campanella 

et al., 2009, Santambrogio et al., 2007). 

It has recently been found that mitochondrial iron increases with age, leading to 

suggestions that enhanced availability of redox-active iron in mitochondria might be 

a causative factor in the decline of mitochondrial performance that is found in aged 

organisms and secondary to iron-overload (Gao et al., 2010, Xu et al., 2010). 
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V. THE ROLE OF LYSOSOMES IN INTRACELLULAR IRON METABOLISM  

The lysosomal compartment is crucial for cell maintenance and has a variety of 

important functions, including participation in endocytic uptake of materials from the 

outside and autophagic degradation of damaged mitochondria and other organelles as well 

as numerous, mostly long-lived, proteins. Consequently, lysosomes exist in all kinds of 

plant and animal cells, except mature erythrocytes, which have a very specialized function 

and minimal turnover of their constituents. Inside the lysosomal compartment, the 

degradation of endocytosed or autophagocytosed materials takes place in an acidic 

environment (pH ~4-5), which is maintained by ATP-dependent proton pumps present in 

the lysosomal membrane.  

Following synthesis in the endoplasmic reticulum, lysosomal hydrolases are tagged 

with mannose-6-phosphate (MP) at the cis-Golgi area and then enclosed in transport 

vesicles (sometimes termed primary lysosomes, although they have a neutral pH) in the 

trans-Golgi network (TGN) with the help of MP receptors. The vesicles, containing the 

newly produced hydrolases, are then transported to slightly acidic (pH about 6) late 

endosomes, which arise from early endosomes containing endocytosed material. The 

lysosomal hydrolases are then activated when they release the MP receptors that are re-

circulated to the Golgi apparatus. Finally, the late endosomes mature to lysosomes that 

lack MP receptors, are rich in acid hydrolases, have a pH of 4-5, and contain material to be 

degraded  (Terman et al., 2010). 

The acidic lysosomal compartment contains a wide spectrum of hydrolytic enzymes, 

which play a major role in the intracellular recycling of proteins, polysaccharides, 

phospholipids and other biomolecules. Lysosomal proteases (cathepsins) are apparently the 

most important group of these enzymes. Lysosomal cathepsins can be categorized as 

cysteine (cathepsins B, C, F, H, K, L, O, S, V, W and X), aspartic (cathepsins D and E) and 
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serine (cathepsin G) proteases (Eskelinen and Saftig, 2008, Kuester et al., 2008, Turk et al., 

2002). They have a pH optimum of around 5, although several of them remain active even 

at neutral pH from minutes (cathepsin L) to hours (cathepsin S) (Droga-Mazovec et al., 

2008). 

Lysosomes may fuse with autophagosomes/endosomes to form „hybrid‟ organelles 

containing material being degraded that originates both from the outside and inside of the 

cell. Following complete degradation of the enclosed material, lysosomes turn into 

„resting‟ organelles, which under the electron microscope look homogeneous and 

moderately electron-dense. These resting lysosomes can then undergo new rounds of 

fusion (Luzio et al., 2007). The pronounced fusion and fission activity, characteristic of the 

lysosomal compartment (Luzio et al., 2007), allows lytic enzymes and other lysosomal 

contents to be distributed between different lysosomes (Fig. 1).  

Because the lysosomal compartment is the center for normal autophagic turn-over of 

all organelles and most long-lived proteins, many of which are ferruginous compounds, 

lysosomes of all cells contain low mass redox-active iron (Fig. 2), explaining their 

vulnerability to oxidative stress (Kurz et al., 2008a, Kurz et al., 2008b). An additional way 

of loading lysosomes with iron is of importance when scavenger cells, such as 

macrophages, endocytose erythrocytes and thereby enrich their lysosomal compartment 

with redox-active iron. Because the lysosomal compartment is acidic and rich in reducing 

equivalents, such as cysteine and glutathione, any low mass iron would likely be Fe(II) 

(Schafer and Buettner, 2000, Terman et al., 2010). That in turn would promote the 

generation of hydroxyl radicals from hydrogen peroxide diffusing into this compartment.  

The hydroxyl radicals or, perhaps as importantly, ferryl and perferryl iron-centered radicals 

that form (Graf et al., 1984), may cause peroxidation of material under degradation, 

resulting in lipofuscin (see further below) or, if substantial, damage to and 
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permeabilisation of the lysosomal membrane (Fig. 3). Lysosomal destabilization, with 

relocalization to the cytosol of potent hydrolytic enzymes and low mass iron, may induce 

either apoptosis or necrosis depending on the magnitude of lysosomal permeabilization.  

Following receptor-mediated endocytosis, the plasma membrane-bound receptors are 

usually destroyed, while the ligands are released into the lysosomal compartment and 

degraded. One exception to this “rule of ligand-degradation” is the iron transport protein 

transferrin that is returned to the plasma membrane together with its receptor, while the 

iron, previously bound to transferrin, is released into late endosomes due to their acidic 

environment (pH ~ 6) and transported to the cytosol by transport proteins such as divalent 

metal transporter 1 (DMT1) (reviewed in Kurz et al., 2008b). There is evidence that iron 

may be transferred directly to mitochondria by direct contact with endosomes the „kiss 

and run‟ hypothesis (Richardson et al., 2010b). 

As pointed out above, lysosomes fuse with autophagosomes, or deliver part of their 

content, to form autophagolysosomes (Fig. 1). Here a variety of organelles and proteins are 

degraded into their building blocks, which in turn are reutilized by the anabolic machinery 

of the cell following their transport to the cytosol (reviewed in Klionsky, 2007, Terman et 

al., 2007). From a physiological point of view, the lysosomal compartment can be looked 

upon as a box, built of vacuoles that constantly fuse and divide, that receives enzymes 

from the TGN and substrates from either the outside or the inside of the cell. Following 

substrate degradation inside individual lysosomes, the products diffuse or are actively 

transported to the cytosol for reutilization.  

Since many iron-containing macromolecules are degraded intralysosomally, low 

mass iron is released inside the lysosomal compartment. Because the lysosomes also 

contain reducing agents, for example glutathione, ascorbic acid and the amino acid 

cysteine, low mass iron likely exists as Fe(II) with the capacity to generate highly reactive 
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radicals if exposed to hydrogen peroxide (reviewed in Kurz et al., 2008b). As a result, 

lysosomes are very sensitive to oxidative stress and their membranes easily peroxidized 

and permeabilized by the radicals that are formed secondary to Fenton-type reactions 

taking place in the lysosomes. The rupture of lysosomes with relocation of the lytic 

enzymes results in apoptosis or necrosis depending on the magnitude of this relocation 

(reviewed in Brunk et al., 2001). Consequently, keeping the concentration of redox-active 

iron in lyososomes as low as possible is important for the survival of cells exposed to 

oxidative stress. The rapid transport of low mass iron from lysosomes to the cytosol is thus 

important, as well as ways of temporarily binding iron in a non-redox-active form (Kurz et 

al., 2008b). 

Autophagy is a non-stop biological renewal mechanism providing for lysosomal 

degradation of the cell‟s own constituents. It represents one of the main pathways for the 

turnover and reutilization of damaged or worn-out long-lived proteins and organelles. 

Interestingly, the multicatalytic proteinase complexes, proteasomes, which also play an 

important role in the turnover of macromolecules, are themselves degraded by autophagy 

(Cuervo et al., 1995). The implication of this is that impaired autophagy might result in 

defective proteasomes since they, together with mitochondria and other organelles, are 

then not properly renewed. The mechanisms involved in the formation of the autophagic 

double membrane (the phagophore), the inclusion of materials to be degraded, and the 

fusion of autophagosomes and lysosomes were recently elucidated as a result of the 

discovery in yeast of a large family of phylogenetically well preserved autophagy-related 

genes (ATG) (Klionsky, 2007, Shintani and Klionsky, 2004, Suzuki and Ohsumi, 2007, 

Yorimitsu and Klionsky, 2005). 

To date, three different mechanisms of autophagy have been described in 

mammalian cells: macroautophagy (also known as just autophagy), microautophagy and 
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chaperone mediated autophagy (CMA). Macroautophagy, which in at least a subset of 

cases is a non-selective process (Seglen et al., 1990), involves the sequestration within a 

double membrane-bounded vacuole of portions of the cytosol, including aggresomes, 

dysfunctional mitochondria or proteasomes, as well as long-lived soluble proteins. The 

early sequestration vacuole is devoid of lysosomal enzymes and termed an 

autophagosome. In consecutive steps, it fuses with lysosomes and with other vacuoles, 

eventually resulting in the formation of an autophagolysosome (also called autolysosome) 

within which the degradation of the cargo and the recycling of amino acids and other 

monomeric molecules, occurs (Cuervo, 2004, Kurz et al., 2008b, Yorimitsu and Klionsky, 

2005). 

Macroautophagy is the most universal type of autophagy, being involved in the 

degradation of practically any type of cellular material. Macroautophagy, and possibly 

other forms of autophagy, becomes activated under stress conditions, such as starvation, to 

generate essential building blocks by means of non-specific degradation of organelles and 

cytosolic macromolecules that are not critical to the survival of the cell (Terman and 

Brunk, 2005). 

Subsequent to cellular damage, reparative autophagy follows, by which altered and 

malfunctioning structures are replaced. Such reparative autophagy is commonly seen, for 

example, following ionizing irradiation, virus infection, and hypoxic or oxidative stress 

(Bergamini, 2006, Kaushik and Cuervo, 2006, Persson et al., 2005). Interestingly, the post-

partum period of starvation involves a period of enhanced autophagy in the liver, 

explaining why certain mutations that hinder autophagy are lethal (Yin et al., 2008). 

Recent evidence suggests that regular day-long periods of starvation may, by stimulating 

autophagy, help to “keep cells clean” and be beneficial and prolong life (Cuervo et al., 

2005). 
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The cell is not a stable entity but constantly remodeling; new molecules and 

organelles are continuously formed and degraded while the cell seemingly remains 

the same. Some molecules have half-lives of a few minutes while others may last for 

weeks. The turnover of cytosolic proteins and organelles is mainly dependent on the 

proteasomal and lysosomal pathways, which partly are able to substitute for each 

other (Fuertes et al., 2003, Pandey et al., 2007, Terman and Sandberg, 2002). 

Proteasomes mainly degrade short-lived, oxidized and malformed proteins 

(Chondrogianni and Gonos, 2010, Jung et al., 2009), while lysosomes are involved in 

autophagic degradation of long-lived proteins and all organelles (Kaushik et al., 2011, 

Yang and Klionsky, 2010).  

Autophagy has recently been found to be a highly controlled process that is 

regulated by a large number of conserved autophagy related genes (ATGs) and is of 

fundamental importance for cellular survival (Klionsky, 2007, Shintani and Klionsky, 

2004, Suzuki and Ohsumi, 2007, Yorimitsu and Klionsky, 2005). The autophagic 

degradation of iron-containing materials, such as ferritin and mitochondrial 

complexes, explains the presence of lysosomal redox-active iron. This makes these 

organelles uniquely sensitive to oxidative attack. Hydrogen peroxide is constantly 

produced in cells, mainly from mitochondria but also from cytosolic redox processes. 

Since some hydrogen peroxide escapes degradation by catalase and glutathione 

peroxidase and enters the lysosomal compartment, Fenton-type reactions and 

formation of hydroxyl radicals take place inside lysosomes (Walton and Lewis, 1916, 

Zdolsek et al., 1993, Zdolsek and Svensson, 1993) (Fig 3). As long as only small 

amounts of hydrogen peroxide enter lysosomes, the formation of hydroxyl radicals is 

limited and these probably react with material under degradation, which is the likely 
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origin of lipofuscin that takes place in all cells but becomes obvious mainly in 

postmitotic cells that cannot dilute lipofuscin by cell division. However, in the 

presence of larger amounts of hydrogen peroxide, intralysosomal Fenton reactions 

may become more violent and result in lysosomal membrane permeabilization (LMP) 

with relocation of iron and lysosomal proteolytic enzymes to the cytosol with ensuing 

damage. The relocation of iron in redox-active form may cause further Fenton-type 

reactions with resulting oxidative damage to, for example, nuclear DNA (Kurz et al., 

2004, Tenopoulou et al., 2005) and a variety of cytosolic structures. The release of, 

e.g., cathepsins B and D may activate apoptosis in a variety of ways, of which the best 

known is activation of Bid and Bax, with subsequent formation of pores in the outer 

mitochondrial membrane, release of cytochrome c and other apoptogens that initiate 

the apoptotic cascade (Bidere et al., 2003, Brunk et al., 2001, Castino et al., 2007, 

Cirman et al., 2004, Guicciardi et al., 2004). 

The lysosomal compartment consists of a large number of vacuoles. Those that 

have recently been engaged in degrading iron-rich compounds would be rich in 

potentially redox-active iron, while resting lysosomes may contain no iron at all. As 

will be pointed out later, this will be reflected in varying lysosomal sensitivity to 

oxidative stress (Nilsson et al., 1997). Apart from being a normal and continuous 

process, enhanced autophagy is also a way of creating materials for essential 

metabolism by degrading some cytoplasmic structures in case of starvation. 

Moreover, autophagy can be a protective mechanism that allows rapid removal of 

damaged structures (reparative autophagy) that may have resulted from various 

stresses (Bergamini, 2006, Kaushik and Cuervo, 2006). If successful, cells return to a 

normal state, but if damage has been substantial apoptosis may follow (apoptosis 

type II or autophagy-mediated apoptosis). One of the reasons for this kind of 
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apoptosis may be that extensive autophagy results in particularly iron-rich lysosomes 

secondary to degradation of a large number of mitochondria and other iron-

containing compounds. In such a cell, even normal production of hydrogen peroxide 

may be enough to cause HO•-formation intralysosomally to such a degree that 

substantial LMP will result and apoptosis follows. Consequently, apoptosis type II 

may be a result of unsuccessful attempts to repair cellular damage by autophagy 

rather than an apoptotic pathway in its own right. 

The cytosol contains a range of iron-binding proteins, such as metallothioneins, 

Hsp70 and ferritin (Baird et al., 2006, Kurz and Brunk, 2009, Kurz et al., 2011). These 

can all be autophagocytosed and then are able to bind lysosomal redox-active iron for 

a limited period of time until they are degraded. If these stress- or phase II proteins 

are abundant and their autophagy is rapid, the result may be a depression of redox-

active lysosomal iron of such magnitude that even substantial oxidative stress does 

not result in LMP and consequent cell death. This may be the reason why cells rich in 

stress proteins, such as cells of several highly malignant tumors, are relatively 

resistant to X-irradiation and/or exposure to anti-cancer agents that act by inducing 

oxidative stress (Berndt et al., 2010, Persson et al., 2005). 

Ferritin is the main iron-storage protein and by binding iron in a non-redox-

active form it is also an important antioxidant. When stored iron is needed for 

synthesis of iron-containing structures, it has to be released from ferritin. Recent 

research has shown that the major mechanism for this iron release involves 

lysosomal digestion (Bridges and Hoffman, 1986, Garner et al., 1998, Kidane et al., 

2006, Konijn et al., 1999, Kurz et al., 2011, Kwok and Richardson, 2004, Persson et al., 

2003, Radisky and Kaplan, 1998, Roberts and Bomford, 1988, Sakaida et al., 1990, 

Tenopoulou et al., 2005, Vaisman et al., 1997, Yu et al., 2003b, Zhang et al., 2010). Iron 
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is then relocated to the cytoplasm, probably by the participation of DMT1. Apart from 

the autophagic pathway, some ferritin is also degraded by proteasomes and these two 

pathways may be able to partially compensate for each other (De Domenico et al., 

2006, De Domenico et al., 2009, Zhang et al., 2010).  A less well documented, but still 

possible mechanism of iron release from ferritin is by way of pores in the ferritin 

molecules (Liu et al., 2003, Takagi et al., 1998). 

Following autophagy, and prior to their degradation, apo-ferritin or ferritin 

containing a low amount of iron, i.e. ferritins with remaining iron-binding capacity, 

are able to bind intralysosomal iron and thereby temporarily protect the lysosomal 

membrane against iron-mediated oxidation (Garner et al., 1997, Garner et al., 1998, 

Kurz et al., 2011). On the contrary, if ferritin with a high degree of iron saturation, and 

no remaining iron binding capacity, is autophagocytosed and degraded, the lysosomal 

compartment is rather enriched with iron. Then lysosomes and cells become 

sensitized to oxidative stress (Kurz et al., 2011). This may be the reason why 

hepatocytes suddenly start to die in late stages of iron-overload when probably most 

cytosolic ferritin is iron-saturated. Overall, the regulation of lysosomal redox-active 

iron is probably of greatest importance when it comes to control of cellular sensitivity 

to oxidative stress. 

 

VI. LYSOSOMAL ACCUMULATION OF LIPOFUSCIN AND ITS INFLUENCE ON 

AUTOPHAGY AND AGEING 

Lipofuscin (age pigment) is a non-degradable, yellowish-brown, autofluorescent, 

polymeric compound that slowly accumulates within aging long-lived postmitotic 

cells, such as neurons, retinal pigment epithelial (RPE) cells and myocardial cells, at a 

rate that is almost perfectly inversely correlated with species longevity (reviewed in 
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Brunk and Terman, 2002). This interesting fact strongly suggests that lipofuscin-

accumulation may be hazardous if extensive. If, for example, similar motor neurons 

from humans and mice are compared at the end of a normal lifespan, lipofuscin 

accumulation is about the same, although it occurs over about 90 or 2 years, 

respectively.  

It should be noted that lipofuscin also accumulates in cultured cells undergoing 

replicative senescence (associated with a progressive decline in the cellular 

proliferation rate), or in cells whose proliferation is inhibited by pronounced density-

dependent inhibition of growth. Studies on cultured cells have shown that increased 

ambient oxygen (40%) dramatically increases lipofuscin formation, as does 

endocytosis of low mass iron and inhibition of lysosomal proteases (reviewed in 

Brunk and Terman, 2002). These findings suggest that lipofuscin forms secondary to 

iron-catalyzed peroxidation of material under degradation inside the lysosomal 

compartment.  

Although rapid and effective, lysosomal (autophagic) degradation is not 

completely perfect. Even under normal conditions, some iron-catalyzed peroxidation 

occurs intralysosomally, resulting in oxidative modification of the autophagocytosed 

material, making it resistant to the hydrolytic activity of lysosomal enzymes. If cells 

do not divide, this material progressively accumulates within the lysosomal 

compartment in the form of lipofuscin inclusions. Basically, lipofuscin may be 

regarded as a non-degradable plastic-like polymer that slowly matures by 

intramolecular reorganization. Because lipofuscin is rich in iron, lipofuscin-loaded 

lysosomes may be sites of pronounced Fenton-type reactions, and especially sensitive 

to oxidative stress (Brun and Brunk, 1973, Brunk and Terman, 2002, Jolly et al., 

1995). 
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The major factors that influence lipofuscin formation seem to be the amount of 

lysosomal redox-active iron, lysosomal influx of hydrogen peroxide and the time 

allowed for oxidation of intralysosomal material under degradation. This suggests 

that intralysosomal ligation of iron in a non-redox-active state, low cellular 

production of hydrogen peroxide and rapid autophagic turnover are factors that 

would characterize long-lived species. 

In professional scavengers, such as RPE cells and macrophages (foam cells) in 

atheroma, a large portion of lipofuscin (or ceroid) originates from endocytosed 

material (Lee et al., 1998, Nilsson et al., 2003). Depending on the nature of the 

autophagocytosed/endocytosed material, the composition of lipofuscin varies 

amongst different types of postmitotic cells, and no chemical formula can be given for 

this complex substance that is mainly composed of cross-linked protein and 

lipidaceous material (Brunk and Terman, 2002).  

The accumulation of lipofuscin within the lysosomal compartment may 

compromise autophagic degradative capacity, prolonging the half-lives of long-lived 

proteins and organelles and thereby creating a situation in which cells are forced to 

exercise their functions with less than perfect tools. Consistent with this theory, the 

capacity for autophagic degradation is diminished in aged lipofuscin-loaded cells 

(Cuervo and Dice, 2000, Terman, 1995, Terman et al., 1999), which may lead to some 

serious consequences. For example, delayed degradation of mitochondria would 

result in increased damage by ROS because old and damaged mitochondria produce 

enhanced amounts of superoxide and hydrogen peroxide, additionally contributing to 

lipofuscinogenesis, and perhaps inducing apoptotic cell death (Fig 4). 

The earlier described accumulation of iron in lipofuscin during the life span may 

finally result in such a high sensitivity of lysosomes of long-lived postmitotic cells to 
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oxidation that even normal production of hydrogen peroxide may result in LMP, 

relocation of lysosomal enzymes and initiation of apoptotic cell death. 

Recently, an elegant study on Caenorhabditis elegans added new evidence for 

the hypothesis that lipofuscin accumulation is causally related to aging and the 

deterioration of postmitotic cells. Since these tiny nematodes are transparent, 

lipofuscin can be measured directly by spectrofluorimetry in vivo. It was found that 

mutant nematodes, which live either longer or shorter than wild type animals, 

accumulate lipofuscin at a slower or quicker pace, respectively. It was also found that 

calorically restricted worms lived longer and accumulated lipofuscin more slowly 

than animals fed ad libitum. Finally, when wild-type siblings that aged differently – as 

evaluated by changes in their motility – were compared, it was found that the still 

mobile and youthful ones at day 11 of their life spans contained only 25% of the 

lipofuscin that was found in severely motility-impaired siblings of the same age. This 

implies that lipofuscin accumulation reflects biological rather than chronological age 

(Gerstbrein et al., 2005). The positive correlations between lipofuscin accumulation 

and hampered cellular function are in harmony with observations that chronic 

feeding of rats with green tea between the age of 12 and 19 months delays 

hippocampal accumulation of lipofuscin and improves learning and memory. Given 

that green tea is rich in polyphenolic compounds that happen to be good iron-

chelators, the findings suggest that reduction of redox-active lysosomal iron can be 

achieved pharmacologically (Assuncao et al., 2011). 

The importance of autophagy for the removal of protein aggregates and 

delaying aging was further demonstrated in a recent study on Drosophila (Simonsen 

et al., 2007). During normal aging of the fly, the expression of the Atg8a gene (which 

is of importance for autophagy) decreases in neurons, resulting in the accumulation 
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of aggregates of ubiquitinated protein. When the expression of Atg8a was 

upregulated, the aggregates disappeared and the flies showed an increased resistance 

to oxidative stress as well as a more than 50% prolonged lifespan. 

 

VII. LYSOSOMAL IRON AND IONIZING IRRADIATION 

Apart from radiolytic cleavage of water leading to formation of hydroxyl radicals (HO
•
), 

the simultaneous production of superoxide and hydrogen peroxide is a well-known effect 

of ionizing radiation to tissues (Halliwell and Gutteridge, 2007b, Persson et al., 2005). 

However, the possible influence of hydrogen peroxide on radiation-induced cellular 

damage does not usually seem to be fully taken into account. This is somewhat surprising 

since in 1962 Otto Warburg pointed out that the cellular effects of exposure to ionizing 

radiation or to hydrogen peroxide show substantial similarities (Warburg, 1962). 

Subsequent studies on the damaging effects of randomly formed HO
•
 indicated that 

these short-lived (half-life 10
-9

 sec) and extremely aggressive radicals react with nuclear 

DNA at the site of formation, causing adducts, mutations and single and double strand 

breaks. Even if it is not definitively proven that HO
•
-induced DNA damage is a major 

cause of cellular injury following irradiation, there is an overwhelming amount of indirect 

evidence (in part from the pronounced radiation sensitivity of cells from individuals with 

DNA repair defects) that this is indeed the case, and there seems to be little reason to 

question this dogma. However, apart from radiolytic cleavage of water, HO
•
 can also be 

produced by Fenton-type (transition metal-mediated) reactions, which gives incentives to 

examine the occurrence of such reactions during ionizing irradiation.  

Obviously, the presence of redox-active iron in direct contact with DNA would give 

rise to massive site-specific Fenton-type chemistry, given the radiation-induced production 

of hydrogen peroxide and superoxide. Under normal conditions, there are no indications of 
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any significant amount of low mass redox-active iron that is in juxtaposition to DNA 

(Doulias et al., 2003, Kurz et al., 2004, Tenopoulou et al., 2005). However, as was recently 

demonstrated, under conditions of oxidative stress lysosomal rupture will occur, iron will 

be relocated, and DNA damage initiated (Doulias et al., 2003, Kurz et al., 2004, Persson et 

al., 2005, Tenopoulou et al., 2005).  

Lysosomes show widely different sensitivity to oxidative stress (Nilsson et al., 

1997). Using vital staining with lysosomotropic (acidotropic) fluorochromes, e.g. acridine 

orange or other available lysotrackers, it was found that after heavy oxidative stress some 

lysosomes always remain intact, while even low oxidative stress results in the rupture of a 

small but obviously very sensitive population of lysosomes (Nilsson et al., 1997). The 

explanation for this phenomenon is probably that some lysosomes are actively engaged in 

degradation of iron-containg macromolecules, while resting lysosomes may contain little 

or none of this transition metal (Terman et al., 2010).  

Since the hydrogen peroxide that forms throughout the cell during irradiation is highly 

diffusible, it will enter the lysosomal compartment, meet redox-active iron and induce 

violent Fenton-type reactions with resultant LMP and release of lysosomal contents to the 

surrounding cytosol (Fig. 3). Dependent on the magnitude of lysosomal rupture, cell 

proliferation is stimulated or arrested by a minor or a somewhat more pronounced 

lysosomal destabilization, respectively, while apoptosis or necrosis have been found to 

follow moderate or major destabilization, respectively (Li et al., 2000, Terman et al., 

2010). Consequently, the amelioration of LMP by chelating lysosomal redox-active iron in 

a non-redox-active form ought to reduce radiation sensitivity.  

This hypothesis was earlier supported by findings following treatment with 

desferrioxamine (DFO) at high doses for several hours before irradiation (Persson et al., 

2005). Unfortunately, this hydrophilic and high molecular weight drug has the 
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disadvantage of being taken up only by endocytosis (Cable and Lloyd, 1999, Lloyd et al., 

1991) and is retained in lysosomes where it causes iron-starvation and, ultimately, cell 

death (Kurz et al., 2008a, Kurz et al., 2008b). Therefore, DFO is not an ideal iron-chelator 

for cellular protection against oxidative stress. While salicyl isonicotinoyl hydrazone (SIH) 

has already been shown to give excellent protection from hydrogen peroxide-induced 

oxidative stress (Kurz et al., 2006, Kurz et al., 2008a), recent findings suggest that SIH 

also can be used to protect normal tissues from radiation damage and may allow exposure 

to a higher-than-normal-dose of ionizing radiation without causing damage in the normal 

tissue that is adjacent to a malignancy (Berndt et al., 2010).  

So far few radiation-protective substances have been applied to patients undergoing 

irradiation for malignancies. An exception is amifostine (2-[(3-aminopropyl)amino]ethane-

thiol dihydrogen phosphate ester; WR-2721) that has been found to protect salivary glands 

during irradiation to cancers of the tongue and mouth. Amifostine is a thiol and a 

phosphate ester that following de-phosphorylation turns into a lysosomotropic iron 

chelator. Its radio-protective effect underlines the importance of lysosomal redox-active 

iron for LMP as an important contributor to the radiation effect (Yu et al., 2003a).  

The additive effects of LMP, a consequence of intralysosomal Fenton-type reactions 

secondary to enhanced cellular amounts of hydrogen peroxide, on top of the effects 

induced by direct formation of hydroxyl radicals following radiolytic cleavage of water, 

are dependent on the presence of oxygen that allows formation of superoxide and hydrogen 

peroxide. The importance of this additive effect is illustrated by the well-known fact that 

hypoxic malignancies, e.g., those that infiltrate bones, respond less well to ionizing 

radiation. In hypoxic tissues there will be limited formation of superoxide and hydrogen 

peroxide and, consequently, little LMP will take place. If the lysosomal compartment of 

malignancies could be enriched in redox-active iron and that of normal cells depressed, 
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ionizing irradiation might be made more effective on tumors and less damaging to normal 

tissues. 

 

VIII. MACROPHAGE LYSOSOMAL IRON AND ATHEROSCLEROSIS  

The initial phase of atherosclerosis is supposed to be related to endocytic uptake of 

minimally oxidized LDL by macrophages in the vessel intima. While it is unclear what 

factors cause LDL oxidation and why macrophages generally do not clear themselves 

from their lysosomal content of oxidized LDL but rather are converted to foam cells, 

many of which die by apoptosis and undergo calcification, it is obvious that further 

LDL oxidation takes place intralysosomally (Li et al., 1998a) and that macrophage 

lysosomal stability is affected (Li et al., 1998b).  

Atherosclerosis has a tendency to start in arteries where the intima frequently may 

be damaged by turbulent blood flow, e.g., in areas of bifurcation. In such areas 

erythocytes are a common finding in the intima, where they may be engulfed by 

macrophages, which then temporarily will harbor hemoglobin under degradation 

and, consequently, some redox-active iron inside their lysosomal compartment (Nagy 

et al., 2010). It has been suggested that exocytosis of lysosomal contents from 

macrophages that have engulfed erythrocytes, in combination with superoxide 

produced during the respiratory burst that characterize macrophages during 

endocytosis, may result in intimal LDL oxidation followed by its uptake by the same 

or other macrophages (Yuan et al., 1996). If so, the first step in intimal LDL oxidation 

would be macrophage exocytosis of iron-rich lysosomal contents. This partial LDL 

oxidation would activate macrophage scavenger receptors and be followed by LDL 

endocytosis. Inside the macrophage lysosomal compartment, it is conceivable that the 

partly oxidized LDL will undergo further oxidation and form a partly polymerized 
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material akin to lipofuscin. This would be particularly plausible if the lysosomal 

compartment is rich in redox-active iron and significantly exposed to hydrogen 

peroxide formed during the oxidative burst that macrophages produce during 

endocytosis.  

 

IX. LYSOSOMAL IRON AND DIABETES 

For some reason, -cells show poor capacity to degrade hydrogen peroxide and, thus, 

they are particularly sensitive to oxidative stress. This is quite pronounced for murine 

-cells, which lack catalase, while human -cells contain some of it (Lenzen et al., 

1996).  The high sensitivity of -cells to the redox active compound alloxan might 

reflect this lack of defense against hydrogen peroxide produced during alloxan 

metabolism (Zhang and Brunk, 1993, Zhang et al., 1995). An additional reason for the 

high sensitivity of -cells to oxidative stress is the fact that the insulin-containing 

granules are rich in iron, which also applies to their lysosomal compartment that by 

autophagy degrades granules that are not needed when blood sugar is low and little 

insulin released. Insulin is stored in crystalline form and stabilized by zinc that is 

close to iron in the periodic table. Consequently, zinc and iron are not easily 

discriminated and some iron ends up together with zinc in the insulin-storing 

granules, which may explain why in hemachromatosis and other iron-overload 

conditions, diabetes is a common complication (bronze-diabetes). It can be assumed 

that in -cells an iron-enriched lysosomal compartment might undergo LMP and 

associated apoptosis even if only normal concentrations of cytosolic hydrogen 

peroxide are present (Olejnicka et al., 1999). 

Diabetes type I is considered an autoimmune disease where the islands of 

Langerhans are invaded by immunocompetent cells with resultant loss of most or all 
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-cells (Augstein et al., 1998, Eisenbarth, 1986, Foulis et al., 1986, O'Brien et al., 

1997). Since invading macrophages and neutrophils produce ROS, the extracellular 

environment of the -cells in this autoimmune disease might be highly oxidative. 

Therefore, in this case as well, it is possible that the death of the insulin-producing 

cells is at least partly a result of their high sensitivity to oxidative stress. 

 

X. LYSOSOMAL IRON AND NEURODEGENERATIVE DISEASES 

Recently, substantial evidence for the involvement of oxidative stress and poorly ligated 

iron in a number of neurodegenerative diseases has come from several independent 

laboratories (reviewed in Kell, 2009, Kell, 2010).  

In Huntington‟s disease, characterized by extensive degeneration of neurons within 

the corpus striatum, inclusion bodies, which contain large amounts of oxidized proteins, 

predominantly the Huntingtin protein, may act as oxidation centers and in combination 

with a disturbed iron-metabolism induce toxic levels of hydroxyl radicals (Henshall et al., 

2009). Since the iron-chelator DFO, which is taken up by endocytosis, is protective in a 

mouse model, it is conceivable that enhanced levels of lysosomal redox-active iron are 

involved. The same may be true for a number of other inclusion-body diseases. 

Parkinson‟s disease, which results from the death of dopaminergic neurons in the 

substantia nigra, is associated with oxidative stress and the involvement of iron (reviewed 

in Kell, 2009, Kell, 2010). It is possible that autophagy of highly iron-loaded neuromelanin 

(Double et al., 2003) lies behind this disease. 

Alzheimer‟s disease, characterized by loss of neurons within the cognitive parts of 

the brain, is associated with oxidative stress and disturbed iron metabolism (reviewed in 

Kell, 2009, Kell, 2010). The formation of -amyloid aggregates is enhanced by several 

heavy metals, including iron, and -amyloid is known to bind iron (reviewed in Kell, 2009, 
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Kell, 2010). Therefore endocytosis and autophagy of this material may be part of the 

pathophysiology of this disease  (Zheng et al., 2009, Zheng et al., 2006). 

Finally, Friedreich‟s ataxia is caused by a mutation in the mitochondrial iron-

chaperone frataxin that is involved in the insertion of iron into mitochondrial iron-sulphur 

clusters. In the presence of dysfunctional frataxin, mitochondrial ferritin becomes over-

loaded with iron (Richardson et al., 2010a). Following autophagy of such mitochondria the 

lysosomal compartment seems to become particularly iron-rich and thereby increasingly 

sensitive to oxidative stress (Kurz et al., 2011). 

 

XI. CONCLUSIONS AND PERSPECTIVES ON THE FUTURE 

Iron is an essential transition metal utilized in an extensive range of electron-transport 

mechanisms. Mitochondrial oxidative phosphorylation and many cytosolic oxidative 

processes depend on the capacity of iron to alternate between valences. The needed iron-

sulphur and heme complexes are mainly manufactured in the mitochondria, while cellular 

uptake of iron-transferrin and release of iron from its store in ferritin involves participation 

of the lysosomal compartment. It might well be, although this is not clarified, that low 

mass redox-active iron only occurs inside lysosomes, while elsewhere it is bound and 

transported in non-redox-active form.  

Iron seems to be very rapidly exported from the lysosomal compartment and the 

transient pool of what has been named the pool of labile, chelatable, iron is also rapidly 

turned over. A high amount of redox-active lysosomal iron makes these organelles, and 

thereby also the cell, sensitive to oxidative stress, while an autophagic influx of iron-

binding proteins, such as ferritin, metallothioneins and certain heat-shock proteins is able 

to reduce lysosomal redox-active iron by temporarily binding it. If the autophagic influx of 

such proteins is persistent and high, the proportion of lysosomal redox-active iron in 
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relation to total iron may be substantially reduced and cellular sensitivity to oxidative 

stress diminished.  

In the future perhaps administration of lysosomotropic iron-chelators may be taken 

advantage of to prevent or treat disorders in which altered concentrations of lysosomal 

redox-active iron may be amongst the contributing factors. In contrast, if lysosomal 

accumulation of redox-active iron in malignant cells could be increased, it might 

significantly enhance the efficiency of ionic irradiation or exposure to drugs that induce 

oxidative stress. 
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XIII. FIGURE LEGENDS: 

 

Fig. 1: 

The lysosomal compartment. The cell takes up extracellular material by invagination of 

the plasma membrane (endocytosis), thereby forming early endosomes, which mature into 

acidified late endosomes. The latter receive lysosomal enzymes by fusion with secretory 

vesicles from the trans-Golgi network (TGN). Further maturation leads to lysosome 

formation. Cytosolic macromolecules may be directly engulfed by invaginations of the 

lysosomal membrane (microautophagy), whereas organelles (e.g., mitochondria) are being 

enclosed by a newly formed phagophore, resulting in the formation of an autophagosome 

(macroautophagy), which then fuses with either a late endosome or a lysosome (or, 

perhaps, with secretory vesicles from the TGN), forming an autophagolysosome. Certain 

proteins are delivered to lysosomes with the help of chaperones, such as Hsp73 

(chaperone-mediated autophagy).  

 

Fig. 2:  

Demonstration of lysosomal iron in HeLa  and J774 cells using the sensitive 

cytochemical sulfide silver method. Glutaraldehyde-fixed cultured cells were exposed to 

ammonium sulfide at pH~12 and then developed in a colloid-protected (gum arabic) 

solution containing silver lactate and the reducing agent hydroquinone. Tiny silver 

particles precipitate and gradually enlarge to a size visible by light microscopy. The 

process is akin to physical development of a photographic plate. After a short development 

time of 25 min (A), only very iron-rich lysosomes are visible in Hela cells (arrows). These 

lysosomes most probably correspond to autophagolysosomes that are engaged in the 

degradation of iron-containing material, such as ferrritin or mitochondrial complexes. 
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After 40 min of development (B), a strong general lysosomal pattern is seen, reflecting the 

fact that most HeLa cell lysosomes contain some low-mass iron. 

Control J774 cells (C) and cells exposed to 10 mM NH4Cl for 10 min (D) show about the 

same degree of distinct granular, lysosomal-sized silver precipitates, while cells exposed to 

10 mM NH4Cl for 4 h (E) contain few such precipitates (developing time: about 50 min) 

showing that inhibited intralysosomal degradation results in lysosomes free of iron. The 

pronounced cytosolic vacuolization is a function of depressed autophagocytotic 

degradation creating enhanced osmotic pressure. Cells exposed to an iron-phosphate 

complex for 4 h, and then returned to standard culture conditions for another 2 h (F) show 

pronounced silver precipitation, indicating large amounts of lysosomal low molecular 

weight iron and that the method is able to demonstrate iron (developing time: about 20 

min). Bar = 30 µm. Panels C-F reprinted from Yu et al., 2003b, with permission from 

Elsevier. 

 

Fig. 3: 

Results of intralysosomal formation of hydroxyl radicals. Hydrogen peroxide is formed 

normally, mainly from mitochondria. It is efficiently inactivated by the cell‟s antioxidative 

shield. Only a small portion of this oxidant manages to diffuse into lysosomes, a 

compartment rich in cysteine and redox-active iron, the latter originating from the 

degradation of a variety of iron-containing proteins. Hydrogen peroxide and ferrous iron 

react in the Fenton reaction, yielding hydroxyl radicals. This process gives rise to 

intralysosomal oxidation/peroxidation with resulting damage to the lysosomal membrane 

and macromolecules undergoing autophagic degradation. Some oxidation products 

polymerize and become undegradable (lipofuscin) and accumulate in lysosomes of long-

lived postmitotic cells, which do not dilute the pigment by division. 
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Fig. 4: 

Cellular accumulation of waste material is a consequence of imperfect autophagy. 

Lysosomal enzymes are produced in the trans-Golgi network (TGN) and by secretory 

vesicles transported to late endosomes that acidify and mature into lysosomes (see Fig. 1), 

which in turn fuse with autophagosomes. The continual fusion and fission of the lysosomal 

vacuoles ensures the distribution of acid hydrolases within the lysosomal compartment, 

including autophagosomes. In contrast to a young cell (A) that has only few lysosomes 

containing the undegradable age-pigment lipofuscin (Lf), senescent postmitotic cells (B) 

contain large numbers of Lf-containing lysosomes, to which more and more lysosomal 

enzymes are directed in a useless effort to degrade lipofuscin. These lysosomal enzymes 

are lost for useful purposes (e.g., for the degradation of newly autophagocytosed material), 

resulting in a delayed turnover and the accumulation of waste products. 

Damaged/dysfunctional mitochondria are indicated by dark shading. 
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Protein Function 

Divalent metal transporter 1 (DMT1) Fe2+ membrane transporter 
Ferrireductase Reduction of Fe3+ to Fe2+ 
Ferritin Iron storage protein 
Ferroportin Fe2+ exporter 
Heme carrier protein (HCP) Heme transport protein 
Heme oxygenase 1 (Hmox-1) Release of iron from heme 
Hepcidin Negative regulator of ferroportin 
Iron regulatory protein 1, 2 (IRP1, IRP2) Iron sensors 
Mitoferrin 1, 2 Mitochondrial iron transporters 
Transferrin (Tf) Fe3+ transport protein in the blood 
Transferrin receptor 1 (TfR1) Binding of iron-loaded transferrin 

 

Table 1: Overview of selected proteins and their function in iron metabolism 

Table 1
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