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ABSTRACT  

To test the consequences of lysosomal degradation of differently iron-loaded ferritin 

molecules and to mimic ferritin autophagy under iron-overload and normal conditions, J774 

cells were allowed to endocytose heavily iron-loaded ferritin, probably with some 

adventitious iron, (Fe-Ft) or iron-free apo-ferritin (apo-Ft). When cells subsequently were 

exposed to a bolus dose of hydrogen peroxide, apo-Ft prevented lysosomal membrane 

permeabilization (LMP), while Fe-Ft enhanced LMP. A 4 h pulse of Fe-Ft initially increased 

oxidative stress-mediated LMP that was reversed after another 3 h at standard culture 

conditions, suggesting that lysosomal iron is rapidly exported from lysosomes, with resulting 

upregulation of apo-ferritin that supposedly is autophagocytosed, thereby preventing LMP by 

binding intra-lysosomal redox-active iron. The obtained data suggest that upregulation of the 

stress-protein ferritin is a rapid adaptive mechanism that counteracts LMP and ensuing 

apoptosis during oxidative stress. In addition, prolonged iron starvation was found to induce 

apoptotic cell death that, interestingly, was preceded by LMP, suggesting that LMP is a more 

general phenomenon in apoptosis then so far recognized. The findings provide new insights 

into ageing and neurodegenerative diseases that are associated with enhanced amounts of 

cellular iron and show that lysosomal iron-loading sensitizes to oxidative stress. 

 

 

Key words: Apoptosis, autophagy, ferritin, lysosomes, oxidative stress, redox-active iron.  
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INTRODUCTION 

Due to its crucial role in the mitochondrial respiratory complexes and a variety of other 

iron-containing biomolecules, including enzymes needed for cell proliferation, iron is 

essential for life. However, because of its related capacity to induce homolytic cleavage of 

hydrogen peroxide, forming the aggressive hydroxyl radical (HO
•
) or similarly reactive iron-

centered radicals, this transition metal may also be hazardous [1-3]. In turn, these radicals are 

able to induce peroxidative chain-reactions with generation of organic peroxides, which may 

decompose to form toxic aldehydes [2]. 

 

Fe
2+
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LH + HO
•
  L

•
 + H2O 

L
• 
+ O2  LOO

•
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LOOH  aldehydes and other toxic disintegration products 

 

Therefore, cells and organisms need to handle iron with great care. Cellular iron 

metabolism is schematically summarized in Figure 1. Most iron is hidden within 

biomolecules, where it is not accessible to hydrogen peroxide. Additionally, iron can be 

stored for further use in ferritin, a 450 kD protein that binds up to 4,500 atoms of iron [4-10]. 

Iron is transported in the blood bound to transferrin in a non-redox-active form whilst for 

transport inside the cell iron requires protein transporters, such as the divalent metal 

transporter-1 (DMT1, synonymes: Nramp2 or DCT1) [11,12] or the recently identified 

transient receptor potential protein mucolipin 1 (synonymes: TRPML1 or MCOLN1) [13]. 

Presently, it is unknown whether iron undergoing intracellular transport is partly in a redox-

active form. Iron uptake is strictly controlled and kept at a minimum [14,15], except in 
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pathological iron-overload conditions. Cells absorb iron from their environment, mainly 

during proliferation, making tumor cells particularly sensitive to iron-chelators [16], while 

non-dividing cells mainly rely on efficient turnover and reutilization of this metal [17]. 

Ferritin can also be taken up by a recently found ferritin receptor called Scara5 [18] and, 

interestingly, the H subunit of circulating ferritin even by the transferrin receptor-1 [19]. 

 

Figure 1. Schematic illustration of cellular iron-uptake, intracellular transport, and turnover 

of iron-containing structures. Although autophagy of ferritin is now well proven as the major 

mechanism behind release of iron from ferritin, it has been suggested that iron may also be 

released directly from ferritin in the cytosol or by proteasomal degradation.  

 

Ultimately, organisms accumulate iron over time, especially in the liver and in postmitotic 

cells, such as neurons, cardiomyocytes and retinal pigment epithelial cells [20-23]. The 

implications of this phenomenon are not yet fully understood, but may contribute to a number 

of age-related diseases, such as atherosclerosis, age-related macular degeneration and 
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neurodegenerative disorders, for example, Parkinson‟s, Alzheimer‟s and Friedreich‟s diseases 

[24-28], perhaps by making cells more sensitive to oxidation. 

Iron loading of ferritin takes place through symmetrical channels and is supposed to be an 

autonomous process in response to the concentration of cytosolic iron [9,10]. When iron is 

required for anabolic purposes, it is released from ferritin, usually in combination with an 

upregulation of transferrin receptors, increased receptor-mediated iron uptake, and down-

regulation of ferritin [15]. Iron release from ferritin is controversial. One hypothesis 

postulates it to be liberated directly in the cytosol under the influence of a feedback 

mechanism [10,29,30]. Another hypothesis that recently has gained strong support suggests a 

lysosomal pathway involving ferritin autophagy followed by degradation inside the lysosomal 

compartment and transfer of the liberated iron to the cytosol [8,31-42]. Finally, ferritin 

degradation by proteasomes has been suggested, as well as a combination of lysosomal and 

proteasomal degradation [10,42,43]. The details behind the relocation of iron from lysosomes 

to the cytosol following autophagic degradation of ferruginous macromolecules are not well-

known, but may be akin to those involved in the transport of iron from late endosomes to the 

cytosol (see above).  

Knowledge about the regulatory mechanisms behind autophagy has recently been 

substantially expanded. The evolutionary preserved ATG gene family was initially identified 

in yeast and later found to control autophagy in a highly specific manner [44-46]. Autophagy 

was previously considered a mainly adaptive catabolic mechanism, allowing cells to rid 

themselves of damaged structures, or permitting them to survive periods of starvation by 

degrading their own non-essential parts. Now it is recognized that autophagy is also the major 

mechanism behind the normal turnover of cellular constituents. All organelles, and many 

proteins, especially long-lived ones, are degraded by autophagy and the end products are 

transported to the cytosol to be re-utililized by the anabolic machinery [47-49]. Many 
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autophagocytosed macromolecules contain iron that, therefore, is released in low mass form 

inside the lysosomal compartment. As a result, lysosomes that are, or just have been, engaged 

in autophagic degradation are rich in low mass iron and vulnerable to oxidative stress. Resting 

lysosomes may contain little or no iron and, thus, remain indifferent to such stress 

[20,39,40,50].  

The simultaneous presence of redox-active iron and hydrogen peroxide (diffusing in from 

the cytosol) inside the acidic and reducing lysosomal environment, inevitably gives rise to 

some degree of Fenton-type chemistry. This is the background to the peroxidative formation 

of the age pigment lipofuscin that mainly accumulates in postmitotic cells that cannot dilute it 

by division. Lipofuscin is also to some degree found in cells that were heavily engaged in 

reparative autophagy, e.g. following x-irradiation or virus infection (for a review see refs. 

[51,52]). During substantial oxidative stress, resulting Fenton-type reactions inside iron-rich 

lysosomes may be so violent that the integrity of the surrounding membranes is breached, 

allowing relocation of lysosomal contents to the cytosol. This may result in apoptosis or 

necrosis depending on the magnitude of lysosomal membrane permeabilization (LMP) 

[22,39,40,53-58]. 

It is often observed that oxidative stress results in a large variation of LMP between and 

within cells [58]. The reason for this is probably, as pointed out above, that some lysosomes 

are involved in autophagic degradation of ferruginous material and rich in iron [22], while 

others are resting.  

Thus, the presence of lysosomal redox-active iron makes cells sensitive to oxidative stress. 

However, most probably evolution has found ways to minimize the danger, for example by 

restricting formation of hydrogen peroxide, keeping intralysosomal iron in a non-redox-active 

form, or rapidly transporting newly released low mass iron away from the lysosomal 

compartment. 
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We know that long-lived animals usually have a lower metabolic rate compared to short-

lived ones and, more importantly, also a reduced leak of electrons from their mitochondrial 

complexes and the intermediate electron transporters. This is most obvious when the life 

spans are compared for animals with the same metabolic rate, such as mice and rats vs bats, 

and birds [59,60]. However, when it comes to the regulation of iron transport from lysosomes 

to the cytosol, the redox-activity of iron under transport, or mechanisms that possibly may 

influence the ratio of redox-active to non-redox-active iron in the lysosomes, we are almost 

completely ignorant. The main location for synthesis of iron-containing complexes, such as 

heme and iron-sulfur clusters, is in the mitochondria, to which iron is perhaps transported 

following fusion with late endosomes/lysosomes [61] or, more probably, from a cytosolic 

pool of low mass iron of unknown redox-activity (see Figure 1).  

In this study, we tested the hypothesis that autophagy of ferritin, depending on its degree of 

iron saturation, either stabilizes or destabilizes lysosomes against oxidative stress. Normal 

autophagy of differently iron-saturated ferritins was mimicked by allowing cultured 

macrophage-like J774 cells to endocytose apo-ferritin, or heavily iron-loaded ferritin with 

adsorbed iron. Cells were then exposed to a bolus dose of hydrogen peroxide, and the 

resulting change of LMP and its consequences were assayed. 

We also studied the influence of iron-starvation on the induction of ferritin autophagy by 

exposing J774 and HeLa cells to two different iron chelators, salicylaldehyde isonicotinoyl 

hydrazone (SIH) and calcein (added in the form of calcein-AM). We found that lysosomal, 

and thereby also cellular, sensitivity to oxidative stress is related to the iron content of ferritin 

under degradation. We hypothesize that following autophagy non-Fe-saturated ferritin may 

temporarily (before complete degradation) bind iron with consequent depression of 

intralysosomal redox-active iron, while heavily iron-loaded ferritin with adsorbed iron would 

have the opposite effect. Additionally, we found that lysosomal iron is rapidly relocated to the 
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cytosol, and that iron-starvation induces programmed cell death that, interestingly, is preceded 

by LMP.  
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MATERIALS AND METHODS 

Chemicals 

Dulbecco‟s Modified Eagle‟s Medium (DMEM), penicillin and streptomycin were from 

Invitrogen (Paisley, UK). Fetal bovine serum (FBS) was from PAA (Pasching, Austria). 

Silver-lactate, propidium iodide, Glutaraldehyde, Fe-saturated horse spleen ferritin (96701), 

horse spleen apo-ferritin (A3641), protease inhibitor cocktail (P8340), pepstatin A (P5318), 

E64d (E8640), acridine orange base (AO), ammonium sulfide and hydroquinone were from 

Sigma (St. Louis, Missouri, USA). Tris-HCl polyacrylamide gels (15%) and milk powder 

were from Bio-Rad (Hercules, California, USA). Immobilon-P PVDF membranes (pore size 

0.45 µm) were from Millipore (Temecula, California,  USA). Tetramethylrhodamine 

(TMRE), Lysotracker Red, calcein and calcein-AM were from Molecular Probes (Eugene, 

Oregon, USA). Polyclonal rabbit α-human ferritin antibodies (865077) were from MP 

Biomedicals (Solon, Ohio, USA), rabbit polyclonal antibodies against LC3 (PD014) were 

from MBL (Woburn, Massachusetts, USA), GAPDH antibodies (IMG-5143A) were from 

Imgenex (San Diego, California, USA), anti-rabbit IgG conjugated to HRP (sc-2004) were 

from Santa Cruz Biotechnology (Santa Cruz, California, USA). Western Lightning 

Chemiluminescence Reagent Plus was from Perkin Elmer (Waltham, Massachusetts, USA). 

Salicylaldehyde isonicotinoyl hydrazone (SIH) was a kind gift from Professor Des 

Richardson, University of Sydney, Australia. 

 

Cell cultures, induction of oxidative stress, and assessment of lysosomal membrane 

permeability (LMP)  

Murine macrophage-like J774 cells (ATCC) and HeLa cells (a kind gift from Dr. Arne 

Holmgren, Karolinska Institute, Stockholm) were grown in DMEM supplemented with 10% 

FBS, 2 mM L-glutamine, 100 IU/ml penicillin and 100 µg/ml streptomycin, at 37°C in 
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humidified air with 5% CO2. The cells were split twice a week, plated in 6-well plates at a 

concentration of 10
6
 cells/well (with or without cover-slips) and typically subjected to 

oxidative stress (or not) 24 h later. 

Suitable concentrations and exposure times (in relation to cell density) for hydrogen 

peroxide, iron-complexes and iron chelators were established in preliminary studies. In the 

final experiments, cells were exposed for 4 h to fresh complete medium with or without 1 µM 

apo-Ft or Fe-Ft or 30 µM of a hydrated iron-phosphate complex, obtained by adding FeCl3 to 

complete culture medium (during the 4 h the ferritins and the iron-phosphate complex are 

endocytosed and transported into the lysosomal compartment). The cells were then exposed to 

a 30 min period of oxidative stress (a bolus dose of initially 100 µM hydrogen peroxide in 2 

ml HBSS at 37°C, which declines to < 20 µM at the end of the exposure period). Cells were 

analyzed for LMP using the AO-uptake method (see below) 6-7 h later. It needs to be pointed 

out that in the case of oxidative stress (such as cellular exposure to hydrogen peroxide), 

lysosomal redox-active iron produces hydroxyl radicals that may induce peroxidation of the 

lysosomal membrane. This, however, is not an instantaneous process and only after several 

hours does membrane fragmentation and consequent LMP become obvious. By then, 

however, there may be no ongoing oxidation at all and, therefore, the effect of an oxidative 

situation can be assayed only after a considerable delay [62]. 

In other experiments, cells were exposed as above, while early LMP was assessed by the 

more sensitive AO relocation method (see below) immediately after end of the oxidative 

stress period.  

Alterations of the mitochondrial membrane potential (m) were registered for up to 8 h 

following the end of the oxidative stress period using the TMRE method (see below) [63].  

To assess transport of iron liberated inside lysosomes following degradation of 

endocytosed Fe-FT, and the effect of upregulation and ensuing autophagy of apo-Ft, cells 
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were exposed to Fe-FT for 4 h, rinsed and then kept at standard culture conditions for another 

30 min to 7 h before being subjected to oxidative stress (as above). LMP was assayed by the 

AO uptake method as described below. 

In order to evaluate the effect of endocytic uptake of apo-Ft or Fe-Ft on lysosomal 

sensitivity to oxidative stress, cells that were exposed to apo-Ft or Fe-FT, respectively, were 

compared to cells that were protected by 50 µM of the lipophilic iron-chelator salicylaldehyde 

isonicotinoyl hydrazone (SIH) during the oxidative stress event. As described before, SIH-

protection during oxidative stress almost completely prevents moderate oxidative stress-

induced damage [63].  

To test if enhanced LMP is involved in the form of apoptosis that is a consequence of 

prolonged iron starvation, cells were exposed to 50 µM SIH for up to 7 h (when morphologic 

alterations typical of apoptosis were found to be present) and then assayed with the AO 

uptake method. 

 

LMP assays 

Acridine orange (AO) is a metachromatic fluorophore and a lysosomotropic weak base 

(pKa ~ 10) that becomes charged (AOH
+
) and retained by proton trapping within the 

lysosomal compartment (pH 4.0-5.5). When cells then are excited by blue light, lysosomes 

emit intense red fluorescence (high AO-concentration), while the cytosol and nuclei, due to 

binding of some AO to proteins and DNA, show weak diffuse green fluorescence (low AO-

concentration). When cells are excited with green light, only moderately intense red 

lysosomal fluorescence is observed.  

The AO-relocation method [40,50,53,64-66] requiring blue light activation, is based on the 

assessment of increased cytosolic green fluorescence secondary to lysosomal rupture with 
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relocation to the cytosol of AO as well as of protons. In the cytosol, where AO turns less 

concentrated, its fluorescence shifts from red to green.  

The AO-uptake method, involving activation with either blue or green light, measures red 

lysosomal fluorescence. Since most photomultipliers are much more sensitive to photons from 

green than from red light, the AO-relocation method is the more sensitive one. However, it 

can be applied only shortly following initiation of LMP, the reason being that ensuing 

relocation of lytic lysosomal enzymes and redox-active iron results in plasma membrane 

damage and further AO-leakage to the medium. In practice, it usually means that the 

relocation method can be applied no later than 30-60 minutes following induction of LMP. 

The AO-relocation technique [39,40,53,64,66] was thus used to evaluate early and minor 

LMP. For this assay, cells were pre-loaded with AO (10 µg/ml) for 15 min (in the dark) in 

complete culture medium, rinsed with culture medium and kept under standard culture 

conditions for another 15 min before being exposed to oxidative stress. Cells were then 

scraped off and assayed by flow cytofluorometry. The increase in green cytoplasmic 

fluorescence was measured in the FL1 channel using a Becton-Dickinson FACScan equipped 

with a 488 nm argon laser. CellQuest software was used for data acquisition and analyses. 

Advanced LMP was measured by the AO-uptake method. Cells were AO-stained 6 h 

following end of the oxidative stress period, scraped, and evaluated by flow cytofluorometry 

(FL3 channel) for red fluorescence. As explained above, a rather long delay between end of 

the oxidative stress and exposure to AO is needed in order to allow LMP to become manifest. 

Cells with a reduced number of intact AO-accumulating lysosomes (reduced red fluorescence) 

were termed „pale‟ cells. 
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Cytochemical evaluation of lysosomal low mass iron 

For the evaluation of cellular low mass iron, we used the modified (high pH; high S
2-

) 

sulfide-silver method (SSM) [50], which is based on Timm‟s technique for cytochemical 

detection of a variety of heavy metals [67]. Cells (10
6
 J774 or 3x10

5
 HeLa) were grown on 

coverslips and exposed (or not) for 4 h to 0.1 µM Fe-Ft or to 30 µM of the above described 

hydrated iron phosphate complex that is non-solvable at pH 7. Cells were then briefly rinsed 

in PBS (22°C) and kept under standard culture conditions for another 1.5 h prior to fixation 

with 2% glutaraldehyde in 0.1 M Na-cacodylate buffer with 0.1 M sucrose (pH 7.2) for 2 h at 

22°C. The fixation was followed by short rinses (x 5) in glass-distilled water at 22°C. Cells 

were then sulfidated at pH ≈ 9 with 1% (w/v) ammonium sulfide in 70% (v/v) ethanol for 15 

min. Following careful rinsing in glass-distilled water for 10 min at 22°C, development was 

performed using a physical, colloid-protected developer containing silver-lactate and 

hydroquinone (the method is autocatalytic and the precipitation of metallic silver on the FeS 

core is dependent on time and the amount of initiating FeS). The reaction was performed in 

the dark at 26°C for various periods of time (30-60 min). Following dehydration in a graded 

series of ethanol solutions and mounting in Canada balsam (to prevent oxidation of black 

atomic silver to white silver-oxide that may happen following mounting in synthetic mounting 

media without added anti-oxidants), the cells were examined and photographed, using 

transmitted light, under an Axioscope microscope (Zeiss) connected to a Zeiss ZVS-47E 

digital camera. Easy Image Measurement 2000 software (version 2.3, Bergström Instruments 

AB, Solna, Sweden) was used for image acquisition.  

 

Apoptosis assays  

The Nicoletti DNA fragmentation assay is based on propidium iodide (PI) staining of 

nuclear DNA and was performed essentially as previously described [68]. Cell pellets from 
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individual dishes were re-suspended in 1.5 ml of a hypotonic and membrane-disrupting 

solution of PI (50 µg/ml in 0.1% sodium citrate with 0.1% Triton X-100) and kept in the dark 

overnight at 4
o
C. Then the PI-induced red fluorescence of suspended individual nuclei or 

apoptotic nuclear fragments was measured by flow cytofluorometry using the FL3 channel. 

Nuclei with partially degraded DNA and nuclear fragments were counted and their frequency 

was expressed as a percentage of the total number of particles analyzed (10,000). 

Cell cultures were also followed by phase contrast microscopy. The numbers of apoptotic 

(membrane blebbing, nuclear condensation/fragmentation, formation of apoptotic bodies) and 

necrotic cells (cellular and nuclear swelling and lysis) were registered. 

 

Mitochondrial membrane potential assay  

Mitochondrial membrane potential (m) was measured by flow cytofluorometry as 

described [63], using the cationic and lipophilic dye tetramethylrhodamine ethyl ester 

(TMRE) that accumulates in the mitochondrial matrix. Decreased m is indicated by a 

reduction of the TMRE-induced red fluorescence. At different time points (30 min - 8 h) 

following the end of the oxidative stress (see above), cells were incubated with TMRE in 

complete culture medium (100 nM; 15 min; 37°C). Red fluorescence (FL3 channel) was 

recorded in a log scale and analyzed using the CellQuest software. Cells with reduced red 

fluorescence were gated. 

 

Assessment of ferritin upregulation by western blotting 

J774 cells were pulse-exposed to Fe-FT for 4 h and then kept at standard conditions for 

another 4 h before they were harvested for immunodetection of ferritin. Cells were lysed in 50 

mM Tris-HCl, pH 7.6, 250 mM NaCl, 0.5% Triton X-100, 2mM EDTA, 20% Glycerin, 1 mM 

PMSF, 1% Protease inhibitor cocktail, 0.2 mM DTT. Protein  (50 µg) was applied in Laemmli 
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buffer onto a 15% Tris-HCl gel, separated in a denaturing polyacrylamide gel electrophoresis 

and transferred onto an Immobilon-P PVDF membrane (pore size 0.45 µm). Following 

blocking in 5% milk in TBS (10 mM Tris base, 150 mM NaCl, pH 8.0) with 0.1% Tween-20 

(TBS-T) and washing in TBS-T, ferritin was detected using polyclonal rabbit α-human ferritin 

antibodies (1:500 (18.5 µg/ml) in TBS-T with 0.1% milk over night at 4°C and visualized 

using anti-rabbit IgG conjugated to HRP (1:1,000 (0.4 µg/ml) in TBS-T with 0.1% milk for 1 

h at ambient temperature. Western Lightning Chemiluminescence Reagent Plus was used as a 

substrate for HRP, and chemiluminescence was detected using a luminescent image analyzer 

LAS-1000 (Fujifilm). As a loading control, visualization of GAPDH (1:1,000 (0.5 µg/ml) in 

TBS-T with 0.1% milk for 1 h at ambient temperature) was used. 

 

Assessment of autophagy by immunodetection of LC3. 

HeLa cells were exposed to calcein-induced iron-starvation for up to 15 h. In order to 

protect against possible autophagic degradation of the LC3-II protein, cells were in some 

experiments initially exposed for 4 h to a combination of 10 µg/ml each of pepstatin A (an 

inhibitor of cathepsins D and E) and E64d (an inhibitor of cathepsins B, H and L) [69]. 

Adherent cells were collected and lysed at 4°C in 50mM Tris-HCl, pH 7.2, 0.1% Triton-X-

100, 10% glycerol, 1 mM PMSF and 1% Protease inhibitor cocktail. The western blotting was 

done as described for ferritin above. The LC3 proteins (band I and II) were detected using 

rabbit polyclonal antibodies (1:1,000 in TBS-T with 0.1% milk for 3 h at ambient temperature) 

and visualized using anti-rabbit IgG conjugated to HRP (0.4 µg/ml in TBS-T with 0.1% milk) 

for 1 h at ambient temperature. 
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Estimation of cytosolic autophagy using calcein-AM 

Cells (3x10
5
 HeLa), grown on coverslips, were exposed for 15 min to calcein by adding 

calcein-AM (200 nM) in complete medium, rinsed in culture medium, and then kept at 

standard culture conditions for up to 15 h. During this period, the distribution and magnitude 

of calcein fluorescence was studied and repeatedly photographed using a Nikon Eclipse C1 

laser scanning confocal microscope equipped with a 488 nm laser and the Nikon EZ-C1 

V2.30 software for image acquisition. Cells were documented directly or following a brief 

exposure to SIH (100 µM) to certify that by time diminishing calcein-induced fluorescence 

was not a result of iron-mediated quenching. 

The lipophilic calcein-AM ester passes the plasma membrane, but it is then immediately 

split by cytosolic nonspecific esterases. One of the reaction products, calcein, is a hydrophilic, 

fluorochromic alcohol that does not pass membranes. At neutral pH, but not at the lysosomal 

pH of about 5, calcein fluorescence is significantly quenched by low mass iron [70]. When 

parts of the calcein-containing cytosol are autophagocytosed, its fluorescence is substantially 

increased (calcein is retained and concentrated within the lysosomal compartment that 

counteracts the less intense calcein fluorescence at the low lysosomal pH) [70]. Moreover, at 

lysosomal pH calcein does not bind iron [70] and, consequently, calcein fluorescence is not 

iron-quenched in the lysosomal compartment, although plenty of iron may be present. A 

gradual appearance of granules with bright calcein-mediated fluorescence, paralleled by a 

disappearence of cytosolic fluorescence will thus reflect ongoing autophagy of the cytosol, 

including its ferritin.  

The fluorescence and iron-quenching properties of calcein (50 nM in 150 mM acetate or 

HEPES buffers – pH 5.0 and 7.4, respectively) was assayed in stirred 2 ml cuvettes using a 

Hitachi F-7000 spectrofluorometer operated at ex488 nm and em518 nm. Ferrous iron 

(obtained by mixing equal amounts of dissolved FeCl3 and ascorbic acid) was applied to 
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increase the final iron concentration in steps. To de-quench calcein fluorescence, the iron 

chelator SIH was added in excess.  

 

Statistical analysis 

Results are given as means  SD. Statistical comparisons were made using analysis of 

variance (ANOVA), whereby pair-wise multiple comparisons were made using Tukey‟s 

adjustment. For comparison of two means, Student‟s t test was used. p  0.05 (*), p  0.01 

(**), p  0.001 (***). 
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RESULTS 

Lysosomes are rich in low mass iron 

To demonstrate lysosomal iron and to study the effect of endocytotic uptake of iron-rich 

compounds, we employed the sensitive, autocatalytic, cytochemical sulfide-silver method 

(SSM), which demonstrates a variety of heavy metals [50]. The SSM is considered specific 

for iron since in most cells iron is the only heavy metal that normally is present in low mass 

form to any significant degree; except for in a few particularly Zn-rich cell types, such as -

cells, prostatic epithelial cells, and certain neurons. When J774 and HeLa cells were subjected 

to the SSM a granular, lysosomal-type staining was evident (see Figure 2, panels A and B). 

Staining density varied, indicating large differences in the amount of lysosomal iron between 

individual cells and lysosomes, which was most obvious following shorter periods of SSM 

development, when only sites with large amounts of iron are detected [50,71]. The differences 

probably reflect varying autophagic activity between cells and parts of the lysosomal 

compartment (see panel B in Figure 2). Following longer periods of development, a weak 

diffuse cytosolic staining became evident, more intense for J774 than for HeLa cells (compare 

panels A and B in Figure 2), indicating some cytosolic low mass iron. As a control for iron-

specificity, some J774 cells were exposed for 4 h to Fe-Ft, which would result in 

intralysosomal ferritin degradation with release of low mass iron. Increased lysosomal iron 

was also obtained by feeding the cells a hydrated iron phosphate complex (formed by the 

addition of FeCl3 to complete culture medium at a final concentration of 30 µM) that will 

release free iron in the acidic lysosomal environment. Both of these compounds are taken up 

by endocytosis [50]. Such cells (panel A, micrographs b and c, respectively, in Figure 2) show 

an intense granular pattern producing a lysosome-type distribution. Since the endocytotic 

activity varies between cells [58], some cells showed heavy lysosomal iron-loading, while 

others did not. 
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Figure 2. Panel A (micrographs a-d). J774 cells following cytochemical demonstration of low mass iron by the 

sulfide silver method (SSM). Micrographs a and d show control cells developed for 10 and 40 min, respectively. 

Only after the longer development, some positive dark granules appear (iron-containing lysosomes). Note the 

heterogeneity in iron content between and within cells. Micrograph b shows cells that were exposed to Fe-Ft (0.1 

µM) for 4 h. A development time of 10 min is then enough to demonstrate heavily iron-loaded lysosomes. Note 

the occurence of a few unstained cells, which obviously did not endocytose. Micrograph c shows cells exposed 

for 4 h to the described hydrated iron-phosphate complex (30 µM) and developed for 30 min. Most cells contain 

iron loaded lysosomes, although some cells seem to have been inactive with respect to endocytosis. 

Panel B (micrographs a-d). Cytochemical demonstration of low mass iron by the SSM in HeLa cells. HeLa cells 

were developed for 20 min (micrograph a), 25 min (micrograph b), 30 min (micrograph c) and 60 min 

(micrograph d). Note the gradual appearance of an increasing number of SSM-positive lysosomes indicating a 

large variation in their content of iron. That probably reflects whether or not individual lysosomes recently have 

been engaged in the degradation of any ferruginous material. Cells with iron-containing lysosomes are arrowed 

in micrograph b. 

The experiments were repeated three times. Images from one representative experiment are shown. 
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Lysosomes are sensitive to oxidative stress due to their content of redox-active iron.  

As a consequence of their redox-active iron content, lysosomes are damaged by oxidative 

stress. Figure 3A demonstrates that already at the end of the oxidative stress period, the 

sensitive AO-relocation method picks up significant relocation of lysosomal AO to the 

cytosol, indicating LMP in a limited number of lysosomes. These more sensitive lysosomes 

are presumably particularly rich in redox-active iron following recent participation in the 

degradation of ferruginous materials. The relation between lysosomal iron and oxidative 

damage is demonstrated by the inhibitory effect on LMP by the lipophilic and lysosomotropic 

iron-chelator SIH (Figure 3A).  

More pronounced LMP occurred later, as was shown with the AO-uptake method, which 

also demonstrates the presence of still intact lysosomes (Figure 3B). Apo-Ft obviously has the 

capacity to temporarily chelate intralysosomal iron following its endocytotic uptake, while, in 

contrast, Fe-Ft and the Fe-phosphate complex act as iron donors and increase the sensitivity 

of lysosomes to oxidative stress (Figure 3B).  

By itself, enhanced endocytosis seems to give rise to a slight sensitization of lysosomes, as 

is seen for the cells in Fig. 3B that were exposed to apo-Ft, Fe-Ft or the iron-phosphate 

complex but not to hydrogen peroxide (empty bars). This finding (increase of „pale cells‟ with 

reduced number of intact lysosomes from ~5 to ~8%) might be explained by the fact that 

professional scavenger cells (such as the macrophage-like J774 cells) produce an oxidative 

burst in relation to endocytosis, which may lead to a limited rupture of some particularly iron-

rich lysosomes. 
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Figure 3. Panels A-B. Lysosomal destabilization is an early event following oxidative stress and is influenced by 

the lysosomal content of labile iron. The lysosomal stability of control J774 cells, and cells exposed to the 

hydrated iron-phosphate complex, to Fe-Ft or to apo-Ft for 4 h was analysed by the two AO methods as 

described in the Materials and methods section. Results are presented as means  SD (n = 3-5). 

A. To show that oxidative stress results in early lysosomal destabilization that is influenced by lysosomal 

labile iron, lysosomal stability was assayed with the sensitive AO-relocation method directly after end of the 

oxidative stress event. In some experiments, SIH was present together with hydrogen peroxide.  

B. To confirm these results, using the less sensitive but more flexible AO-uptake technique, cells were 

exposed to the iron-compounds or to apo-Ft followed by oxidative stress as described. In some experiments, SIH 

was present together with the hydrogen peroxide. Cells were then returned to standard culture conditions and 

lysosomal stability was measured 6 – 8 h following end of the oxidative stress event. 
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Depending on the magnitude of LMP apoptosis or necrosis follow. 

Lysosomal rupture induces apoptosis or necrosis depending on the magnitude of lysosomal 

destabilization [22,39,40,53-58]. Using the Nicoletti method, it was found  that a moderate 

oxidative stress induced an apoptotic-type DNA fragmentation, which was counteracted by 

exposure to SIH or apo-Ft (Figure 4). However, an initial exposure of cells to Fe-FT before 

the oxidative stress resulted in a dramatically increased cellular damage of mainly necrotic 

type, as judged by phase contrast microscopy, while the apoptotic response was depressed 

with a lower number of apoptotic nuclei (many necrotic nuclei undergo lysis and would not be 

detected by the Nicoletti method). 

 

LMP and loss of mitochondrial membrane potential during oxidative stress start about 

simultaneously. 

As reported earlier [63], chelation of lysosomal iron by SIH in relation to oxidative stress 

prevented both LMP and depression of mitochondrial membrane potential (results not 

shown). This finding suggests that hydrogen peroxide per se does not damage mitochondria. 

However, since SIH also would prevent mitochondrial low mass iron to react with hydrogen 

peroxide, the finding does not exclude mitochondrial iron-mediated damage. Since oxidative 

stress induces both m and early LMP after about the same delay (compare Figures 3A and 

5) it is not possible to tell with certainty if mitochondrial depolarization is secondary to 

lysosomal leak or if the two events initially develop independently.  

 

Free lysosomal iron is rapidly transported to the cytosol, resulting in ferritin upregulation 

and ensuing lysosomal stabilization, presumably due to ferritin autophagy 

Lysosomes of cells exposed for 4 h to Fe-Ft were for some time thereafter substantially 

sensitized to oxidative stress (Figures 3B and 4), indicating that the Fe-Ft is endocytosed and 
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increases the lysosomal content of redox-active iron (see Figure 2, panel A, micrograph b). 

However, when such iron-loaded cells were subsequently kept at standard culture conditions 

(without any Fe-Ft in the medium) for another 2 h, this enhanced lysosomal sensitivity 

became progressively reduced to the magnitude of that of control cells, suggesting that iron 

released in lysosomes is quickly transported to the cytoplasm (Figure 6).  

 

Figure 4. Influence of iron on oxidative stress-induced apoptosis/necrosis (Nicoletti 

technique). J774 cells were exposed to Fe-Ft, apo-Ft or SIH as described in the text and then 

to an oxidative stress event followed by culture at standard conditions for 7 h. DNA 

fragmentation was assayed as described. Note that the exposure to Fe-Ft results in enhanced 

sensitivity and a reduced number of both haploid and diploid nuclei, indicating increased rate 

of necrosis over apoptosis. Results are given as means  SD (n=3). 
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Figure 5. Change of mitochondrial membrane potential following oxidative stress. J774 cells 

were exposed for 30 min to 100 µM H2O2 in HBSS and then returned to standard culture 

conditions. At indicated time points, cells were exposed to 100 nM TMRE for 15 min and red 

fluorescence was measured cytofluorometrically. Results are given as means  SD (n=3). 

 

Since Fe-Ft-induced lysosomal sensitization was completely reversed two hours following 

the end of the bolus exposure to Fe-Ft and, moreover, turned into a significant stabilization 

one and two hours later (Figure 6), we hypothesized that the release of iron from Fe-Ft inside 

the lysosomes, with subsequent transport to the cytosol, would result in upregulation of 

ferritin. We verified this by ferritin immunodetection (Figure 6, inset). This in turn should 

allow autophagy of enhanced amounts of non-iron-saturated ferritin with temporary binding 

of intralysosomal low mass iron in a non-redox-active state.  
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Figure 6. Lysosomal iron is rapidly relocated to the cytosol. J774 cells were pre-incubated for 

4 h with Fe-Ft (0.1 µM) under otherwise standard culture conditions. Cells were thereafter 

kept in fresh medium for indicated periods of time, before being exposed to a bolus dose of 

100 µM H2O2 for 30 min. Cells were then returned to standard culture conditions and 

lysosomal stability was measured (AO-uptake test) 6 - 8 h later. Note declining labilizing 

effect by time. After 2 h at standard culture conditions, the initially destabilizing effect of 

iron-overloading is converted to stabilization that is accentuated over time. This suggests 

relocation of iron to the cytosol as well as conversion of intralysosomal iron into a non-redox-

active form as a result of binding to autophagocytosed apo-Ft. Results are given as means  

SD (n=3-6). 

Inset. Ferritin is upregulated following incubation of cells with Fe-FT. 50 µg total cell lysate 

from J774 cells exposed to 1 µM Fe-Ft (Fe-Ft) or not (C) was size-separated in a 

polyacrylamide gel electrophoresis. For comparison 1 µg horse spleen ferritin (Ft) was run in 

parallel. Immunodetection of ferritin was done following protein transfer onto a nitrocellulose 

membrane. GAPDH immunodetection served as a control for equal loading of the lanes. 

Ferritin was quickly upregulated but since its autophagy is a slower process, lysosomal 

stabilization increased over time. 
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Cytosolic autophagy is enhanced following iron-starvation 

Autophagy is a proven and dominating mechanism for the release of iron from ferritin, 

although it is disputed whether it is the only one (reviewed in refs. [8,10,29-43,72]). To 

further analyze the possible change in autophagy mediated by iron-starvation, we exposed 

cells to the lipophilic ester calcein-AM, which, after passage through the plasma membrane, is 

cleaved by cytosolic esterases to form the fluorochromic, hydrophilic alcohol calcein, which 

is an iron-chelator that is widely used to assay cytosolic labile iron [70]. By following calcein-

exposed J774 cells by confocal microscopy, we found a rapid formation of calcein-containing 

lysosomes  (confirmed by exposure to Lysotracker-red
®
, result not shown). Within hours, the 

cytoplasm contained plenty of such lysosomes indicating pronounced cytosolic autophagy. 

Following an observation period of 15 h, most calcein-containing cytoplasm was found inside 

the lysosomal compartment, leaving only a faint remaining calcein-induced fluorescence in 

the cytoplasm. This finding suggests a substantially enhanced autophagy of the cytosol and its 

ferritin due to iron-starvation (Figure 7, panel A). Cell division would not have resulted in a 

lysosomal pattern and a complete disappearance of cytosolic calcein fluorescence but only in 

a 50% reduction of cytosolic fluorescence. To verify that the weak cytosolic fluorescence at 

the end of the observation period was not a result of iron-mediated quenching of calcein 

fluorescence, additional SIH was added to some of the cultures. No increased fluorescence 

followed (results not shown).  

When ferric iron chloride was added in pulses to buffered calcein (pH 7.4) significant, but 

not complete, depression of the fluorescence occurred (Figure 7, panel B). At pH 4.5, 

although initially low, fluorescence was not further depressed by addition of iron (results not 

shown). This shows that calcein does not bind iron at lysosomal pH and, consequently,  only 

demonstrates cytosolic labile iron and not total cellular iron [70]. The reason for why 

autophagolysosomes show bright calcein-dependent fluorescence, in spite of their low pH, 
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Figure 7. Panel A. Assay of cytosolic autophagy using calcein and evaluation of iron-mediated 

quenching of calcein fluorescence. The cytosol of HeLa cells was loaded with calcein-AM, which 

after de-esterification forms the fluorochrome calcein. The latter does not permeate membranes and its 

fluorescence is quenched by labile iron (for details see the Materials and methods section). Over time 

more and more of the calcein-labelled cytosol accumulated in autophagosomes, indicating that calcein 

induced autophagy of the cytosol and its ferritin. Times after enrichment with calcein: micrograph a = 

15 min, micrograph b = 2 h, micrograph c = 4 h, micrograph d = 15 h. All confocal micrographs were 

taken with identical settings. Note the conversion of initial cytosolic fluorescence into fluorescence 

with a lysosomal pattern. As mentioned in the Results section, the addition to the 15 h cell cultures of 

SIH (final concentration 100 µM) did not enhance the calcein fluorescence. This shows that the almost 

complete absence of cytosolic calcein-mediated fluorescence at 15 h is not an effect of iron-quenching 

but rather a result of cytosolic autophagy (also see panel B).  

The experiment was repeated three times and cells from one representative experiment are shown. 

Panel B. Calcein was added to 150 mM HEPES buffer (pH 7.4) to a final concentration of 50 nM. To 

de-quench the calcein fluorescence that slowly takes place, being a function of iron contamination of 

the buffer, SIH was added to a final concentration of 5 µM. Then the final concentration of iron was 

increased in 5 µM steps as indicated. Even after repeated additions of iron, the calcein fluorescencence 

was not completely quenched. 

Panel C. Induction of iron-starvation by exposure to the lipophilic iron chelator SIH. J774 cells were 

exposed to 50 µM SIH for indicated periods of time and lysosomal stability was then assayed with the 

AO uptake method. LMP is an early upstream event in apoptosis induced by iron-starvation. Results 

are given as means  SD (n=4). 

Panel D.  Autophagosome formation following calcein treatment. HeLa cells were exposed for 15 min 

to calcein-AM (Cal) or not (C) and then transferred to standard conditions for 15 h. Some cells were 

initially treated for 4 h with protease inhibitors (Inhib.). Immunodetection of LC3 was done with 50 

µg total cell lysate. GAPDH served as a loading control. 
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 reflects a high calcein concentration within the lysosomes (calcein is an alcohol that cannot 

penetrate membranes and, therefore, becomes concentrated when the autophagolysosomes 

shrink due to degradation of their content and export to the cytosol of water and degradation 

products) [70]. The inability of calcein to bind iron at low pH, leaving lysosomal iron free to 

relocate to the cytosol, is also supported by the finding that calcein-exposed cells did not die 

even after prolonged exposure, while SIH-exposed cells went into apoptosis after ~6 h.  

 

Iron-starvation induces lysosomal labilization followed by apoptosis 

It is well known that iron-starvation induces apoptosis, probably with a velocity that is 

related to the cellular requirement for iron. Following exposure to the iron chelator SIH (20-

50 µM), we found that some J774 cells started to show early morphological signs of apoptosis 

already after about 6 h, while the HeLa cells withstood iron starvation for up to 24 h before 

significant apoptosis took place (results not shown). In order to find out if LMP was involved 

in this form of apoptosis, we analysed lysosomal stability, using the AO-uptake method, 

following exposure of J774 cells to SIH. We found that LMP was induced by SIH and 

coincided with the initiation of apoptosis (Figure 7, panel C). SIH, by binding lysosomal iron, 

has been found to prevent short-term oxidative stress-induced apoptosis [63], while prolonged 

SIH-mediated iron starvation leads to lysosomal rupture and apoptosis by a mechanism that 

must be different from that of oxidative stress.  

 

HeLa cells show enhanced autophagy following iron-starvation, suggesting increased 

lysosomal turnover of ferritin.  

As shown in Figure 7, panel D, the LC3-I and LC3-II protein bands are only weakly 

detected in control HeLa cells. Calcein-induced iron starvation leads to accumulation of the 

glycated LC3-II protein, indicating formation of autophagosomes. The notion that the 



Kurz T. et al.: Ferritin autophagy 29 

increased LC3-flux is due to enhanced autophagy is supported by the finding that the LC3-II 

band is also increased if the cells are treated with lysosomal protease inhibitors prior to iron 

starvation (in order to prevent LC3 degradation). The finding suggests that iron-starvation 

induces ferritin autophagy in an effort to increase the availability of iron for anabolic 

purposes.  
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DISCUSSION  

Although the importance of redox-active iron for the formation of hydroxyl radicals and, 

thereby, for the cytotoxicity of oxidative stress has been repeatedly pointed out in recent 

years, the connection is still far from generally recognized. For example: many „anti-oxidants‟ 

are considered „radical scavengers‟ when in reality they are iron-binding compounds that, 

rather than binding radicals, preclude their formation by preventing Fenton-type reactions. 

Good examples of such compounds are various polyphenols, e.g., those that naturally occur in 

red wine, olive oil, and a variety of fruits and berries (for reviews see refs. [22,72-74]). Until 

now, our knowledge on how cells handle the substantial amount of low mass (i.e. unchelated) 

iron that is constantly released within their lysosomal compartments due to the autophagic 

degradation of ferruginous materials, which sensitizes lysosomes to oxidative stress, has been 

rudimentary. Additional understanding of this process may help to clarify the mechanisms 

behind a variety of diseases related to oxidative stress, as well as the consequences of the 

iron-overloading, that seems to be related to normal ageing and a number of common 

neurodegenerative disorders, such as age-related macular degeneration (AMD), Parkinson‟s, 

and Alzheimer‟s diseases. Tentatively, lysosomal iron-overload may result in LMP and 

related cell death in those conditions [25,72,75,76]. 

In the present study, we found that iron-starvation, mediated by exposing J774 and HeLa 

cells in culture, to either the strong lipophilic iron-chelator salicylaldehyde isonicotinoyl 

hydrazone (SIH) or a less potent hydrophilic iron chelator, calcein, induced substantial 

autophagy within a few hours. This increased autophagy allows degradation of ferritin and the 

release of iron, which was demonstrated by a shift of the LC3-I protein to its LC3-II form, 

indicating attachment of the LC3-II protein to the phagophores, which is an early step in 

autophagy [77]. These results concur with the findings of recent studies [10,29,30,42] and 

suggest that iron is liberated by ferritin autophagy and ensuing degradation. Some of the old 
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arguments for the hypothesis of direct cytoplasmic release of iron are less than convincing. 

For example: since lysosomes contain a spectrum of proteases, the failure to prevent iron-

release by exposing cells to a single protease inhibitor (e.g. pepstatin A) does not prove much. 

Neither does the statement that increasing the lysosomal pH, using lysosomotropic agents 

such as chloroquine or ammonia, would prevent degradation. Indeed, some lysosomal 

cathepsins have a narrow pH optimum, but others are able to work quite efficiently also when 

the pH is close to 7, albeit with diminished half-lives [78]. Moreover, some common 

inhibitors used to evaluate the possible role of proteasomes in ferritin degradation, for 

example MG132, also inhibit lysosomal proteases [79]. Finally and compellingly, for decades 

electron microscopists have described the presence of ferritin molecules inside the lysosomal 

compartment (for a review see ref. [7]). 

Since redox-active Fe(II) iron catalyzes a homolytic cleavage of hydrogen peroxide to 

form the highly reactive and strongly oxidizing hydroxyl radical (HO
•
), lysosomes are at risk 

under cellular oxidative stress. Resulting lysosomal LMP, with release of enclosed iron and 

potent hydrolytic enzymes to the cytosol, may induce apoptosis/necrosis [80]. Obviously, 

rapid export of lysosomal low mass iron to the cytosol for incorporation into ferritin, or its 

lysosomal presence in a non-redox-active form would be beneficial for the survival of cells 

during episodes of oxidative stress. To this end, autophagy of iron-binding molecules, such as 

metallothioneins and heat shock proteins would be protective by temporarily binding 

lysosomal low-mass iron [41,81-83]. The effect of autophagocytosed ferritin on lysosomal 

stability may depend upon the ferritin‟s iron-load. If sufficient additional iron-binding 

capacity is present, lysosomal redox-active iron will be depressed and LMP prevented. 

However, if most ferritin is heavily iron-loaded no further uptake will take place and its 

eventual degradation will further enhance lysosomal redox-active iron and sensitize the 

lysosomal compartment to oxidative stress. 
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Although there is a basal, constant level of autophagy, this process can be up- or down-

regulated and also made specific (for a review see ref. [72]). As a result, there is a relation 

between the presence in the cytosol and lysosomes of macromolecules that are turned over by 

autophagy. Not surprisingly, therefore, it has been found that cells that are rich in ferritin, 

metallothioneins and heat shock proteins, which are all capable of iron-binding (for a review 

see ref. [72]), are also resistant to oxidative stress. Numerous studies have demonstrated that 

such phase II (stress) proteins provide major protection against oxidative injury. Especially in 

the case of ferritin, the sensitivity of cells to such stress is inversely correlated with its cellular 

concentration [6,84-86]. Ferritin is not only an iron-storage protein but also a custodian 

against the generation of Fenton-type reactions in the cytosol. However, the most dangerous 

location for the production of reactive oxygen-derived radicals would appear to be in the 

lysosomes. Following lysosomal rupture, a multitude of powerful lytic enzymes and redox-

active iron is released to the cytosol. Autophagy of ferritin and other iron-binding proteins 

would diminish this risk by temporarily chelating labile iron within the lysosome. 

Consequently, it seems logical that oxidative stress upregulates phase II (stress) proteins [87], 

at least some of which (e.g., ferritin, metallothioneins and heat shock protein 70) may 

temporarily chelate iron following autophagy. Ferritin synthesis is complex and involves 

transcriptional regulation via antioxidative response elements (ARE) as well as regulation on 

the mRNA level via iron response elements (IRE) [5]. 

Clearly, both lysosomal and cytosolic iron is in transit, although little is known about the 

half-lives of either of these fractions. However, considering the carefulness by which nature 

handles labile iron, it may be assumed that it does not remain in the lysosomes, nor in the 

cytosol, longer than necessary. The findings presented here confirm this assumption. We 

found that when a pulse dose of Fe-Ft is administered to endocytically active, macrophage-

like J774 cells, redox-active low mass iron is released within their lysosomal compartment, 
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where it sensitizes lysosomes, and thereby the whole cell, to oxidative stress, although only 

for a short period of time. Two hours after the end of Fe-Ft exposure, cells were no more 

sensitive than controls. Moreover, and quite interestingly, the sensitivity then further declined 

for another few hours. 

Cytosolic ferritin is normally never completely iron-saturated, implying that following 

autophagy, and before its degradation, it may be able to bind lysosomal low mass iron and for 

some period of time keep it in a non-redox-active form [41]. If we assume that a cell‟s 

cytoplasm is rich in non-Fe-saturated ferritin and/or other possible iron-chelating molecules, 

e.g. metallothioneins and heat shock proteins that are rich in thiol (-SH) groups [81,82], an 

autophagic influx to the lysosomal compartment of such structures would create a steady state 

balance between redox-active and bound intralysosomal iron, where the latter form of iron 

would be favored. Only in cases of severe iron overloading, such as in primary or secondary 

hemochromatosis, we would expect that cytosolic ferritin becomes iron-saturated, or nearly 

so. Under such conditions, we would expect that autophagy of Fe-saturated ferritin increases 

redox-active low mass iron in the lysosomes and sensitizes the cell to oxidative stress. Our 

finding that degradation of endocytosed heavily Fe-saturated ferritin probably also with some 

adsorbed iron (Fe-Ft) increased lysosomal sensitivity to oxidative stress shows that such a 

scenario may, indeed, take place. The commercial (Sigma) solution of “Fe-saturated ferritin” 

that was used probably contains not yet incorporated adventitious iron, and some free iron as 

well, that may exaggerate lysosomal iron-loading. Nevertheless, it seems reasonable to 

assume that in iron-overload conditions, autophagy of ferritin would bring in substantial 

amounts of iron to lysosomes. Interestingly, an iron-dependent toxic effect of endocytosed 

ferritin was recently described by Bresgen et al. [88]. 

In addition to the export of lysosomal labile iron to the cytoplasm by DMT1/Nramp2 

[11,12] or TRPML1/MCOLN1 [13], autophagy of iron-binding proteins, such as non-iron-
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saturated ferritin, would be an effective way of keeping lysosomal redox-active iron below a 

level that would jeopardize the stability of lysosomes at moderately elevated concentrations of 

hydrogen peroxide. Occasionally, periods of oxidative stress will occur and give rise to influx 

of hydrogen peroxide to the lysosomal compartment. Since lysosomes lack peroxide-

degrading enzymes, even small amounts of hydrogen peroxide may induce substantial 

damage if Fe(II) is available, the suppression of such redox-active iron by binding to ferritin 

and other iron-binding proteins may be vitally important to cell survival. 

Interestingly, the lysosomal sensitization that followed exposure of cells to Fe-Ft before 

oxidative stress lasted only for a short time and was then replaced by its opposite, namely 

stabilization. This suggests that the transport to the cytosol of iron that is set free inside 

lysosomes is a rapid process, and that the relocated iron upregulates apo-ferritin, which, 

following autophagy, helps to stabilize lysosomes against oxidative stress.  

The interesting finding that iron-starvation, accomplished by exposing cells to the 

lipophilic iron chelator SIH, causes lysosomal labilization followed by apoptosis, requires 

some comments. This discovery suggests that the release of lysosomal contents is an early 

step in apoptosis, not only, as is well known, following oxidative stress or rupture induced by 

lysosomotropic detergents, but also secondary to other apoptogenic stimuli. It should be noted 

that in the presence of SIH, lysosomal rupture does not occur due to oxidative stress because 

lysosomal iron is then bound in a non-redox-active form [63]. Thus another reason needs to 

be found, perhaps one in line with the observation that p53-activation rapidly results in 

lysosomal rupture [66], and with the finding that a member (LAPF) of a newly discovered 

family of proteins localizes to lysosomes and induces LMP and ensuing apoptosis by 

anchoring the p53 protein to the lysosomal membrane [89,90]. Together these new results 

support the hypothesis that lysosomal destabilization and a lysosomal-mitochondrial cross 
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talk [75] may be a much more general phenomenon in the initiation of apoptosis than 

previously considered. 

In conclusion, since ferritin stores iron in a non-redox-active form, it is acting as a potent 

anti-oxidant and a safeguard against hazardous iron-catalyzed oxidative reactions. It has been 

shown previously that downregulation of H-ferritin by siRNA or overexpression of a mutated 

H-ferritin chain results in an increase of the labile iron pool and sensitization of cells to 

oxidative stress [91-93]. The same was found following overexpression of mutated L-ferritin 

variants [94]. For a review see ref. [95]. Furthermore, deletion of the H-ferritin gene by 

homologous recombination in mice was found to be lethal early during embryonic 

development [96], while L-ferritin mutations are associated with neuroferritinopathies [94]. 

Ferritin seems to play its role as an antioxidant not only in the cytosol, but also inside 

lysosomes following its autophagy [41,81]. When non-Fe-saturated ferritin is 

autophagocytosed, it seems to be capable of temporarily reducing the level of redox-active 

iron, while autophagy of Fe-saturated ferritin will have the opposite effect. An important route 

of iron-release from ferritin seems to involve its autophagy and ensuing degradation [42], 

even if this is not the only way of iron-release from ferritin. There are thus reasons to consider 

ferritin an important regulator of lysosomal and cellular stability under conditions of oxidative 

stress. The transport of released low mass iron from the lysosomal compartment to the cytosol 

seems to be rapid, stressing the connection between LMP and iron-catalyzed oxidative 

processes. Interestingly, it was found that apoptosis induced by iron-starvation was preceded 

by LMP, suggesting it to be a more common upstream process in apoptosis than so far 

considered.  
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LIST OF ABBREVIATIONS 

Apo-Ft, apo-ferritin; AO, acridine orange base; Fe-Ft, heavily iron-loaded ferritin, probably 

with some adsorbed iron; HBSS, Hank‟s balanced salt solution with glucose; LMP, lysosomal 

membrane permeabilization; PI, propidium iodide; SIH, salicylaldehyde isonicotinoyl 

hydrazone; SSM, sulfide-silver method; TMRE, tetramethylrhodamine ethyl ester.  
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