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Previous studies have shown that a variety of 
mammalian cell types, including macrophages, con- 
tain small amounts of redox-active iron in their 
lysosomes. Increases in the level of this iron pool 
predispose the cell to oxidative stress. Limiting the 
availability of intralysosomal redox-active iron could 
therefore represent potential cytoprotection for cells 
under oxidative stress. 

In the present study we have shown that an initial 
6 h exposure of J774 macrophages to 30 ~/I  iron, added 
to the culture medium as FeC13, increased the lysoso- 
mal iron content and their sensitivity to H202-induced 
(0.25 mM for 30 min) oxidative stress. Over time (24- 
72h), however, the cells were desensitized to the 
cytotoxic effects of H202; most likely as a consequence 
of both lysosomal iron exocytosis and of ferritin 
synthesis (demonstrated by atomic absorption spectro- 
photometry, autometallography, and immunohisto- 
chemistry). When the cells were exposed to a second 
dose of iron, their lysosomal content of iron increased 
again but the cells became no further sensitized to the 
cytotoxic effects of H202. Using the lysosomotropic 
weak base, acridine orange, we demonstrated that after 
the second exposure to iron and H202, lysosomes 
remained intact and were no different from control 
cells which were exposed to H202 but not iron. 

These data suggest that the initial induction of 
ferritin synthesis leads to enrichment of lysosomes 
with ferritin via autophagocytosis. This limits the 

redox-availability of intralysosomal iron and, in turn, 
decreases the cells' sensitivity to oxidative stress. 
These in vitro observations could also explain why 
cells under pathological conditions, such as haemo- 
chromatosis, are apparently able to withstand high 
iron concentrations for some time in vivo. 

Keywords: Autophagocytosis, ferritin, iron, lysosomes, 
oxidative stress 

I N T R O D U C T I O N  

Iron over load  has  been  shown  to be  cytotoxic 
in vitro and  is also associated with  tissue d a m a g e  

in var ious  pathological  states in vivo, e.g. hepat ic  
cirrhosis, p r i m a r y  hepatic carcinoma,  a thero-  
sclerosis, and  diabetes. I1-4] The lysosomal  com- 
p a r t m e n t  is an impor tan t  s torage site for 

iron which  m a y  be taken u p  f rom different 
sources including f rom iron salts and  chelates, 
d a m a g e d  erythrocytes,  and  th rough  normal  auto-  
phagocyt ic  activity. I5-1°1 Lysosomes  are general ly  
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considered stable organelles and it has been 
suggested that degradation of metalloproteins 
(such as ferritin) within membrane-encapsulated 
secondary lysosomes helps to prevent the un- 
controlled release of iron within the cell and 
thereby limit its cytotoxicty. Iu] Apart from a few 
exceptional cases, lysosomes are not believed to 
induce cellular damage by leaking their hydro- 
lytic enzymes to the cytosol. However, we have 
recently questioned this and shown that the 
cytotoxic effects of oxidative stress are often a 
consequence of intralysosomal iron-catalyzed 
oxidative reactions with ensuing membrane 
damage and leakage of hydrolytic lysosomal 
enzymes to the cytosol. [5'6"12] This chain of events 
may result in either apoptotic or necrotic cell 
death, t13] Furthermore, there is some evidence 
that intralysosomal iron accumulation damages 
lysosomal membranes in v i vo  as they are more 
fragile in liver samples taken from iron-loaded 
human subjects and experimental animals. [1'141 
It is plausible that this increased fragility is due 
to lysosomal membrane oxidation. I1] 

We hypothesize that cellular sensitivity to 
oxidative stress is mainly a function of: (i) their 
capacity to degrade H202, preventing its diffusion 
into the lysosomal compartment; and (ii) the 
intralysosomal concentration of redox-active iron. 
The redox availability of iron can be minimized by 
the lysosomal presence of endocytosed iron- 
chelators, such as deferrioxamine. Is'121 We re- 
cently showed that endocytosed ferritin was also 
targeted to the lysosomal compartment where it 
was able to exert a cytoprotective role; at least 
partially by virtue of its ability to enhance 
lysosomal stability under conditions of iron/ 
H202-induced oxidative stress. ISl 

In the present study we have investigated 
the efficacy of endogenously synthesized 
ferritin as a cytoprotective agent in cells under 
oxidative stress. The possibility that such endo- 
genous ferritin can protect iron-loaded lysosomes 
is also addressed. We show that exposure of 
macrophage-like J-774 cells to hydrated ferric- 
phosphate complexes, which are actively endo- 

cytosed and directed to the acidic vacuolar 
compartment, initially enhanced their sensitivity 
to oxidative stress and destabilized their lyso- 
somes. Later, in parallel with the relocalization of 
lysosomal iron to the cytosol and increased 
ferritin formation, the enhanced sensitivity dis- 
appeared. Finally, the cells withstood a second 
endocytotic uptake of the iron-complex without 
any increased sensitivity to oxidative stress. We 
interpret the findings to be an effect of random 
autophagocytosis enriching the lysosomes with 
iron-unsaturated ferritin. The results suggest that 
iron occurring intralysosomally as a complex 
with ferritin does not efficiently catalyze oxida- 
tive reactions and may remain undegraded for 
some time. 

MATERIALS AND METHODS 

Chemicals 

Glutamine, penicillin-G and streptomycin were 
from Flow (Rickmansworth, UK). Ham's F-10 
medium and dialyzed fetal calf-serum were 
from GIBCO (Paisle)~ UK), while uranyl acetate 
and lead nitrate were from Merck (Darmstadt, 
Germany), and paraformaldehyde, silver-lac- 
tate and Epon-812 from Fluka AG (Buchs, 
Switzerland). Gintaraldehyde was from Bio-Rad 
(Cambridge, MA, USA), osmium tetroxide from 
Johnson Matthey Chemicals (Roystone, UK), and 
goat anti-rabbit IgG-Texas Red conjugate from 
Vector Laboratories (Burlingame, USA). Rabbit 
anti-human ferritin polyclonal antibody was from 
DAKO (Carpeinteria, USA), ammoniumsulfide 
and hydroquinone were from BDH Ltd (Poole, 
UK) and saponin from Sigma (St. Louise, MO, 
USA). All other chemicals were of analytical grade 
and obtained from standard sources. 

Cells and Culture Conditions 

J-774 cells (an established mouse histiocytic 
lymphoma cell line) were routinely grown under 
humidified air with 5% CO2 at 37°C i n  75ml 
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FERRITIN AND LYSOSOMAL STABILITY 105 

Costar (Cambridge, MA, USA) plastic culture 
flasks in Ham's  F-10 medium supplemented with 
2 mM glutamine, 50 IU/ml  penicillin-G, 50 ~g/ml  
streptomycin, and 10% fetal calf serum (FCS). 
Cells were detached for subcultivation once a 
week (1 : 2 split) by gentle scraping with a rubber 
policeman. 

For experiments, cells were seeded into 35 mm 
Costar plastic petri dishes with or without glass 
coverslips (22 mm in diameter) at a density of 
1.8 x 10 s cells/dish in complete growth medium 
(2 ml/dish) and cultured for 24 h before experi- 
ments were initiated. 

Iron Exposure 

Ceils, grown in 35ram plastic dishes, with or 
without coverslips, were exposed to 30 ~M ferric 
iron in complete growth medium for 6 h under 
standard culture conditions. A stock solution of 
FeC13 was added directly to the medium prior to 
loading cells with Fe. Unless prepared under 
acidic conditions, FeC13 will rapidly hydrolyze 
and polymerize. This is predicted to form 
insoluble, hydrated iron-phosphate complexes 
which are taken up through endocytosis by the 
cells. In agreement with this, added iron was 
initially present only in the acidic vacuolar 
compartment of the macrophages. Following the 
iron-exposure, cells were returned to standard 
culture conditions for another 24, 48 or 72 h and 
then again exposed to the iron-complex for 6 h, 
rinsed and returned to normal culture conditions 
for another hour (to make sure no iron would be 
attached to the cell surfaces). 

Oxidative Stress 

The control and iron-treated cells were exposed 
to oxidative stress using a bolus dose of 0.25 mM 
H202 in PBS at 37°C for 30 rain. Cells intended 
for estimation of viability were then returned to 
ordinary culture conditions for another 16 h (see 
below), while cells to be used for measurement of 
lysosomal stability were initially exposed to the 

lysosomotropic fluorochrome acridine orange, 
then to oxidative stress, rinsed and directly 
studied by static fluorometry as described 
below. 

Determination of Cell Viability after 
Exposure to Oxidative Stress 

Cell viability was determined by the delayed 
trypan blue dye exclusion test. t6J The control 
and iron-exposed cells were initially exposed 
to oxidative stress as described above, then 
returned to ordinary culture conditions for 
another 16h and finally stained with trypan 
blue (0.1% in PBS for 2min at 22°C). In each 
culture, the number of stained (dead) and un- 
stained (living) cells were counted, using an 
inverted microscope, in ten random fields of 
vision at low magnification (x 250). 

Estimation of Cellular Ferritin Levels by 
Immunofluorescence 

Cells, grown on coverslips, were exposed to 
30~M ferric iron (see above) for 6h under 
otherwise ordinary culture conditions. They 
were then rinsed and returned to normal 
culture medium. After another 24, 48 or 72h 
they were fixed in 4% paraformaldehyde in PBS 
for 20 min at 4°C, rinsed in PBS and exposed to 
0.1% saponin and 5% FCS in PBS for 20min at 
room temperature. The coverslips were then 
placed in a humidifier, 100 ~i anti-ferritin (1 : 100 
in PBS with 0.1% saponin and 5% FCS) was added 
to each coverslip, and the cells were incubated at 
4°C overnight. They were then rinsed (2 x 5 rain) 
in PBS with 0.1% saponin and 5% FCS, after 
which 100 ~1 anti-IgG Texas Red conjugate (1 : 200 
in PBS with 0.1% saponin and 5% FCS) was 
added, and the cells were incubated for ano- 
ther 60m in at room temperature. Following a 
rinse in PBS, the coverslips were mounted in a 
drop of PBS on excavated microculture slides. 
The intensities of red fluorescence from each of 
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106 B. GARNER et al. 

100 cells/coverslip were measured in a com- 
puter-based static cytofluorometer system, based 
on a Nikon microphote SA, using green excit- 
ing light and a red barrier filter (G-1B, DM 580 
Nikon filter cube). 

Determination of Total Cellular Iron 

The total amount of cellular iron was analyzed 
using a Polarized Zeeman atomic absorption 
spectrophotometer Z 8270 (Hitachi, Tokyo, Japan) 
equipped with an iron lamp (243.3nm). Cells 
from each dish were lysed in 500 ~tl distilled water 
(MilliQ, Millipore) and stored at -70°C until 
assayed. Before measurement the suspension 
was further diluted five times in distilled water. 
Five dishes were used for each point of time. 
Distilled water was used as a blank. Iron was 
related to the protein content that was deter- 
mined by the Lowry method. 

Autometallography for Heavy Metal 
Cytochemistry 

The procedure for heavy metal cytochemistry 
was as previously described. I~Sl Briefly, cells 
grown on coverslips were rinsed in PBS (22°C) 
prior to fixation with 2% glutaraldehyde in 0.1 M 
Na-cacodylate buffer with 0.1 M sucrose (pH 7.2; 
effective osmotic pressure 300 mOsm) for 2 h at 
22°C. The fixation was followed by short rinses 
(x5) in glass-distilled water at 22°C. Cells were 
then sulfidated at pH ~9 in 1% (w/v)  ammonium 
sulfide in 70% (v/v) ethanol for 15 min. Follow- 
ing careful rinsing in running, glass-distilled 
water for 1 0 m  i n  at 22°C, development was 
performed according to Danscher [16'~71 using a 
physical, colloid-protected developer containing 
Ag-lactate. The reaction was performed in the 
dark at 26°C for 20, 25 and 3 0 m  i n .  Following 
dehydration in a graded series of ethanol solu- 
tions and mounting in Canada balsam, [~51 the 
cells were examined and photographed using 
Kodak Tri-X pro 400 ASA film. 

Transmission Electron Microscopy 

Control and iron-exposed cells were prepared for 
TEM as previously described. [18] Briefly, they 
were fixed in s i tu  in the plastic dishes by the 
addition of a buffered glutaraldehyde-based 
fixative and post-fixed in osmium tetroxide. 
Dehydration, staining en bloc with uranyl ace- 
tate, dehydration and embedding in Epon-812 
was also performed in the culture dishes. Thin 
sections of the cured blocks were cut with a 
diamond knife, stained with lead-citrate, exam- 
ined, and photographed in a JEOL 2000-EX 
electron microscope (Tokyo, Japan) at 100 kV. 

Degradation of Hydrogen Peroxide 

Cells (1.8x10 s cells/dish) were exposed to 
0.SmM H202 in PBS (2ml/dish).  The degrada- 
tion of H202 was measured by  horseradish- 
peroxidase-mediated H202-dependent pHPA 
oxidation I19] and followed for up to 60min. 
Fluorescence intensity was read at ~ 315nm 
and )~em 410nm with an RF-540 spectrofluoro- 
meter (Shilnadzu, Japan) connected to a DR-3 
Data recorder. 

Lysosomal Membrane Stability Assay 

Control and iron-treated ceils, growing on circu- 
lar coverslips, were exposed to acridine orange in 
complete medium as described before. [51 Follow- 
ing exposure to oxidative stress the coverslips 
were directly inverted over microculture glasses 
containing a drop of PBS and studied by static 
cytofluorometry using green excitation and a 
red barrier filter in the above Nikon equipment 
(G-1B, DM 580 Nikon filter cube). 

The lysosomotropic weak base, acridine 
orange, accumulates in acidic compartments 
and in a concentrated form it has a monochro- 
matic red fluorescence when activated with green 
light (it has a concentration-dependent metachro- 
matic red or green fluorescence when activated 
with blue light). The amount of red fluorescence 
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FERRITIN AND LYSOSOMAL STABILITY 107 

per cell reflects remaining lysosomes with intact 
proton gradients and high concentrations of 
acridine orange. 

Statistical Analysis 

Statistical significance was determined by using 
the unpaired Student's t-test. A p-value < 0.05 (*) 
was considered significant, p<0.01 (**); p <  
0.001 (***). 

RESULTS 

Cell Viability after Exposure to 
Oxidative Stress 

It has been previously shown that ceils exposed to 
iron become sensitized to H202-induced oxida- 
tive s t r e s s  [6"20"21] and that an important under- 
lying mechanism for this is due to lysosomal 
membrane damage caused by free radicals. [6~-21 
In the present study we initially investigated the 
duration of iron-sensitization and whether the 
cells previously exposed to iron acquired resis- 
tance to subsequent oxidative stress. 

Control cells and cells treated with iron either 
once or twice were subjected to oxidative stress 
by exposure to a bolus dose of 0.25 mM H 2 0  2 in 
PBS for 30 min. They were then rinsed in PBS 
and returned to ordinary culture conditions for 
another 16h and finally stained with trypan 
blue. In previous experiments it was found 
that a delay of 16h between the stress and the 
staining gave an accurate account of cell viability 
without causing any significant detachment of 
cells. [61 Figure 1 shows that cells exposed to iron 
and then directly to oxidative stress were more 
sensitive than control cells not exposed to iron. 
After the iron-exposure, prolonged periods 
under normal culture conditions diminished this 
sensitivity in such a way  that iron-loaded cells 
were restored to the same sensitivity as the 
control cells (not iron loaded) after 48 or 72h 
(data not shown). A second 6h period of 
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FIGURE 1 Viable ceils, as assayed by the delayed trypan 
blue vital staining technique, following exposure to 
0 . 2 5 ~  H202 in PBS for 30min at 37°C. Cells exposed to 
the iron-complex for 6 h and then to H202 showed about 
60% viability which w a s  significantly less than for cells not 
exposed to iron (unloaded), or exposed to iron for 6 h and 
then kept under  normal culture conditions for another 48 
or 72h. Bars show Means+S.D.;  n =3-5 .  

iron-exposure, after an interval of 24h under 
normal culture conditions, did not further in- 
crease the sensitivity to oxidative stress (Figure 1). 
When the interval before the second iron expo- 
sure was prolonged to 48 or 72 h the cells were 
insensitive and behaved as the control cells not 
exposed to iron at all (Figure 1). 

Several possible explanations could account for 
the desensitization of the cells to oxidative stress. 
Firstly, the iron which was present may have 
become chelated by ferritin and therefore remain 
but in a less redox active state; secondly, the cells 
could have released some of their iron back to the 
surrounding medium and thereby also depleted 
their intralysosomal stores; or thirdly, the cells 
may have increased their capacity to degrade 
H202 after iron exposure and thereby limited 
the occurrence of Fenton-type reactions. These 
possibilities were therefore addressed. 
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108 B. GARNER et al. 

Cellular Amounts of Ferritin Shown by 
Immunofluorescence 

As was predicted, iron exposure increased intra- 
cellular ferritin levels. Figure 2 shows that after 
a 6h exposure to iron, ferritin synthesis was 
stimulated and over the subsequent 72h, its 
levels had doubled. Previous studies from our 
group and others have shown that cytosolic 
ferritin (and exogenously added apoferritin) 
enters the lysosomal compartment where it 
remains relatively intact before being converted 
to haemosiderin. [5"23"24] 

Total Cellular Iron 
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The initial 6 h exposure to iron increased total 
cellular iron levels about ten-fold (Figure 3). 
When returned to ordinary culture conditions a 
time-dependent decrease of total cellular iron 
was observed, resulting in a loss of ,~50% after 
72h. However, the values were still approxi- 
mately five times higher than those of the control 
cells. A second 6 h exposure to iron resulted in a 

250 - 

FIGURE 3 Total cellular content of iron, as assayed by 
atomic absorption spectrophotometry. Note the dramatic 
increase of cellular iron-content as a function of the expo- 
sure to the iron-complex for 6 h and the later decline in iron 
concentration. This decline is considered to be a result of 
cell division and lysosomal exocytosis of the iron-complex. 
Also note that the second exposure to the iron-complex 
results in a new increase of iron content of the same magni- 
tude as the initial iron-exposure. Bars represent 
Means + S.D.; n = 5. 

further pronounced increase in total iron, demon- 
strating an undiminished cellular capacity for 
endocytic uptake of the iron-phosphate complex. 
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FIGURE 2 Effect on the cellular content of ferritin by 
exposure to the iron-complex for 6h, followed by further 
culture at normal conditions for 24, 48, and 72 h. Ferritin 
was assayed by immonocytochemistry using a Texas-red 
labelled secondary antibody and static cytofluorometry as 
described in the Materials and Methods section. Bars show 
Means q- S.D.; n = 3-5. 

Redox-Active Lysosomal Heavy Metal 
(iron) Cytochemistry 

The silver sulfide method (SSM) is an extremely 
sensitive cytochemical method. It may be used for 
the demonstration of a variety of heavy metals, 
including iron, in toxicological studies. [15-171 
Since in most normal cells metals other than iron 
are present in small amounts, the technique in 
practice may be used for demonstration of 
catalytically active cellular iron that can be 
converted into the iron sulfide. This implies that 
iron which is stably bound within metallopro- 
teins is not readily demonstrable. Ilsl The SSM is a 
catalytic reaction, and the precipitation of silver is 
time-dependent. The lower the cellular amounts 
of iron sulfide, the longer the period of 
development is required. After exposure to the 
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FERRITIN AND LYSOSOMAL STABILITY 109 

iron-complex for 6 h the cells had endocytosed 
a considerable amount of iron and the devel- 
opment time had to be kept short (20 min) in 
order to avoid heavy over-staining. The low 

normal amount of lysosomal iron that is 
routinely observed t~2AS~ requires a longer devel- 
opment period than 20m in to be visualized 
and thus the control cells shown in Figure 4(A) 

i 
. 

;?...  - 

a ~ :  -. : 

O ::4 
FIGURE 4 Cytochemical demonstration of iron by autometallography (SSM). Control cells (A) show no silver precipitates 
since the time used for physical development was 20rain which is not enough to allow demonstration of the normally 
occurring lysosomal low-molecular-weight iron. Cells exposed to the iron-complex for 6h and then assayed (B) show 
numerous granules of a size and distribution which is typical for lysosomes. In (C) cells are shown which initially were 
exposed to the iron-complex for 6 h and then kept under normal culture conditions for another 72 h. Note the absence of 
reaction product indicating that the endocytosed iron was subsequently exocytosed and/or transported to the cytosol and 
bound in ferritin in a stable complex where it cannot be demonstrated with the SSM. Cells initially exposed to the iron- 
complex and then kept for 72 h under normal conditions and again exposed to the complex (D) are again capable of 
endocytosing iron into their acidic vacuolar apparatus. Compare with Figure 3. Bars = 20 pm. 
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show no lysosomal silver precipitation, while 
cells exposed to the iron-complex for 6 h show 
a distinct granularity of a lysosomal size and 
pattern. Following another 72 h under ordinary 
culture conditions, the lysosomal silver-pre- 
cipitation pattern was gone, suggesting that 
some iron had been exocytosed from the acidic 
vacuome, while the remaining iron was 
chelated by newly synthesized ferritin which 
was delivered to lysosomes or had been trans- 
ported into the cytosol and bound in ferritin in 
such a way  that it was no longer available for 
the sulfide ions during the initial part of the 
SSM-technique. Following the second exposure 
to the iron-complex, the lysosomal pattern 
reappeared showing another uptake of iron 
into the acidic vacuolar apparatus.. Bearing in 
mind the additional ferritin which was detected 
in these cells after 72h (Figure 2), it seems 
plausible that the newly endocytosed iron was 
initially only loosely chelated by ferritin, 
although in such a way as to limit its availability 
for Fenton-type reactions but, at least partly, 
detectable by  the SSM which is only a semi- 
quantitative technique. [~51 

Transmission Electron Microscopy 

As illustrated in Figure 5(A) and (B), exposure of 
the cells to iron resulted in slightly enhanced 
autophagocytosis as is demonstrated by the 
appearance of more autophagocytotic figures 
(arrowed). This is particularly evident in the 
cells initially exposed to iron-complex for 6 h  
and then kept under normal culture conditions 
for another 72h. Otherwise, exposure to iron 
did not induce any significant alteration of the 
fine cellular morphology. 

Degradation of Hydrogen Peroxide 

Taken together, the results above suggested 
that the initial exposure of cells to iron, 
stimulates enough ferritin synthesis to enable 

FIGURE 5 Fine structure of control ceils (A) and cells 
exposed to the iron-complex for 6 h and then returned to 
normal culture conditions for another 72h (B). Note slight 
increase in autophagocytotic activity as indicated by the 
arrowed figures in the iron-exposed cells, but otherwise 
identical morphology. Bars = 2 pan. 

rapid chelation of any additional iron which is 
added to the lysosomal compartment during 
the second exposure. This would limit the 
chances of intralysosomal free radical produc- 
tion under conditions of H202-induced oxida- 
tive stress. Alternatively, it was possible that 
the cells may have been better able to degrade 
H202 after iron treatment. Figure 6 shows, 
however, that there was no difference between 
the control and iron-exposed cells with respect to 
their capacity to degrade H202. In agreement 
with earlier work, it therefore appears that 
macrophage peroxide-degrading systems (i.e., 
catalase, GSH peroxidase) are not upregulated 
by iron exposure. [25I 
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FIGURE 6 Degradation of time H202 by control cells, cells 
exposed to the iron-complex for 6 h, and cells exposed to 
iron for 6 h and then kept under normal culture conditions 
for another 72h followed, or not, by a second iron-expo- 
sure. Note the same H202-degrading capacity for all four 
groups. The curves shown are from one typical experiment 
representative of four. 
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FIGURE 7 Lysosomal stability assay. Cells were exposed 
to the weak base acridine orange and then to oxidative 
stress as described in the Materials and Methods section. 
Lysosomal red fluorescence, indicating retention of the lyso- 
somotropic drug was then measured by static fluorometry. 
Cells exposed to the iron-complex for 6h showed signifi- 
cantly fewer intact lysosomes than unexposed control cells 

o r  cells initially exposed to the iron-complex, then kept 
under normal culture conditions for 72 h and, finally, again 
exposed to the iron-complex for another 6h. Bars show 
Means + S.D.; n = 3. 

Lysosomal Membrane Stability 

Finally, we investigated the stability of lysosomes 
after exposure to H202-induced oxidative stress 
and under conditions of iron loading. Confirming 
our previous s t u d i e s ,  [5"6"12] t h e  retention of acri- 
dine orange in a concentrated form (indicating 
normal lysosomes with low pH) declined sig- 
nificantly more in cells exposed to iron for 6 h 
than in control cells which were not exposed to 
iron (Figure 7). However, a second exposure to 
iron following a period of culture under normal 
conditions for 72h resulted in retained lyso- 
somal stability of the same magnitude as in the 
control cells (Figure 7). 

DISCUSSION 

Ferric iron, present in the growth medium as a 
hydrated phosphate-complex t261 is taken up by 
cultured cells as a result of endocytosis and 
accumulates intralysosomally, where it can be 
cytochemically demonstrated by autometallogra- 
phy, as shown here and in previous studies, tlsl 
It is predicted that the acidic and reducing 
intralysosomal milieu converts iron to its ferrous 
form (e.g., the amino acid cysteine occurs 
intralysosomally in high concentrationst271). In 
the presence of H202, ferrous iron in a redox- 
active form is a potent catalyst for the formation 
of the very aggressive hydroxyl radical (HO°). [3] 
In a state of oxidative stress, increased amounts 
of cy toso l i c  H 2 0  2 diffuse into the acidic vacuolar 
apparatus where iron-rich lysosomes would 
constitute a severe danger to the integrity of the 
cell unless the iron is chelated in a non-redox- 
active form. InterestingI3~ recent studies have 
identified a transient (tl/2 <30m in) labile iron 
pool that appears in the endosomes of human 
erythroleukemia K562 cells after endocytosis of 
transferrin. [2sl These ceils became sensitized to 
peroxide-induced oxidative stress after transfer- 
tin endocytosis and it was suggested that this 
damage may be mediated through released iron 
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binding to the lipid component of cell mem- 
branes. [2sl It could be that endosomal damage 
contributes to the cytotoxicity of peroxides under 
these circumstances. 

As suggested here and in earlier studies, [6"9"12] 
intralysosomal iron-catalyzed oxidative reactions 
may be particularly hazardous to the cell as the 
stability of lysosomes can be jeopardized, with 
relocation to the cytosol of hydrolytic enzymes 
and ensuing cellular damage or even death. The 
stability of lysosomes in relation to cellular 
degeneration has been a matter of dispute ever 
since their discovery by Christian de Duve, who, 
in order to emphasize their potential harmfulness 
to the living cell, somewhat provocatively nick- 
named them "'suicidal bags"./29] Current opinion 
amongst most authors, however, is that lyso- 
somes are rather stable organelles which break 
down only late during cellular degeneration and 
do not initiate damage by releasing their numer- 
ous hydrolytic enzymes into the cytosol. 

In opposition to the latter notion, and in 
support of de Duve's original hypothesis of 
lysosomes as suicidal bags, we advocate the idea 
that secondary lysosomes, due to their normal 
content of redox-active low-molecular-weight 
iron in small amounts, rather may be quite 
vulnerable, especially to oxidative stress, t5"6] The 
occurrence of such intralysosomal iron, which 
may constitute the largest part of the pool of 
cellular low-molecular-weight iron, would be a 
consequence of normal autophagocytotic degra- 
dation of a variety of metaUoproteins, e.g., 
mitochondrial and endoplasmic cytochromes. 
As a consequence, cellular resistance to oxidative 
stress closely parallels lysosomal stability under 
oxidative stress conditions. [5'6! 

Engulfed lysosomal iron-complexes would 
eventually be degraded and the iron transported 
to the cytosol, where formation of apoferritin 
would be initiated through binding to iron- 
binding proteins which, in turn, regulate the 
iron-responsive elements of ferritin mRNA. The 
synthesis of apoferritin permits the storage 
of iron in its ferric state [3°1 and in a mainly 

non-redox-active form. [31] This transformation 
process is visualized by the outcome of the 
cytochemical demonstration of iron by using 
SSM. Just after uptake, such iron is present in 
lysosomes, while restoration of normal culture 
conditions for 48-72h results in its disappear- 
ance. Judged in the light of the findings of total 
cellular iron (i.e., that even after 72 h, there is still 
a five-fold increase in total iron present), and 
the increased amounts of ferritin present, it is 
obvious that the low-molecular-weight lyso- 
soma! iron has been converted into a form which 
is not demonstrable with the cytochemical 
(SSM) technique, our interpretation being that 
iron is integrated in a metalloprotein complex, 
such as ferritin. 

Like other cytosolic components, ferritin is 
normally autophagocytosed in a process that is 
random, and at a rate that is proportional to its 
cytosolic presence. Is2) In cells with large amounts 
of cytosolic ferritin, their lysosomes would con- 
tain comparatively large amounts of ferritin, most 
of which would be unsaturated with iron. Low- 
molecular-weight iron present in the acidic 
vacuome may then be converted into a form 
which does not catalyze oxidative reactions, e.g., 
the formation of HO ° by homolytic cleavage of 
H202, at least not until the autophagocytosed 
ferritin is completely degraded. Partly degraded 
ferritin forms haemosiderin which has also 
been considered a substance capable of keeping 
ferric iron in a non-redox-active form. [aal 

In this study we found that lysosomes were 
destabilized against oxidative stress as a result 
of iron uptake, with resultant decreased cellular 
survival when exposed to H202, but only in a 
situation when their cytosolic amounts of ferritin 
were comparatively low. On the other hand, in a 
situation where the cells initially contained 
increased amounts of cytosolic ferritin, the same 
lysosomal uptake of iron did not result in such a 
destabilization. To investigate the relationship 
between lysosomal iron, induction of ferritin 
synthesis, and cellular resistance to oxidative 
stress, we have employed a cell culture model 
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w h e r e  l y s o s o m a l  i ron - load ing  w a s  i n d u c e d  b y  

n o n - p h y s i o l o g i c a l  means .  H o w e v e r ,  the  f ind ings  

a re  of  po t en t i a l  i m p o r t a n c e  also for  the  u n d e r -  
s t a n d i n g  of a n u m b e r  of  p a t h o p h y s i o l o g i c a l  
cond i t i ons  w h e r e  inc reased  a m o u n t s  of  lyso-  
s o m a l  i ron  occur ;  such  as h a e m o c h r o m a t o s i s  w i t h  

r e su l t an t  d e g e n e r a t i o n  of h e p a t o c y t e s  a n d  B-cells 
l e ad ing  to c i r rhos is  a n d  diabetes .  It  is we l l  k n o w n  
tha t  m a n y  yea r s  m a y  pas s  before  the  p a r e n -  
c h y m a l  cells b e c o m e  cri t ically d a m a g e d  d u r i n g  
h a e m o c h r o m a t o s i s .  The  exp l ana t i on  m a y  be  

re la ted  to m e c h a n i s m s  of  the  t y p e  desc r ibed  in 
this study~ i.e., a chronic  increase  in l y s o s o m a l  
i ron  m a y  be  c o m p e n s a t e d  for  b y  a u t o p h a -  
gocy tos i s  o f  apofe r r i t i n  (or i r o n - u n s a t u r a t e d  
ferrit in).  P e r h a p s  it is on ly  w h e n  the  l y s o s o m a l  
i r o n - l o a d i n g  is so  subs tan t i a l  tha t  ferr i t in  au to -  

p h a g o c y t o s i s  no  longe r  b i n d s  all l y s o s o m a l  i ron  
in a n o n - r e d o x - a c t i v e  fo rm,  tha t  i n t r a l y s o s o m a l  

i r on -ca t a lyzed  ox ida t ive  react ions  r each  a crit ical 
level  a n d  cause  d a m a g e  tha t  is not  repa i rab le .  

In  conc lus ion ,  w e  sugges t  tha t  in cond i t ions  of  
i ron  o v e r l o a d ,  i nduc t ion  of  ferr i t in  synthes is ,  
w i t h  its c o n c o m i t a n t  a u t o p h a g o c y t o t i c  t r a n s p o r t  

to the  acidic  v a c u o l a r  a p p a r a ~ s ,  e n h a n c e s  lyso-  

s o m a l  s tabi l i ty  b y  l imi t ing  ox ida t ive  m e m b r a n e  
d a m a g e .  This  r e p r e s e n t s  a nove l  ce l lu lar  s t r a t egy  
for  p ro tec t ion  aga in s t  ox ida t ive  stress.  

A c k n o w l e d g m e n t  

This  w o r k  w a s  s u p p o r t e d  b y  the  
Medica l  Resea r ch  Counc i l  (Gran t  4481). 
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