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Oxidized low density lipoprotein (0xLDL) is believed
to play a central role in atherogenesis. LDL is oxidized
in the arterial intima by mechanisms that are still only
partially understood. OxLDL is then taken up by
macrophages through scavenger receptor-mediated
endocytosis, which then leads to cellular damage,
including apoptosis. The complex mechanisms by
which oxLDL induces cell injury are mostly unknown.
This study has demonstrated that oxLDL-induced
damage of macrophages is associated with iron-
mediated intralysosomal oxidative reactions, which
cause partial lysosomal rupture and ensuing apoptosis.
This series of events can be prevented by pre-exposing
cells to the iron-chelator, desferrioxamine (DFO),
whereas it is augmented by pretreating the cells with
a low molecular weight iron complex. Since both DFO
and the iron complex would be taken up by endo-
cytosis, and thus directed to the lysosomal compart-
ment, the results suggest that the normal contents of
lysosomal low molecular weight iron may play an
important role in oxLDL-induced cell damage, pre-
sumably by catalyzing intralysosomal fragmentation
of lipid peroxides and the formation of toxic aldehydes
and oxygen-centered radicals.

Keywords: Atherosclerosis, low molecular weight iron,
lysosomes, macrophages, oxidized LDL, oxidative stress

INTRODUCTION

Oxidative modification of LDL leads to its
scavenger receptor-mediated endocytic uptake
by macrophages, with the ensuing transport to
their acidic vacuolar compartment (lysosomes).
OxLDL, in contrast to LDL, is partly resistant to
degradation by lysosomal hydrolases, which
¢causes it to accumulate within lysosomes.!'™
Although the exact mechanisms behind the
cytotoxicity of oxLDL are unknown, it has been
found that oxLDL is toxic to different arterial wall
cells and induces both apoptotic and necrotic cell
death.>*!

We have recently shown that the cytotoxic
effects of oxLDL are due, at least partly, to its
ability to destabilize lysosomal membranes, re-
sulting in the release of lysosomal contents into
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the cytosol with induction of apoptosis or necro-
sis.'%!! These findings are consistent with other
recent reports about the role of lysosomal proteo-
lytic enzymes as initiators of apoptosis.m'w]

OxLDL fragments spontaneously to form alde-
hydes and oxygen centred radicals (LO®, LOO®,
HO?®), but it is even more rapidly and efficiently
degraded through the catalytic activity of redox-
active low molecular weight iron." Low mole-
cular weight iron is known to be generally
present in the acidic vacuolar compartment of
most cells, due to the degradation of iron-
containing metalloproteins by normal auto- and
heterophagocytotic activity.”>?!! Theoretically,
increased amounts of lysosomal, low molecular
weight iron, caused, for example, by enhanced
degradation of metalloproteins, would magnify
the oxLDL-toxicity by further increasing the
radical-induced destabilization of the lysosomal
membranes.

Pronounced iron sequestration, mainly in the
form of ferritin, has been observed in the cytosol
and lysosomes of macrophages and foam cells
of human atheroma. Such iron-loaded macro-
phage/foam cells have been found to undergo
pronounced apoptosis.”? The role of such in-
creased cellular iron in oxLDL-induced cytotoxi-
city in vivo remains unknown.

The aims of the present study were to estimate
whether lysosomal redox-active iron is involved
in oxLDL-induced toxicity and lysosomal dam-
age in macrophages, and to examine the rela-
tionships between oxLDL-induced lysosomal
rupture and macrophage apoptosis.

MATERIALS AND METHODS

Chemicals

‘F-10 culture medium and fetal bovine serum

(FBS) were from GIBCO (Paisley, UK). Gluta-
mine, penicillin-G, and streptomycin were from
Flow (Rickmansworth, UK), and acridine orange
(AQ) was from Gurr (Poole, UK). Desferrioxa-
mine mesylate (DFO) was from Ciba-Geigy

(Basel, Switzerland). All other reagents used
were obtained from standard sources and of the
highest purity available.

Cell Cultures

Murine macrophage-like J-774 cells were cul-
tured in F-10 with 10% (v/v) fetal bovine serum
(FBS), glutamine (2mmol/L), penicillin G
(100 units/ml), and streptomycin (100 pg/ml) in
75ml plastic culture flasks (Costar, Cambridge,
MA, USA). They were grown at 37°C in a
humidified atmosphere (5% CO, in air). The cells
were subcultivated once a week and used for
experiments 24 h after transfer into 35 mm plastic
petri dishes (Costar) with or without coverslips.

Preparation of LDL and its
Oxidative Modification

Human LDL (1.025 < d < 1.050'g/ml) was freshly
isolated by sequential ultracentrifugation from
plasma of normolipidaemic donors as described
before.”™ It was prepared in the presence of
ethylenediamine tetraacetic acid (EDTA, 1.4mg/
ml) to inhibit lipid peroxidation. Finally, it was
dialyzed for 24 h at 4°C under nitrogen against
0.01mol/L phosphate buffer with 0.16 mol/L
NaCl, pH 7.4. Aliquots of LDL solutions were
photo-oxidized in oxLDL by ultraviolet light
(254nm) for 3h at room temperature, as de-
scribed before.['”

Experimental Procedures

Cells were divided into four groups and grown
for 24h after subcultivation in F-10 culture
medium containing 10% FBS. Two groups were
treated, in complete culture medium, either with
different concentrations of DFO (100-500 uM) for
1h, or with an insoluble iron phosphate complex
(obtained by adding a concentrated FeCls solu-
tion to the culture medium. Final iron-concentra-
tion was 50 uM) for 2h, and then exposed to
oxLDL for another 24 or 48 h. Another group of
cells was exposed for 24 or 48h only to oxLDL.
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Cells without any of these treatments were used
as controls. During the oxLDL-exposure, the cells
were kept in F-10 medium containing 5% FBS.
Plasma membrane permeability was determined
by the trypan blue dye exclusion test at the end of
the oxLDL-exposure.

Detection of Apoptosis

To examine nuclear morphology, cells were
stained according to the Wright-Giemsa method
and viewed by light microscopy. The percentage
of apoptotic nuclei (condensed or fragmented)
was determined by randomly counting at least
500 cells from each determination. Apoptotic cells
were also detected by the TUNEL-technique
using the ApopTag in situ apoptosis detection
kit according to the manufacturer’s instruction
(Oncor Inc., Gaithersburg, MD). In brief, cells
were fixed with neutral buffered formalin con-
taining 0.5% Triton X-100 for 20 min. Incubation
(1 h) with the terminal deoxynucleotidyl transfer-
ase enzyme was followed by incubation with
anti-digoxigenin-peroxidase for 30 min. The cells
were examined by light microscopy after staining
with 0.05% diaminobenzidine and 300 cells were
randomly counted in each determination (n = 2).

Cellular DNA fragmentation was evaluated by
agarose gel electrophoresis. After 48h of treat-
ment with oxLDL, DNA was prepared as de-
scribed.”” The resulting DNA preparations were
electrophoresed for 2h at 70 Von a 1.5% agarose
gel and stained with 2 ug/ml ethidium bromide.
Bands were visualized and photographed with
UV transillumination.

Estimation of Lysosomal Integrity Using
Acridine Orange Vital Staining

Living J-774 cells, growing on coverslips, were
incubated for 15min in a 2ml acridine orange
(AO) solution (5 pg/ml in complete F-10 medium)
at 37°C. After incubation, the cells were rinsed
with complete F-10 medium at room temperature
and then kept in fresh, complete F-10 medium at
22°C for another 10min. The intensity of red
lysosomal fluorescence from 50 to 100 individual
cells/coverslip (indicating the number of intact
lysosomes) were then assayed by static cytofluoro-
metry, asdescribed previously."” The AO-stained
cells were also viewed by confocal microscopy.!*"

Statistics

Statistical comparisons were made by using the
two-tailed Student’s t-test. Results were consid-
ered significant if p < 0.05.

RESULTS

Influence of DFO on Cell Growth and
Cell Viability

DFO is a fungal product, isolated from Strepto-
myces pilosus, which is a potent iron-chelator and
able to prevent iron-catalyzed radical reactions in
different cell models. The used concentration of
DFO in different experiments have been quite

varying. During the current experiments we

realized that an optimal concentration of DFO is
critical when using proliferating cells. As shown
in Table I there is a significantly decreased

TABLE1 Effect of DFO on growth and viability of J-774 cell

DFO concentration 100 uM 200 pM 400pM 500 pM

Dye exclusion 1009 +1.2 99.2+1.5 96.2+1.6 959+1.6
(% of control)

Total number of cells 86.0+5.8 822478 80.1+£6.6 79.1+5.1*

(% of control)

Cells were treated with different concentrations of DFO for 1k under otherwise normal culture conditions. Plasma membrane
permeability was evaluated by the trypan blue dye exclusion test after another 24 h under normal culture conditions, while the
total number of cells was also counted in each culture. Values are means + SE (n=4).

*Significantly different from the control, p < 0.05.
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proliferation following exposure of J-774 cells to
DFO for 1h in concentrations > 400 pM. In this
study we used 200uM DFO as an optimal
concentration for J-774 cells under the conditions
we applied.

OxLDL-Cytotoxicity and Protective
Effect of DFO

The toxicity of oxLLDL to J-774 cells was assayed
using the trypan-blue dye exclusion test. As
shown in Figure 1, exposure of the cells to
100 ug/ml oxLDL resulted in a significant loss
of cell viability, when measured after a 24 h. This
test would underestimate the loss of viability
because apoptotic cells do not take up trypan blue
until they are in a post-apoptotic necrotic stage.
The effects of pretreatment with iron or DFO on
the toxicity of oxLDL were examined as well.
Cells were initially exposed to either DFO or an
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FIGURE 1 Effects of DFO and an iron—phosphate complex
on the plasma membrane permeability of oxLDL-exposed
cells. Cultures were initially treated (or not) with 200pM
DFO for 1h, or with 50puM ferric iron for 2h, and then
exposed (or not) to oxLDL (100ug/mi) for another 24h.
Plasma membrane permeability was assayed by the trypan-
blue dye exclusion test. Values are means +SE (n=4-5).
(a) Significantly different from both control and DFO pre-
treated cells, p < 0.05.

iron-complex, and then to oxLDL as described in
the Experimental Procedure section. Pre-treat-
ment of the cells with DFO afforded significant
protection against the toxic effects of oxLDL,
whereas the oxLDL induced cytotoxicity was
enhanced in cells pre-loaded with iron (Figure 1).

Macrophage Apoptosis

Oxidized-LDL has been documented to be a
DNA-damaging agent in various types of cells.
In the present study, macrophage apoptosis was
induced by exposure to oxXLDL, and the ability of
DFO to modulate apoptosis was examined. The
principal morphological features associated with
apoptosis were condensed or fragmented nuclei
and cell shrinkage. Pre-treatment with DFO
significantly suppressed these apoptotic morpho-
logical changes (Figure 2 and Table II). The
TUNEL-procedure showed enhanced apoptosis
following exposure to oxLDL, both after 24 and
48h, compared to control or DFO pre-treated
cells. After 24h oxLDL-exposed cells showed
16.3% positivity, while controls showed 3.5%
and DFO/oxLDL treated cells 10.3%. After 48h
the number of TUNEL positive cells were lower
in both oxLDL treated (10.8%) and DFO/oxLDL
treated (2.3%) cells. We presume that this decline
is due to phagocytosis by surviving neighbour
cells and detachment of dead cells.

DNA fragmentation-pattern was observed by
electrophoresis in the cells treated with oxLDL,
whereas DNA fragmentation was partially pre-
vented by DFO pretreatment (Figure 3). The
cleavage of DNA into nucleosomal fragments of
180-200 base pairs has been considered to be one
of the most important characteristics of apop-
tosis. However, it has recently been proposed that
DNA is initially cleaved into 50-300 kilobase
pairs and that the larger DNA fragments are
subsequently degraded into small fragments in
the apoptotic process. Our results with DNA
electrophoresis are in agreement with the latter
proposal, since the oxLDL-treated cells showed
both large and small DNA fragments.
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FIGURE2 Light microscopy of J-774 cells stained according
to Wright-Giemsa. A: control cells cultured for 48 h without
treatment; B: cells exposed to oxLDL (100 pg/ml) for 48 h; C:
cells pre-treated with 200 pM DFO for 1h and then exposed
to oxLDL for another 48h. Note the large number of cells
with apoptotic appearance in the oxLDL group. There are
some apoptotic cells in the DFO/oxLDL group as well. (See
Color plate I at the end of this issue.)

Lysosomal Stability

To study the influence of oxLDL alone, or in
combination with DFO or ferric iron, on lyso-
somal damage, cells were pre-treated either with
DFO for 1h or with an iron complex for 2h, and

TABLE II Percentage of morphologically apoptotic cells
after 24 and 48h of exposure to oxLDL

Treatment 24h 48h
None (control) 5.06+0.8 998+1.2
OxLDL 18.4940.9 (a) (b) 30.51+6.1 (d)

DFO/oxLDL 11.97 +£1.3 (c) 14.04 £ 1.1

Cells were pre-treated (or not) with 200uM DFO for 1h and
then exposed (or not) to 100 ug/m! of oxLDL for 24 or 48 h. At
the time decided, the cells were stained according to the
Wright-Giemsa method, and analyzed by light microscopy.
Shrunken cells with condensed/fragmented nuclei were
considered to be apoptotic. Data are means & SE of at least
three experiments.

(a) Significantly different from control cells, p < 0.001.

(b) Significantly different from DFO pre-treated cells, p < 0.05.
(c) Significantly different from control cells, p < 0.01.

(d) Significantly different from both control and DFO pre-
treated cells, p < 0.05.

1234

FIGURE 3 DNA fragmentation induced by oxLDL and its
partial suppression by DFO pre-treatment. Cells were lysed,
treated with proteinase K, RNase A, and assayed by 1.5%
agarose gel electrophoresis. Lane 1: 100bp DNA ladder
marker; lane 2: control cells; lane 3: cells treated with
100pg/ml oxLDL for 48h; lane 4: cells pre-treated with
200pM DFO and then with oxLDL. (See Color plate II at
the end of this issue.)
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Colour Plate 1 (see page 393, figure 2) Light microscopy of J-774 cells stained according to Wright-Giemsa. A: control cells
cultured for 48 h without treatment; B: cells exposed to oxLDL (100 pug/ml) for 48 h; C: cells pre-treated with 200 uM DFO for 1 h
and then exposed to oxLDL for another 48 h. Note the large number of cells with apoptotic appearance in the oxLDL group.
There are some apoptotic cells in the DFO/oxLDL group as well.
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Colour Plate II (see page 393, figure 3) DNA fragmentation induced by oxLDL and its partial suppression by DFO pre-
treatment. Cells were lysed, treated with proteinase K, RNase A, and assayed by 1.5% agarose gel electrophoresis. Lane 1:
100bp DNA ladder marker; lane 2: control cells; lane 3: cells treated with 100 ug/m! oxLDL for 48 h; lane 4: cells pre-treated
with 200 uM DFO and then with oxLDL.
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then exposed to oxLDL for another 24h. Lyso-
somal stability was determined using the acridine
orange uptake test. A significant decrease in AO-
induced red fluorescence was seen in oxLDL
exposed cells, indicating that lysosomal mem-
branes were damaged with resultant destroyed
proton gradient over the lysosomal membranes.
We have previously shown that the uptake of the
lysosomotropic weak base-acridine orange is
decreased when the lysosomes have ruptured.
Such decreased uptake of acridine orange is
paralleled by redistribution of their contents to
the cytosol."141518] pre_treatment of the cells
with DFO significantly reduced the lysosomal
damage, whereas pre-treatment with the iron
complex increased lysosomal damage (Figure 4).
The protective role of DFO against oxLDL-
induced lysosomal damage was clearly illus-
trated by confocal scanning laser microscopy
(Figure 5). OxLDL treated cells showed decreased
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FIGURE 4 Determination of lysosomal integrity using the
AO-uptake test. The intensity of AO-induced red lysosomal
fluorescence was assayed by static cytofluorometry. Values
are means+SE (n=3-4). Cells were cultured at normal
conditions (control), exposed to 100 pg/ml oxLDL for 24h
(OXLDL), or pre-treated with either 50 yM iron-phosphate
complex for 2h (Fe®* JoxLDL) or with different concentra-
tions of DFO for 1h before the exposure to oxLDL
(DFO/oxLDL). (a) Significantly different from control cells,
p<0.01. (b) Significantly different from DFO pre-treated
cells, p<0.05. (c) Significantly different from both control
and DFO pretreated cells, p < 0.05.

FIGURE 5 Confocal scanning micrographs of AO-exposed
cells. The treatments of the cells were the same as de-
scribed for Figure 4 (A: control cells cultured for 24 h with-
out treatment; B: cells exposed to oxLDL (100pg/ml) for
24 h; C: cells pre-treated with 200 uM DFO for 1h and then
exposed to oxLDL for another 24 h). (See Color plate III at
the end of this issue.)
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Colour Plate III (see page 394, figure 5) Confocal scanning micrographs of AO-exposed cells. The treatments of the cells
were the same as described for Figure 4 (A: control cells cultured for 24 h without treatment; B: cells exposed to oxLDL
(100 pug/ml) for 24 h; C: cells pre-treated with 200 pM DFO for 1h and then exposed to oxLDL for another 24 h).
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cytoplasmic granular red fluorescence and in-
creased cytosolic and nuclear green fluorescence,
indicating that the oxLDL-induced partial lysoso-
mal rupture also had resulted in lowered cytosolic
pH. The better preserved red granular fluores-
cence of DFO pre-treated cells reflects the preven-
tion of lysosomal destabilization by DFO.

DISCUSSION

The results of this study provide evidence for the
involvement of intralysosomal low molecular
weight iron in the induction of oxLDL-induced
macrophage injury through lysosomal destabili-
zation. It was found that the iron-chelator DFO
inhibited oxLDL-induced cytotoxicity, whereas it
was potentiated by an endocytosed insoluble iron
phosphate complex.

OxLDL-cytotoxicity has been extensively stud-
ied. It was recently shown that oxLDL and several
oxidation products of cholesterol are able to
induce DNA fragmentation and apoptosis in
arterial wall cells, and that apoptosis is associated
with the activation of the interleukin-1 $-con-
verting enzyme (ICE)-like protease caspase 3
(CPP32).5?%) A catalytic interaction between
normal, lysosomal low molecular weight iron
with hydroperoxycholesterols, e.g. 78-hydro-
peroxycholesterol (73-OOH-chol) from oxLDL,
leading to chain peroxidation production, may be
a critical step in this process. Our results suggest
that oxLDL is further cleaved intralysosomally
into toxic aldehydes and oxygen-centred radicals.
The former would presumably be responsible for

- the inactivation of lysosomal enzymes that we

and others previously have described, 4!
whereas the radicals may be responsible for
the labilization of lysosomal membranes that
results in leakage of hydrolytic enzymes into the
cytosol.[1416-181

Leakage of lysosomal hydrolytic enzymes
into the cytosol is reported to result in apopto-
sis.[1>74718] In a previous study on oxLDL cyto-
toxicity, the rupture of lysosomes was found to

result in relocation of hydrolytic enzymes to the
cytosol, including cathepsin-D.!"! This is suppos-
edly the initiating event for the apoptotic process
that seems to be a consequence of oxLDL uptake,
and modulated by the intralysosomal concentra-
tion of low molecular weight iron.

Control cells, and not only the iron-exposed
ones, were sensitive to oxLDL. This may be
explained by the fact that most secondary lyso-
somes contain some amount of redox-active iron,
since both phagocytosed and autophagocytosed
iron-containing metalloproteins are continuously
degraded inside the lysosomal compartment of
all cells and especially in macrophage.141620

Desferrioxamine (DFQO) is a potent iron chela-
tor that is taken up only by endocytosis, and it is,
thus, selectively transported to the acidic vacuo-
lar compartment.””?! Intralysosomally, DFO
binds low molecular weight iron, thereby pre-
venting iron-mediated redox-reactions and pro-
tecting the stability of the lysosomal membranes.
It has been also reported that DFO may scavenge
some radical species directly.”” In addition, DFO
is a potent inhibitor of copper and photo-oxidized
LDL cytotoxicity on endothelial, smooth muscle
cells, and fibroblasts.” It has also been evi-
denced that an intracellular iron-dependent lipid
peroxidation pathway is the mechanism of
oxLDL induced cell damage.[7’8] Our data are
consistent with these findings, and we also show
that the iron chelator DFO protects lysosomal
damage by oxLDL, whereas pre-treatment with
an iron complex enhances the cytotoxic effects of
oxLDL. Taken together, these findings suggest
that transition metals play a role both in oxLDL-
induced cell injury and lysosomal damage. DFO
has been found to inhibit cell proliferation in
several type of cells, and even to induce apopto-
sis.*31 This is not surprising since lysosomal
DFO would be expected to bind all iron passing
through the lysosomal compartment, resulting in
severe iron-starvation. However, at a suitable
concentration, and for a limited period of time,
DFO does have cytoprotective activity during
oxidative stress by chelating intralysosomal iron
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and preventing intralysosomal Fenton chemistry
and the resulting lysosomal destabilization.!®!

The stability of lysosomes in relation to cellular
degeneration has been a matter of dispute ever
since the discovery of these organelles by
Christian de Duve, who, somewhat provoca-
tively, nicknamed them “suicide bags” in order
to emphasize their potential harmfullness to the
living cell.®2%% Today, however, the prevailing
general opinion is that lysosomes are rather stable
organelles that break down only late during the
process of cellular degeneration and do not
initiate damage to still living cells by releasing
their numerous hydrolytic enzymes into the
cytosol. One of -the main reasons for this
opinion seems to be that lysosomes look ultra-
structurally normal, even in cells with otherwise
advanced degenerative alterations. However, it
has been demonstrated that lysosomes showing
undamaged membranes by transmission electron
microscopy nevertheless may have leaked a
substantial amount of the marker enzyme, acid
phosphatase, into the cytosol.®* It has also been
shown that minor lysosomal destabilization
produces degenerative alterations that are ra-
pidly and efficiently repaired by autophagocyto-
tic processes in a short period of time, suggesting
that minor lysosomal leakage might be a rather
common but reversible phenomenon.® Not
until the damage to the lysosomal compartment
has become substantial, are the cells no longer
able to survive.”!! These observations are in
agreement with findings that the same type of
injury may induce proliferation, apoptosis, or
necrosis, depending upon the magnitude of the
impact.[m

Because intact lysosomes are found in apopto-
tic cells, it has been claimed that the rupture of
lysosomes does not induce apoptosis. However,
all lysosomes do not burst simultaneously**”! and
our results indicate that apoptosis is the result of
an initial rupture of a limited number of lyso-
somes. A nearly total loss of intact lysosomes
is only observed during late, post-apoptotic
necrosis.1416-181

The exact mechanism by which lysosomal
leak /rupture might induce apoptosis is not clear.
Perhaps the most plausible explanation would be
that lysosomal proteolytic enzymes, such as
cathepsin-D, once released into the cytosol, act in
concert with the caspases, which are known to
require proteolytic activation. Such a scenario
would be in agreement with recent reports on the

_ role of cathepsin-D in apoptosis, which show an

enhanced expression of this well-known endo-
protease in programmed cell death, thereby
adding it to the list of proteases that may be
mediators of apoptosis.’*!”! Another attractive
candidate for the mechanism by which lysosomes
become involved in the apoptotic process is the
ceramide-activated pathway. Monney et al 0121 pe.
cently proposed that an acidic vesicular compart-
ment, reminiscent of lysosomes, generates at least
two pathways that account for the caspase-3
activation and apoptosis induced by TNF-a. It
was found that exposure of human monocyte-
derived macrophages to oxLDL raised thelevels of
the sphingolipid ceramide.®® The ceramide con-
tent of atheromalesional LDL was also found tobe
enriched 10-50-fold compared with plasma LDL
ceramide.® These findings all point to the
existence of alysosome-related ceramide pathway
that is involved in atherogenesis. Further studies
are needed to verify this hypothesis.

In conclusion: We have shown that the induction
of apoptosis in macrophages by oxLDL is asso-
ciated with iron-mediated, oxidative damage to
lysosomes, whichleadstolysosomalrupture. DFO
can, atleast partially, prevent this process, whereas
it is aggravated by endocytosed low molecular
weight iron. Our findings also indicate that the
partial rupture of the acidic vacuolar compart-
ments may be arelevant pathway in programmed
cell death, and that such rupture may be induced
by a variety of factors. Furthermore, our results
raise the possibility that dysregulated iron meta-
bolism and the pronounced apoptosis of macro-
phages in atheromas, reported by us and others,
may be causally linked to the concentration of low
molecular weight redox-active iron in lysosomes.
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