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We investigated the presence of low-molecular-weight
iron and ferritin in human atheromas, and their
possible relation to the apoptotic process. Arterial wall
segments with fatty streaks were collected from cor-
onary arteries and thoracic aortas of 12 clinical autopsy
cases with general atherosclerosis. Normal appearing
regions from the same cases together with normal
coronary arteries from seven young forensic autopsy
cases, without any sign of atherosclerosis, were used
for comparison. Anti-CD68 (macrophage marker) and
anti-ferritin antibodies were applied to serial sections of
the arterial wall segments, fixed in formadehyde and
embedded in paraffin wax, using an avidin-biotin
complex (ABC) technique. Similarly, apoptotic cells
were assayed by the TUNEL technique, while low-
molecular-weight iron was cytochemically detected by
autometallography. Cell counting and computerised
image analysis were performed to compare the dis-
tribution of macrophages, ferritin- and iron-rich cells,
and apoptotic cells in the intima, media, and adventitia
of the arteries.

Pronounced ferritin accumulation, occurrence of
lysosomal low-molecular-weight iron, and apoptosis
mainly concerned CD68-positive cells (macro-
phages) in the atherosclerotic lesions. No ferritin- or

CDé68-positivity was found in normal coronary arteries
from the young forensic-autopsy cases, while a moder-
ate number of such cells were observed in the intima
of normal looking vessel areas from the control cases.
In the intima, cytosolic ferritin and low-molecular-
weight iron with a lysosomal type distribution were
found in many CD68-positive macrophages which fre-
quently were surrounded by erythrocytes. A substan-
tial number of apoptotic cells within the intima, media,
and adventitia were registered in all atherosclerotic
lesions examined, although mainly in the vulnerable
macrophage-enriched areas of the atheroma shoulder.
We suggest that iron may occur within the cytosol,
mainly bound in ferritin, but also in low-molecular
weight, redox-active form within the acidic vacuolar
apparatus of macrophages and macrophage-derived
foam cells following erythrophagocytosis or phago-
cytosis of apoptotic cells. Low-molecular-weight iron
within lysosomes, present due to degradation of iron-
containing structures, such as ferritin, may partially
become exocytosed and contribute to cell-mediated
LDL-oxidation. Moreover, such lysosomal iron may
also sensitise lysosomes to oxidative stress and induce
apoptosis of macrophage/foam-cells that may result in
instability and rupture of atherosclerotic plaques.

* A portion of these results were presented at the XIth International Symposium on Atherosclerosis, Paris, France, October 5-7, 1997
and published in abstract form (Atherosclerosis 1997; 134: 258).

PTel: 44613224485, Fax: +4613221529. E-mail: yuan.ximing@kfc.liu.se.

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/19/11

For personal use only.

222 X.M. YUAN

Keywords: Ferritin, apoptosis, iron, atheroma, macrophages,
atherosclerosis

INTRODUCTION

Atherosclerosis causes more deaths than any
other single degenerative disease, including
cancer. Many clinical and preclinical studies have
demonstrated that elevated levels of low density
lipoproteins (LDL) may play a critical role at
several steps of atherogenesis.!!! Research over
the last two decades indicates that oxidative
modification of LDL, probably in the arterial
intima, is an important and early step in atheroma
formation. Exactly how LDL is oxidised remains,
however, to be elucidated.”” One proposed
mechanism for this process is transition metal-
mediated modification through Fenton-type
chemistry. (341 1t has been found, by us and others,
that macrophages, one of the major cellular com-
ponents of atheromas, are capable of endo- and
exocytosing iron compounds, and furthermore,
that pronounced iron- and ferritin sequestration
occurs in atherosclerotic lesions.” !

Recently, the Bruneck studies on the role of
ferritinin atherogenesis have provided additional
support to the hypothesis that an elevated amount
of body-iron is associated with an increased risk
of heart disease.””! Elevated serum-ferritin was
found to be linked to carotid atherosclerosis'® and
considered to be a risk factor in myocardial
infarction as well." Under certain conditions
ferritin has been suggested to release free, redox-
active iron that may initiate LDL oxidation
in vitro.!""'? Increased ferritin, ferritin mRNA,
and ferritin gene expression have been found in
human atherosclerotic lesions. Moreover, ferritin
mRNA was markedly increased in the athero-
sclerotic aortas of rabbits after feeding them a high
cholesterol diet for 6 weeks, indicating that iron
is sequestered in atheroma cells, and that lipid
metabolism interacts with iron handling at the

cellular level.™ However, the implication of
such iron-sequestration within macrophages/
macrophage-derived foam cells during athero-
genesis remains unknown.

Loss, degeneration, and dystrophic calcifica-
tion of cells in the core regions of atherosclerotic
plaques are among the most prominent character-
isticsin the progression of atherosclerosis, they are
also closely linked to plaque instability, rupture,
and other complications. Apoptosis of macropha-
ges/macrophage-derived foam cells in atheroscl-
eroticlesions haverecently drawnmuch attention,
although the etiological mechanisms of cell death
in atherogenesis are still unknown.!*71 It has,
however, been reported that oxidised LDL is
cytotoxic and may induce apoptotic death of a
variety of cells, including macrophages/foam
cells.!"® Recently, we demonstrated thatapoptosis
of macrophage-derived foam cells in vitro, in-
duced by oxidised LDL, begins with partial
lysosomal disruption, with ensuing relocation to
the cytosol of lysosomal enzymes.!**2%!

This study aimed to investigate the nature
of iron-sequestration within macrophages and
macrophage-derived foam cells in human athero-
sclerotic lesions, and its relation to apoptosis and
cell death in atherosclerotic lesions.

MATERIALS AND METHODS

1. Arterial Specimens and Sampling

Arterial wall segments with fatty streaks'”!! were

collected from coronary arteries and thoracic
aortas of 12 clinical autopsy cases. Macroscopical
normal areas of arteries from the same cases
together with normal coronary arteries from
seven young forensic autopsy cases, without
any evidence of atherosclerosis, were used for
comparison with the atherosclerotic lesions. The
samples were fixed in 10% formalin in phosphate-
buffered saline and embedded in paraffin.
Routine haematoxylin and eosin staining were
prepared in all cases.
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2. Immunohistochemistry and
Iron Histochemistry

In order to characterise the nature and location
of ferritin/iron accumulation in the vessel
specimens, monoclonal anti-CD68 antibodies, a
human macrophage marker, and polyclonal
rabbit anti-human ferritin antibodies were ap-
plied to serial sections using the streptavidin—
biotin complex (ABC) technique. The sections
were prepared according to the handbook of
immunochemical staining methods from DAKO
corporation. To block endogenous peroxidase,
and improve availability, the sections were trea-
ted with 3% H,0O, for 5min (CD68 and ferritin)
and trypsin (CD68) for 10min at 37°C. Tryp-
sin/H,O,-treatment was not performed for
ferritin immunohistochemistry. Sections were
washed, and blocked with normal swine-serum,
and incubated with the antibodies (anti-ferritin
and anti-CD68). Biotinylated swine anti-rabbit
IgG and rabbit anti-mouse IgG antibodies were
then applied, and a streptavidin-peroxidase con-
jugate was finally used for visualisation with DAB
(3,3’ -diaminobenzidine tetrahydrochloride)as the
final acceptor. Appropriate controls were used.
A modified Timm sulphide-silver method
(SSM) was used to demonstrate iron cytochemi-
cally as previously described.””? Briefly, depar-
affined sections (5um thick) of arteries were
initially re-fixed in 2% glutaraldehyde in 0.1 M
Na-cacodylate-HCI buffer with 0.1 M sucrose,
pH 7.2 (total osmolality 510 and effective osmol-
ality 300 mOsm) for 1-2 h. Following a short rinse
in double-distilled water, the specimens were
sulfidated in 1% ammonium sulphide in 70%
ethanol for 15 min and again carefully rinsed with
distilled water. The sections were then developed
in a physical developer containing Ag-lactate
(0.11g in 15ml distilled water), hydroquinone
(0.85g in 15ml distilled water), 60ml 25% gum
arabic, and 10 ml Na-citrate buffer (pH 3.8) for
15-30 min. For light microscopy, the sections, with
or without a light nuclear counterstaining, were
mounted in Canada balsam after dehydrationina

gradient series of ethanol. SSM is a very sensitive
cytochemical technique, by forming a shell of
silver around a core of MeS which is formed
by exposing tissues to H,S or (NH4),S. Only iron
which is not firmly bound in stable metallo-
organic compounds is converted to FeS (and thus
later demonstrated by the development proce-
dure). The type of iron that becomes converted to
FeS is thus of low-molecular weight. Since the
exposure to deferoxamine considerably reduced
such iron deposition in Fe-exposed cells,m] it is
reasonable to assume that this method may
mainly detect low-molecular-weight iron.

3. Detection of Apoptotic Cells

Apoptotic cells in the artery walls were shown
using the TUNEL technique (in situ Terminal
deoxynucleotidyl transferase-mediated dUTP
Nick end Labelling), according to the manu-
facturer’s instructions (Apoptag®, Oncor,
Gaithersburg, MD, USA). In brief, paraffin sec-
tions of arterial walls were deparaffinised in
xylene, rehydrated, incubated with proteinase K,
and washed with 2% H,0,. Sections exposed to
DNase were positive controis. After a wash in an
equilibration buffer, the sections were further
incubated with the TdT (Terminal deoxynucleoti-
dyl Transferase) enzyme for 1 h at 37°C, and with
an anti-digoxigenin-peroxidase complex for an-
other 30 min at room temperature. Negative con-
trols were run without the TdT enzyme. Counter
staining was done with methylgreen for 30s.

4. Cell Counting and Image Analysis

For the evaluation of TUNEL, ferritin, and CD68
stainings, 500 cells were counted in the intima,
media, and adventitia of each specimen, respec-
tively. The percentages of positive cells in the
three layers were calculated.

To compare the relation of positive areas and
case distribution, scoring criteria were used to
examine all the specimens. The scores refer to: 0,
as negative; 1, as a few positive cells without
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cluster formation; 2, as positive areas less than 1/4
field of vision (x20); 3, positive areas larger than
1/4 field of vision (x20}.

The immunohistochemical and TUNEL reac-
tions were analysed with computerised image
analysis. Five images of intima, media, and
adventitia of each specimen were randomly
obtained from representative areas using a
Leitz DM-RBE microscope equipped with a
HAMATSU CCD video camera, and connected
to a Macintosh desktop computer (8100/110).
The acquired colour micrographs (412552 pixels)
were transferred and assessed using an Adobe
Photoshop (Adobe System Inc., USA).? The
size of the stained areas was presented as
number of pixels.

5. Statistics

The Wilcoxon signed rank and Mann-Whitney
U tests were used to analyse differences between
atherosclerotic lesions and control arteries from
the forensic and the clinical cases. A probability

value of less than 5% (p < 0.05) was considered to
be significant.

RESULTS

1. Comparison of Ferritin Accumulation
and Apoptosis in CD68 Positive
Macrophages

Table Iis a summary of the major histopathologi-
cal findings of all autopsy cases (12 cases with
general atherosclerosis and 7 young forensic cases
without atherosclerosis). No CD68- or ferritin
positive cells were found in the normal coronary
arteries from the young forensic cases, while a
certain number of ferritin-positive cells were
found in small clusters of CD68-positive cells
from normal appearing parts of arteries from the
atherosclerosis cases. Pronounced ferritin accu-
mulation and apoptosis were generally the find-
ings in many of the CD68-positive macrophages
that were found in the atherosclerotic lesions of
the diseased cases (Figures 1 and 2). A few

TABLEI Data on autopsy cases

Age/Sex Artery CD68 Ferritin TUNEL Cause of death
Young individuals without atherosclerosis

9/F Coronary - - + Accident
27/M Coronary - - + Accident
30/F Coronary - — - Accident
10/F Coronary - - + Accident
21/F Coronary - - + Accident
23/M. Coronary - - + Suicide
22/M Coronary - - + Accident
Old individuals with atherosclerosis

45/F Aorta + + NA GA
73/M Aorta - + NA GA
82/M Aorta + + NA GA
40/M Aorta + + NA GA
75/M Coronary + + NA GA
84/F Coronary + + + GA
88/M Coronary + + + GA
88/F Coronary + + + GA
68/M Coronary — + + GA
64/F Coronary - - + GA
63/M Coronary + + + GA
80/M Coronary + + + GA

F, female; M, male; GA, general atherosclerosis; NA, not applied; —, negative; +, positive.
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FIGURE 1 CD68- and ferritin-immunohistochemistry and
TUNEL-positivity of an atherosclerotic lesion. Note com-
bined positivity within the same area of a micro-atheroma
(adjacent sections, x100). (See Color plate I at the end of
this issue.)

apoptotic cells were present in the normal cor-
onary arteries from some of the forensic cases
(Figure 3).

According to the scoring criteria, all the sections
stained for CD68, ferritin, and apoptosis (TUNEL)
were repeatedly examined, at least three times,
and the results summarised in Figure 3. Com-
pared with normal appearing parts of the athero-
sclerotic arteries, significantly higher amounts of
ferritin were found in CD68 positive cells of
atheroma tissues. Even though only normal-
appearing parts of atherosclerotic arteries were
selected for use as one of the controls, some
ferritin- and CD68-positive cells, occasionally
forming minute clusters in the intima, were

FIGURE 2 CDé68- and ferritin-immunohistochemistry and
TUNEL-positivity of the shoulder region in an atherosclero-
tic lesion. High-power view of ferritin accumulation and
apoptosis in CD68-positive macrophages and foam cells.
The CD68-, ferritin- and TUNEL-positivity are localised in
the same area. Arrowheads and arrows indicate nuclear- or
cytosolic positivity of TUNEL, respectively (x400). (See
Color plate II at the end of this issue.)

found. This finding is probably an indication of
early atheroma formation which was still not
macroscopically evident. Such material, thus,
could not be used as true controls. As another
type of control we also used normal coronary
arteries (here called normal arterial tissue) from
young forensic cases. In these tissues we did not
find ferritin or CD68-positive cells, although a few
apoptotic ones.
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Color Plate I (see page 225, figure 1) CD68- and ferritin-immunohistochemistry and TUNEL-positivity of an atherosclerotic
lesion. Note combined positivity within the same area of a micro-atheroma (adjacent sections, x 100).
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B S
Color Plate 11 (see page 225, figure 2) CD68- and ferritin-immunohistochemistry and TUNEL-positivity of the shoulder
region in an atherosclerotic lesion. High-power view of ferritin accumulation and apoptosis in CD68-positive macrophages

and foam cells. The CD68-, ferritin- and TUNEL-positivity are localised in the same area. Arrowheads and arrows indicate
nuclear- or cytosolic positivity of TUNEL, respectively (x400).
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FIGURE 3 Scorings for CD68-, ferritin-immunocytochem-
istry, and positive TUNEL reaction in normal arteries from
young forensic cases and atherosclerotic vessels from the
clinical cases. Ferritin accumulation in CD68-positive cells
were found in most of the atherosclerotic lesions with the
highest scoring. No CD68- and ferritin-positive cells were
found in the normal arteries of the forensic cases, although
some apoptotic cells were detected.

2. Distribution of Iron/Ferritin Laden
Macrophages

Atherosclerotic vessels from eight of the twelve
clinical cases showed strong positivity for ferritin

(score>2, see Figure 3); only one case was
negative. No ferritin was found in arteries from
the young individuals’ coronary arteries. The
scores of CD68-, ferritin- and TUNEL-stainings
showed strikingly different distributions between
normal arterial tissues and atheromas (Table Iand
Figure 1). In atherosclerotic lesions, ferritin was
predominantly present in the subendothelial
intimal space and at the outer edge of the lipid
core and shoulder regions with a high density of
macrophages. These findings correspond well
with our previous results on iron location in
atheromas using the sensitive SSM."

By applying the anti-CD68 antibodies to serial
sections, we noticed areas of ferritin-positive
macrophages to be frequently mixed with ery-
throcytes (Figure 4). This finding may give
support to our suggestion that erythrophagocy-
tosis due to microbleedings may be a way for
macrophages to take up iron and subsequently
mediate LDL-oxidation by exocytosing this tran-
sition metal.®! Figure 5 shows that ferritin-
positive cells, mainly macrophages, are also rich
in low-molecular-weight iron as proved by the
SSM. Pronounced TUNEL-positivity was also
found in the same areas, indicating that low-
molecular-weight iron may be involved in the
apoptotic process of macrophages and foam cells.

3. Distribution of Apoptotic Macrophages

Atherosclerotic lesions from the clinical cases,
and normal arterial tissues from the young
forensic cases, were analysed and compared for
the presence of apoptosis (see Table II). A sub-
stantial number of apoptotic cells were seen in all
examined atherosclerotic lesions compared with
normal arteries which contained only a few such
cells (p < 0.001). Interestingly, in normal arterial
tissues, a few TUNEL-positive cells appeared
mainly in the subendothelial zone containing
CD68-positive macrophages. This may indicate
that macrophages actively participate in the low
physiological level of apoptosis in normal vessels,
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FIGURE 4 CD68- and ferritin-immunohistochemistry of
an atherosclerotic lesion by transmitted-light-interference-
contrast-microscopy. CD68-positive areas are also positive
with respect to ferritin (on adjacent sections). Note the pres-
ence of erythrocytes arrowed surrounding the macrophages
(x400). (See Color plate III at the end of this issue.)

which is associated with the migration and
recruitment of monocyte-derived macrophages.
We found prominent apoptosis in the macro-
phage-enriched shoulder area surrounding the
lipid core of the atheromas, though some apop-
totic cells were seen throughout the vessel
wall. There were two types of TUNEL-positive
macrophages: truly apoptotic cells with nuclear-
positivity due to inter-nucleosomal DNA frag-
mentation; and cells with cytoplasmic positivity
due to the phagocytosis of apoptotic bodies. The
difference between the two types of TUNEL-
positive cells is shown in Figure 6. There was
a significant difference between atheroma and
normal arterial tissues. Cells with cytoplasmic
TUNEL-positive fragments were mainly found
in the intima and adventitia of atherosclerotic

FIGURE 5 Ferritin immunohistochemistry (A), SSM-iron
histochemistry (B), and TUNEL reaction (C} in an ather-
oma. Ferritin-positive cells, mainly macrophages rich in lip-
ids, show ongoing apoptosis, and are also positive in the
SSM staining (x400). (See Color plate IV at the end of this
issue.)

TABLE II TUNEL positive cells in different layers of
coronary arteries

Intima Media Adventitia

NP (%) CP(%) NP (%) CP (%) NP (%) CP (%)

Atheroma 22.0 2.9 199 0.6 23.2 3.7
Normal 49 0.3 4.8 0.8 7.6 1.7
vessels

NP, Nuclear positivity; CF, Cytoplasmic positivity (n=7). In
each layer 500 cells were counted.
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Color Plate III (see page 227, figure 4) CD68- and ferritin-immunohistochemistry of an atherosclerotic lesion by trans-
mitted-light-interference-contrast-microscopy. CD68-positive areas are also positive with respect to ferritin (on adjacent sec-
tions). Note the presence of erythrocytes arrowed surrounding the macrophages (x400).
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Color Plate IV (see page 227, figure 5)Ferritin immunohistochemistry (A), SSM-iron histochemistry (B), and TUNEL reac-
tion (C) in an atheroma. Ferritin-positive cells, mainly macrophages rich in lipids, show ongoing apoptosis, and are also
positive in the SSM staining (x400).

Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/19/11

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/19/11

For personal use only.

228 XM. YUAN

Nuclear and cytosolic TUNEL positive cells

450 Atheroma [o] Normal]
350 1
)
250 -
E
1504 °©° o
50 - SRR ¥
e BT N
-50

N-Positive C-Positive

FIGURE 6 TUNEL-positive cells in normal arteries from
the young forensic cases and in atherosclerotic vessels
from the clinical cases. The box blot graph shows signifi-
cant differences in nuclear- and cytosolic-positive TUNEL
reactions between normal and atheroma samples (*p < 0.05;
**p < 0.001) N-positive: nuclear positivity; C-positive: cyto-
solic positivity.

vessels. Extracellular TUNEL-positive fragments
were often found in regions with dead cells.
Surprisingly, the adventitia of atherosclerotic
arteries contained a rather high percentage of
apoptotic cells and inflammatory cells. Also, it
was noticed that TUNEL-positive smooth muscle
cells were present in the media of atherosclerotic
vessels.

The coexistence of CD68-, ferritin-, low-molec-
ular-weight iron, and TUNEL-positivity within
the same atheromatous area was obvious. The
result of the image analyses is summarised in
Figure 7. In atherosclerotic intimas there was
almost the same number of CD68-, ferritin- and
TUNEL-pixels, while in the media and adventitia
the ferritin- and TUNEL-pixels reached the same
levels, although the one for CD68 was lower. This
indicates that macrophages play a dominating
role in ferritin accumulation and apoptosis
within the atheromatous intima, while in other
parts of the atheroma ferritin accumulation and
apoptosis could be associated also with other
types of cells.
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FIGURE 7 Image analyses of CD68- and ferritin-immuno-
histochemistry and TUNEL-positivity of atherosclerotic ves-
sels. The pixel values of the three stainings were uniformly
high in the atherosclerotic intima, while this was not the
case for the media and adventitia.

DISCUSSION

Inatherosclerotic lesions there is a certain amount
of redox-active iron, mainly in macrophages and
macrophage-derived foam cells.>?* In this study
we found that these cells are also rich in ferritin
and there is a marked difference between ather-
omas and normal arterial tissues with respect to
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the frequency of apoptotic- and ferritin-rich
macrophages. Apoptosis frequently occurs in
atherosclerotic and, to some degree, also in
normal tissues, indicating that programmed cell
death is a normal process within arterial walls,
although it may be abnormally activated during
the progression of atheroscierosis. A major find-
ing of this study was the association between
prominent apoptosis and demonstrable iron/
ferritin ~ within  macrophages/macrophage-
derived foam cells in human lesions, suggesting
iron-catalysed reactions to be involved in apop-
tosis and plaque instability.

Ferritin, the major iron-storing protein, is
considered to be an antioxidant since it sequesters
intracellular iron (mainly by the L-chain) and also
has ferroxidase capacity (by the H-chain), keeping
iron in ferric form without the capacity to induce
Fenton-reaction. On the other hand, ferritin has
been reported to release redox-active iron under
certain conditions and, thus, to be a prooxidant as
well"™ A recent study indicates that iron still
bound to ferritin, rather than released, is likely
responsible for catalytic action resulting in cyto-
toxicity.”® The finding of abnormally increased
amounts of ferritin, and its increased gene ex-
pression in human atherosclerotic lesions,!!!
prompted us to consider the pathological implica-
tions of such excessive ferritin accumulation in
the progression of atherosclerosis. The relative
absence of CD68- and ferritin-positivity in normal
arterial tissues indicates that abnormal sequestra-
tion of ferritin within macrophages and macro-
phage-derived foam cells within atherosclerotic
lesions would either result from, or be the cause
of, the atherosclerotic process. The detailed path-
ways and mechanisms need to be further clarified.

The source of free iron, the cause of ferritin
accumulation, and their relation to LDL oxidation
and atheroma progression, are crucial but unan-
swered questions. Accumulating evidence sug-
gests that iron, haeme, and ferritin may initiate
oxidative stress and enhance LDL oxidation.
Small amounts of haemoglobin, a major iron-
containing protein in erythrocytes, were reported

to trigger LDL apoB-100 crosslinking and perox-
idative oxidation.”® Based on our studies we
hypothesise that the degradation of aged erythro-
cytes, or apoptotic cells, is a major way for
macrophages to sequestrate iron, initially within
lysosomes, and later in the form of cytosolic
ferritin. Iron may be also released to the extra-
cellular environment by exocytosis. In this study,
the shown association of ferritin-rich macro-
phages with microbleeding areas may shed some
light on the mechanisms behind iron-sequestra-
tion in macrophages of human atheromas. How-
ever, the more direct association between free
haeme, or hemoglobin, and LDL oxidation in vivo
merits further investigations.

Apoptosis in atherosclerotic lesions has been
described in man and animal using the TUNEL
technique. Because of the unavoidable overesti-
mation of apoptosis by TUNEL, as every living
cell has a few single strand breaks (80-100,000
base pairs per cell) under repair,"'”?! and differ-
ent criteria for the quantification of the reaction
product are applied, controversial frequencies of
apoptosis in atherosclerotic lesions and control
tissues have been presented. However, since other
approaches for the examination of apoptosis are
not applicable for in situ examination of overall
artery tissues, we still consider that the TUNEL
technique is the most suitable way to investigate
apoptosis in atherosclerotic plaques. Based on
observations with this technique, most authors
agree that the number of apoptotic cells is
highest in regions enriched with macropha-
ges/macrophage-derived foam cells, and, more-
over, that apoptosis in atheroma tissues could be
an important event during the development of
atherosclerosis. Free radicals and transition me-
tals have been proposed to play important roles in
the induction and mediation of apoptosis, al-
though more evidence is required to establish this
notion.?® To our knowledge, the present study
is the first report on a correlation between iron
and apoptosis in human atherosclerotic lesions.

Studies of atherosclerotic vessels have shown
that the most vulnerable area is at the shoulders
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of atheromas. Particularly, macrophage-rich
areas of atherosclerotic lesions has been con-
sidered a marker of unstable atherosclerotic
plaques.”®! The coexistence of ferritin and apop-
tosis within macrophage/foam cells at the ather-
oma shoulders is a new challenge for the
understanding of progression. Although apofer-
ritin is also enriched in early atherosclerotic
lesions, without any major iron deposits as
assayed by the Pearl’s histochemical technique
foriron,titis yettooearly to conclude that ferritin-
accumulation in atherosclerotic plaques is a
cytoprotective event. Two recent studies from
our group showed that induction of ferritin syn-
thesisisnotalwaysenoughto protectthecells from
oxidative stress.®**!) We speculate that, at least
in advanced atheromas, macrophages overloaded
with ferritin-bound iron, following uptake of aged
erythrocytes or damaged inflammatory cells, may
show enhanced sensitivity to oxidative stress,
resulting in apoptosis. Even if newly synthesised
apoferritin certainly could bind free iron, and thus
protect against harmful iron-catalysed oxidative
reactions, this seemstobeaninefficient protection.
The reason may be that autophagocytosed ferritin
would be degraded and release low-molecular-
weight iron intralysosomally with consequent
enhanced lysosomal sensitivity to oxidative
stress.®%?1) Both ferritin accumulation and apop-
tosis occur more often in the atheroma shoulder
regions, indicating that excessive iron-sequestra-
tion in ferritin may be linked to instability and
rupture of atherosclerotic plaques.

In conclusions, low-molecular iron and
ferritin both accumulates in macrophages and
macrophage-derived foam cells of human athero-
sclerotic lesions. Dysregulated iron- and ferritin-
metabolism within macrophage/foam cells is
suggested to be associated with ongoing apopto-
sis contributing to the instability of atherosclerotic
plaques. The relation between ferritin-sequestra-
tion and apoptosis of macrophages in atheromas,
and the significance of accumulated ferritin for
the progression of atherosclerosis requires further
investigations.
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