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Abstract: The myocardium is mainly composed of long-lived postmitotic cells with, if there is any at all, a very low rate
of replacement through the division and differentiation of stem cells. As a consequence, cardiac myocytes gradually un-
dergo pronounced age-related alterations which, furthermore, occur at a rate that inversely correlates with the longevity of
species. Basically, these alterations represent the accumulation of structures that have been damaged by oxidation and that
are useless and often harmful. These structures (so-called ‘waste’ materials), include defective mitochondria, aberrant cy-
tosolic proteins, often in aggregated form, and lipofuscin, which is an intralysosomal undegradable polymeric substance.
The accumulation of ‘waste’ reflects the insufficient capacity for autophagy of the lysosomal compartment, as well as the
less than perfect functioning of proteasomes, calpains and other cellular digestive systems. Senescent mitochondria are
usually enlarged, show reduced potential over their inner membrane, are deficient in ATP production, and often produce
increased amounts of reactive oxygen species. The turnover of damaged cellular structures is hindered by an increased
lipofuscin loading of the lysosomal compartment. This particularly restricts the autophagic turnover of enlarged, defective
mitochondria, by diverting the flow of lysosomal hydrolases from autophagic vacuoles to lipofuscin-loaded lysosomes
where the enzymes are lost, since lipofuscin is not degradable by lysosomal hydrolases. As a consequence, aged lipofus-
cin-rich cardiac myocytes become overloaded with damaged mitochondria, leading to increased oxidative stress, apoptotic
cell death, and the gradual development of heart failure. Defective lysosomal function also underlies myocardial degen-
eration in various lysosomal storage diseases, while other forms of cardiomyopathies develop due to mitochondrial DNA
mutations, resulting in an accumulation of abnormal mitochondria that are not properly eliminated by autophagy. The deg-
radation of iron-saturated ferritin in lysosomes mediates myocardial injury in hemochromatosis, an acquired or hereditary
disease associated with iron overload. Lysosomes then become sensitized to oxidative stress by the overload of low mass,
redox-active iron that accumulates when iron-saturated ferritin is degraded following autophagy. Lysosomal destabiliza-
tion is of importance in the induction and/or execution of programmed cell death (either classical apoptotic or autophagic),
which is a common manifestation of myocardial aging and a variety of cardiac pathologies.
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INTRODUCTION dant defense system (primarily operated by superoxide dis-
mutase, catalase and glutathione peroxidase), normal bio-
logical respiration is associated with continuous mild oxida-
tive damage to biomolecules such as nucleic acids, proteins
and lipids [7, 8]. This normal damage is not completely re-
paired and so has a tendency to accumulate over time. Ap-
parently, it is the main contributor to the progressive struc-
tural deterioration, reduced function, decreased adaptability,
and increased probability of disease and death, i.e., biologi-
cal aging, or senescence [9, 10]. In a highly aerobic organ

The cardiac muscle is a nonstop working machine that is
characterized by a predominantly aerobic metabolism and
one of the highest oxygen consumption rates of any organs
[1]. Heart myocytes have long been considered irreplaceable,
being as old as the whole organism. Only relatively recently,
when stem cells with the potential to differentiate into ma-
ture myocytes were found even in adult hearts [2], was this
view reconsidered. Yet, cardiac myocytes, along with neu-
rons and retinal pigment epithelial cells, are replaced much

more slowly than most other tissues and, therefore, are called
‘long-lived postmitotic cells’ [3]. It has been speculated that
infrequent cell replacement might be advantageous for cer-
tain functions, such as long-term memory in neurons and
compensatory hypertrophy in heart myocytes [4]. At any
rate, both the intensive function and the low pace of re-
placement make cardiac myocytes highly vulnerable to dam-
age associated with aging and various diseases [5, 6].

Due to a basic, unavoidable electron leak from the mito-
chondrial electron transport chain and an imperfect antioxi-
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such as the heart, the manifestations of aging are extremely
pronounced, involving first and foremost the mitochondria
and the lysosomes of cardiac myocytes (see below).

Many lines of evidence suggest that a continuous en-
dogenous production of reactive oxygen species (ROS), es-
pecially from the mitochondria, is a major contributor to
aging [7, 11]. In contrast to senescence, diseases affect par-
ticular individuals and are usually more dependent on condi-
tions. They often occur when the effects of damaging
(pathogenic) factors exceed the organism’s adaptability. Due
to the almost complete lack of repair of the heart muscle
through proliferation, both myocardial aging and pathologies
(such as ischemic heart disease, metabolic and inflammatory
disorders) are associated with the irreversible loss of cells.
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For the same reason, tumors rarely develop in the myocar-
dium, in contrast to tissues with high proliferative capacity,
such as the epithelium of the digestive tract and the bone
marrow. Cells of the latter tissues show negligible senes-
cence, but a high incidence of neoplasms, deriving from un-
differentiated progenitor cells [12].

Lack of repair through proliferation increases the de-
mands on intracellular renewal mechanisms, which include
not only the synthesis of macromolecules and organelle bio-
genesis, but also involves the systems responsible for re-
moval of damaged and obsolete cellular structures. These
systems involve cytosolic proteases, proteasomes and, most
importantly, lysosomes, which are responsible for the degra-
dation of virtually all types of intracellular material and a
number of signaling pathways, including the regulation of
apoptosis. Here we discuss the role of lysosomes in relation
to myocardial aging and pathology.

LYSOSOMES AND CARDIAC MYOCYTE HOMEO-
STASIS

The degradation within lysosomes of each cell’s own
constituents is called autophagy, or autophagocytosis [13-
15]. Autophagy is an ongoing process, reflecting the need of
cells for continuous (basic) renewal. Consequently, it needs
to be emphasized that autophagy is a perfectly normal proc-
ess that is necessary for the normal turnover of organelles
and a variety of biomolecules, mostly long-lived proteins.
The regulation of, and the different steps involved in auto-
phagy have recently been explored in some detail, mainly
through studies on yeast. Dozens of strikingly well con-
served autophagy-related proteins and corresponding genes
have been discovered and given the name ‘Atg’ [16, 17].
These proteins have been found in various mammalian tis-
sues, including the myocardium [18] The importance of
autophagy for normal heart function is demonstrated by the
fact that cardiac-specific inhibition of Atg5 results in severe
cardiomyopathy in mice [19].

Autophagy, however, may also act as a life-sustaining
mechanism under stress conditions by allowing cells to con-
tinue vital metabolism by ‘self-eating’ such parts that can be
replaced later - in the event the cell survives. This type of
autophagy is obviously an attempt of the cell to provide itself
with substrates for ATP production and building blocks for
essential anabolism by lysosomal degradation of various
macromolecular structures [20]. Under starvation, cells in
culture are thus found to considerably increase the rate of
autophagy [21]. Prevention of autophagy (e.g. by inhibiting
the formation of the autophagic membrane by 3-methyl-
adenine) or suppressing lysosomal enzyme activity, results in
rapid cell death [21, 22]. In starving animals, autophagy is
enhanced in the liver and the same is found in the hearts of
newborn rats if feeding is withheld [23-25].

Autophagy is also activated in response to various stres-
sors associated with abnormal damage to cellular structures,
e.g. oxidants, ionizing radiation, hypoxia, etc. This type of
autophagy may be named reparative autophagy, since its
purpose is to rid the cell of damaged structures and replace
them with new ones. In cardiac myocytes, reparative auto-
phagy most commonly occurs under ischemia/reperfusion
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[26-29] as well as under in vitro conditions that imitate such
type of stress [30]. Insufficient reparative autophagy may
lead to irreversible cell injury when damaged, poorly per-
forming mitochondria accumulate and start to release ROS

and pro-apoptotic molecules, culminating in programmed
cell death, PCD (see below).

Depending on how material destined for degradation en-
ters lysosomes, three types of autophagy are recognized in
mammalian cells: macroautophagy, microautophagy, and
chaperone-mediated autophagy (Fig. (1)). In macroauto-
phagy, a portion of cytoplasm is enclosed in a double-
membrane-bound vacuole termed the autophagosome [13-
15]. Precursors of autophagosomes are called phagophores
[31] or pre-autophagosomes [32]. They emerge as small
vesicles that transform into cup-like structures and then into
double-membrane vacuoles (autophagosomes) when the
edges of the ‘cups’ fuse. The origin of the autophagosome
membrane is still disputed. It was assumed that it might arise
from other organelles such as the endoplasmic reticulum or
the Golgi complex [31]. Studies on yeast, however, sug-
gested the de novo development of such a membrane because
it showed a unique protein composition, different from that
in other biological membranes [33]. Autophagosomes then
fuse with lysosomes or late endosomes, and the engulfed
material is degraded by a variety of hydrolytic enzymes.
Macroautophagy is the most universal form of autophagy,
providing for degradation of almost all types of cellular
structures including proteins, lipids, complex carbohydrates,
nucleic acids and other biomolecules, as well as various or-
ganelles, such as mitochondria, fragments of endoplasmic
reticulum, ribosomes, and peroxisomes [3, 15]. Macroauto-
phagy is particularly important for cardiac myocytes whose
abundant, actively respiring, mitochondria suffer oxidative
damage and need to be efficiently turned over.

In microautophagy, macromolecules or small organelles
are taken up by lysosomes through invagination of the
lysosomal membrane, initially resulting in the formation of
multivesicular bodies [14]. Microautophagy has been de-
scribed in various cell types including cardiac myocytes [20].

Chaperone-mediated autophagy (CMA) is the selective
transport of specific proteins into lysosomes by molecular
chaperones. Targeted proteins contain an amino acid se-
quence KFERQ (lysine-phenylalanine-glutamate-arginine-
glutamine) that is recognized by a heat-shock chaperone pro-
tein Hsp73. The substrate-chaperone complex then binds to
the lysosome-associated membrane protein 2a (LAMP-2a)
and enters the lysosome [34-36].

LYSOSOMES AND CELL DEATH

While autophagy is a programmed degradation of altered
cellular constituents, PCD is a removal of irreversibly dam-
aged cells. Autophagy usually promotes cell survival, but
when cellular damage is pronounced, it can also participate
in PCD (see below). Both autophagy and PCD are adaptive
processes, working in concert and providing for renewal of
the organism’s constituents and life maintenance. PCD, un-
like necrosis (accidental cell death), is a form of cell death
that involves minimal damage to adjacent cells. It occurs
either through classical apoptosis (PCD-I), when cellular
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Fig. (1). Autophagy in mammalian cells. Intracellular material enters lysosomes for degradation through macroautophagy, microautophagy
or chaperone-mediated autophagy. Mature lysosomes evolve from late endosomes as a result of their increasing acidification and enrichment
with lysosomal enzymes (LE). The latter are delivered (in mannose-6-phosphate receptor-bound form) within specific transport vesicles that
are pinched off from the trans-Golgi network. Oxidized, polymerized and undegradable material accumulates within lysosomes in the form
of lipofuscin. Lipofuscin-loaded lysosomes maintain an acidic pH and experience permanent influx of lysosomal enzymes. Thin black arrows
indicate evolution of structures, thick gray arrows symbolize fusion, while arrowheads show transport processes. References are given in the

text.

constituents are degraded by a family of cytosolic cysteine
endopeptidases called caspases, or through autophagic cell
death (PCD-II) in which cell parts are autophagocytosed and
digested within lysosomes [37, 38]. Often classic, caspase-
mediated apoptosis and autophagic cell death are mixed,
with dying cells showing both caspase activation and en-
hanced numbers of autophagosomes [37, 38].

PCD plays a major role in the elimination of unneces-
sary, damaged, or diseased cells during the whole life span,
and is especially prominent during embryogenesis, when a
majority of newly formed cells undergo PCD during the de-
velopment of the individual. Major pathologies, such as can-
cer and neurodegenerative diseases, are associated with an
abnormal depression or enhancement, respectively, of PCD,
and apoptotic cell death with a secondary dystrophic calcifi-
cation seems to be an important factor in the formation of
atherosclerotic plaques [39, 40].

Although Christian de Duve, who discovered lysosomes
in the late 1950s, nicknamed them ‘suicide bags’, lysosomes
for a long time were believed to be of importance only for
necrotic (accidental) cell death, while true cell suicide,
named apoptosis (currently known as PCD-I, see above),
was considered an effect of either ligation of death receptors
along the plasma membrane (the external pathway) that sets
off a cascade of caspase activation, or the release of pro-
apoptotic mitochondrial proteins due to apoptogenic stimuli
from within the cell (the internal pathway) [41, 42]. It needs
to be pointed out that the external pathway usually also af-

fects mitochondria resulting in the release of apoptogenic
agonists. Both of these pathways involve the activation of a
cascade of caspases and result in a controlled manner of cell
death by which the affected cells are fragmented into apop-
totic bodies with an intact surrounding plasma membrane.
The apoptotic bodies are then phagocytosed by neighboring
cells, or by professional scavengers such as macrophages,
resulting in a quiet and peaceful elimination of the apoptotic
cells without the inflammatory response that is seen in ne-
crosis [43]. Moreover, the apoptotic cells are not wasted but
serve as ‘food’ following degradation within the lysosomal
compartment of the engulfing cells.

Several years ago, the finding of lysosomal membrane
labilization prior to manifested PCD, especially in oxidative
stress-induced apoptosis, in combination with the observa-
tion that lysosomotropic detergents, which specifically dam-
age lysosomes, induce classical apoptosis, led to the sugges-
tion that lysosomes were involved in the apoptotic process
(reviewed in [44, 45]). However, this idea initially evoked
limited enthusiasm among the more doctrinaire cell death
experts. Not until it was shown that activation of the pro-
apoptotic proteins, Bid and Bax, could be accomplished by
lysosomal proteases, did the role of lysosomes in apoptosis
become somewhat more widely recognized [46, 47].

Moderate oxidative stress is known to induce classical
apoptosis of most cells in culture, but higher levels of such
stress are more closely associated with necrosis [44, 48-50].
An upstream event in the apoptotic process induced by oxi-
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dative stress was found to be lysosomal rupture due to iron-
catalyzed peroxidation of lysosomal membranes that, in turn,
was a consequence of the high concentrations of low-mass
iron compounds in many lysosomes secondary to autophagic
degradation of ferruginous materials, such as mitochondrial
respiratory complexes [51-54]. Lysosomal rupture and con-
sequent apoptosis or necrosis following oxidative stress was
shown to be a function of the concentration of low-mass iron
compounds within lysosomes. Similarly the varied degrees
of stability of lysosomes in a single cell are probably a re-
flection of whether or not the individual lysosome has re-
cently been engaged in autophagy of ferruginous structures
[15, 55-57]. It follows that in iron-overload diseases, such as
in the various forms of hemochromatosis, when lysosomes
are known to be rich in low-mass compounds containing
labile iron, the lysosomes, and thereby their host cell as well,
are abnormally sensitive to oxidative stress [56, 58-60].

Given the importance of keeping the labile redox-active
iron content of lysosomes as low as possible in order to
minimize the occurrence of rupture and ensuing apopto-
sis/necrosis, it might be expected that mechanisms to this
end have evolved. It seems they have: it has been found that
cells with upregulated phase II stress proteins, such as fer-
ritin, metallothioneins and heat shock proteins are particu-
larly resistant to oxidative stress [61-64]. It appears that one
of the molecular mechanisms behind this resistance is a con-
tinuous autophagic turnover of these proteins that for a lim-
ited period of time are able to bind iron within lysosomes in
non-redox-active form.

It may be speculated that excessive levels of autophagy
associated with cell repair or starvation (see above) result in
rupture of some autophagolysosomes with release of lyso-
somal hydrolases and ensuing apoptosis. The mechanism
behind such rupture may be that the lysosomal compartment
is greatly enriched with labile iron when substantial parts of
it have been subjected to autophagy, e.g., as a result of deg-
radation of mitochondria containing metalloproteins such as
cytochrome ¢ (Fig. (2)). It can be assumed that even a nor-
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mal, or only slightly elevated, ROS production would be
enough to rupture iron-rich lysosomes [65].

As mentioned above, classical apoptosis (PCD-1) is often
mixed with autophagic cell death (PCD-2). Lysosomes are
involved in both cases, although in PCD-1 lysosomal en-
zymes mainly participate in the initiation of apoptosis, while
in PCD-2 they are the instruments of cell death. The relation-
ship between PCD-1 and PCD-2 follows, in particular, from
the fact that Bcl-2 not only inhibits classical apoptosis but
also autophagy through suppression of Beclinl [66]. Con-
versely, suppression of Bcl-2 would activate both PCD-1 and
PCD-2 [18]. Beclinl-mediated autophagy seems to be in-
volved in myocardial degeneration in ischemia/reperfusion
injury, while reparative autophagy in mild ischemia is stimu-
lated by an AMP-activated protein kinase [29]. Autophagic
degeneration and death of cardiac myocytes has been shown
to be a common event in the failing heart [67-70].

IMPERFECT LYSOSOME FUNCTION IN AGING
AND HEART DISEASE

One of the most obvious subcellular characteristics of
aging postmitotic cells is a time-dependent accumulation of
the age pigment lipofuscin within the lysosomal compart-
ment [71]. This accumulation is inversely related to the life
span and, consequently, similar postmitotic cells, including
cardiac myocytes, become loaded at very different rates
when short-lived animals are compared to long-lived ones
[72]. This fact by itself suggests that the accumulation of
lipofuscin is a disadvantage for cells and may hamper impor-
tant functions. Lipofuscin is a yellow-brownish pigment with
a broad autofluorescence in response to excitation with ul-
traviolet, blue or green light [73]. It is a heterogeneous poly-
mer composed of protein fragments linked together by alde-
hyde bridges, which arises from decomposed lipid-derived
peroxides. The formation of lipofuscin demands iron-
catalyzed peroxidation of intralysosomal material under de-
composition, and autophagocytosed mitochondria seem to be
a major source of lipofuscin [74, 75].
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Fig. (2). Tentative mechanism of lysosomal membrane permeabilization secondary to enhanced reparative autophagy. Reparative
autophagy is induced by cellular damage under stress conditions. It is associated with increased number and size of lysosomes
(autolysosomes) containing mitochondria and other damaged cellular structures under degradation. This may result in the release of redox-
active iron from mitochondrial metalloproteins, activation of Fenton reactions and generation of hydroxyl radicals with ensuing damage to
the lysosomal membrane (shown as dashed line). See detailed explanations in the text.
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In cell culture systems, the formation of lipofuscin (or
ceroid as the material is often called when accumulated due
to processes other than pure aging) can easily be influenced.
The addition of purified mitochondria to human astrocyte
cultures was found to induce the phagocytosis of these or-
ganelles with ensuing transport to the lysosomal compart-
ment and their rapid conversion to lipofuscin-like material,
verifying that mitochondria may be an origin of lipofuscin
[76]. When neonatal rat cardiac myocytes, or growth-
arrested human foreskin fibroblasts, are cultured at 40% am-
bient oxygen, or in the presence of enhanced amounts of iron
in the medium, lipofuscin formation is much accelerated in
comparison to standard culture conditions. On the other
hand, culture at 8% ambient oxygen dramatically reduces
lipofuscin formation as compared to standard conditions [77,
78]. These findings point to the importance of iron-catalyzed
intralysosomal oxidation for the formation of lipofuscin and
suggest that enhanced or delayed intralysosomal degradation
would decrease or increase, respectively, the rate of pigment
formation, given the same degree of oxidative stress. Rapid
degradation of the precursor material should limit the time
available for its oxidation and conversion to lipofuscin, while
slow degradation gives more time for the oxidative creation
of lipofuscin. The application of inhibitors of lysosomal en-
zymes has verified this hypothesis by showing that, indeed,
the prolongation of intralysosomal degradation substantially
increases the formation of lipofuscin per unit time [77].

Lipofuscin amasses within aging cardiac myocytes and
other long-lived postmitotic cells because it is neither de-
graded, nor exocytosed to any considerable degree. This fol-
lows, in particular, from the facts that cultured neonatal rat
cardiac myocytes and growth-inhibited human fibroblasts
did not show any reversal of lipofuscin content after removal
of factors that initially induced its accumulation, i.e., oxida-
tive stress and protease inhibition [77, 78]. Moreover, lipo-
fuscin was not degraded even when fibroblasts were exposed
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to amino acid starvation, associated with enhanced intra-
lysosomal degradation [21].

Along with lipofuscin accumulation, reflecting incom-
plete degradation of autophagocytosed material, myocardial
aging is characterized by the accretion of extralysosomal
‘waste’ material, including first of all defective mitochondria
that for some reason escape autophagic sequestration. It may
be speculated that these mitochondria are poorly recognized
for autophagy, but this assumption lacks any credible ex-
perimental support. De Grey suggested that mitochondria
harboring DNA mutations (due to oxidation or replicative
errors) and, therefore, poorly respiring and producing de-
creased amounts of ROS, experience only slight oxidative
damage to their membranes. This might make them less
likely to be targeted for autophagy as compared to normal
mitochondria and results in their progressive accumulation
[79]. Yet, this is still a hypothesis. Our study on neonatal rat
cardiac myocytes suggests that enlarged mitochondria
(which may appear due to disturbed mitochondrial fission
secondary to oxidative damage) are autophagocytosed less
efficiently than mitochondria of small sizes, leading to their
progressive accumulation with age [80]. This observation
may explain the accumulation of so-called ‘giant’ mitochon-
dria in aged cardiac myocytes [81] (Fig. (3)).

There are good reasons to believe that in aged cardiac
myocytes and other postmitotic cells, extralysosomal ‘gar-
bage’ accumulation is to a large extent secondary to lipofus-
cin accumulation. Intralysosomal degradation requires a va-
riety of hydrolytic enzymes that are matured in the trans-
Golgi network and then transported away in tiny, coated
vesicles to fuse with late endosomes, which then develop
into lysosomes.

Cytochemical studies on lipofuscin-loaded lysosomes
have shown that such lysosomes contain not only lipofuscin,
but also lysosomal enzymes, indicating that they receive
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Fig. (3). Tentative mechanism of selective accumulation of giant mitochondria. Normal turnover of mitochondria is associated with their
continuous removal by autophagy and fusion/fission, generating new mitochondria and preventing mitochondrial enlargement (a). Mito-
chondrial damage (e.g., by ROS) may lead to disturbed fission and enlargement of certain mitochondria (b). There is a reason to believe that
autophagy of enlarged mitochondria is energy consuming and thus more complicated than that of normal mitochondria. Because of this, a
further mitochondrial enlargement and a progressive amassing of giant dysfunctional mitochondria may take place within long-lived postmi-

totic cells, such as cardiac myocytes.
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their share of newly produced lysosomal enzymes [82]. Con-
sidering the large number of lipofuscin-loaded lysosomes in
aged postmitotic cells, it is reasonable to assume that a ma-
jority of the newly produced lysosomal enzymes end up in
lysosomes that are completely filled with lipofuscin. Because
lipofuscin is non-degradable, such enzymes would be lost to
any meaningful activity [83]. Given that there should be an
upper limit to the possible production of lysosomal enzymes,
such a dysfunctional allocation of lysosomal enzymes would
finally cause a situation when lysosomal digestion would be
hampered by lack of degradation capacity. Resulting from a
predominant transport of newly produced lysosomal hydro-
lases to lipofuscin-loaded lysosomes, being a consequence of
their large number, lysosomes which have not yet accumu-
lated lipofuscin, would lack sufficient enzymes for optimal
digestion. The result would be the accumulation of old and
damaged mitochondria and other cellular ‘waste’ products,
such as misfolded proteins and various materials clumped
together in aggresomes [84]. Indeed, when autophagy is
hampered in experiments, it has been found to result in the
intracellular accumulation of various waste products [85],
while lipofuscin-rich myocardial cells that were aged in vitro
have been found to show signs of disturbed autophagy and
the presence of aged, dysfunctional mitochondria [86].

In support of these ideas are the findings that autophagy
is indeed depressed in aged cells [87-89]. The consequence
is an accumulation of old and damaged mitochondria with
reduced membrane potential and ATP production, but with
increased production of superoxide and hydrogen peroxide
[90, 91]. Such increased oxidative stress in turn may initiate
a cross-talk between mitochondria and the lysosomal com-
partment where lysosomes are induced to leak lytic enzymes
that in turn may further damage mitochondria. Such interplay
between lysosomes and mitochondria may finally induce
apoptosis due to release of lysosomal hydrolases and trunca-
tion of Bid/Bax (see above). This scenario is the basis for our
mitochondrial-lysosomal axis theory of postmitotic aging
and apoptosis [91].

The question regarding harmful effects of lipofuscin on
cellular functions is still somewhat debated. In a recent pa-
per, fibroblasts with elevated quantities of lipofuscin due to
prolonged cultivation of cells in 40% ambient oxygen have
been found increasingly resistant to complete starvation (ex-
posure to phosphate-buffered saline) [92]. It should be
pointed out that cultivation of cells in 40% oxygen (mild
oxidative stress) makes them more resistant to oxidative
damage that occurs during starvation. Cells with low lipofus-
cin content (used as controls) were not exposed to 40% oxy-
gen and, therefore, a higher resistance of lipofuscin-rich cells
to starvation could rather depend on preconditioning to oxi-
dative stress than on lipofuscin per se [93]. Our earlier ob-
servations, in which fibroblasts from same culture dishes but
with different lipofuscin content were compared, demon-
strated decreased resistance of lipofuscin-rich cells to amino
acid starvation [21] or acute oxidative stress [94].

Progressive damage to mitochondria and lysosomes de-
creases the adaptability of cardiac myocytes and enhances
their sensitivity to injury, which is consistent with a growing
incidence of cardiomyopathies and heart failure with advanc-
ing age [95, 96]. Heart insufficiency develops much faster if
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lysosomes or mitochondria are already affected, for example
as a result of lysosomal storage diseases or mitochon-
driopathies. Lysosomal storage diseases, such as the Fabry,
Pompe, or Danon diseases, are associated with hereditary
defects in genes coding for lysosomal enzymes or other pro-
teins involved in lysosomal degradation, resulting in de-
creased autophagic turnover and a dramatic accumulation of
intralysosomal ‘waste’ material [97-99]. In agreement with
the scenario suggested in the mitochondrial-lysosomal axis
theory, postmitotic cells affected by lysosomal storage dis-
eases have been shown to contain increased amounts of de-
fective, quasi-senescent, giant mitochondria [100, 101]. In
mitochondrial cardiomyopathies, which are associated with
mutations in mitochondrial DNA, cardiac myocytes accumu-
late large numbers of dysfunctional, usually enlarged mito-
chondria [102]. We speculate that these changes may be as-
sociated with insufficient mitochondrial autophagy, as de-
scribed above (Fig. (3)), although this possibility has never
been investigated.

In late hemochromatosis, when myocardial cells are
overwhelmed by accumulating iron and most ferritin is al-
most fully iron-saturated, autophagy exacerbates the situa-
tion rather than mitigates it, as autophagy of completely iron-
saturated ferritin releases, rather than binds lysosomal redox-
active iron. This might explain the often sudden onset of
cardiac and liver failure in progressive hemochromatosis
when probably most ferritin is iron-saturated. In support of
this hypothesis, we recently found that endocytotic uptake of
fully iron-saturated ferritin considerably sensitized lysosomes
to oxidative stress, while endocytosis of apo-ferritin and non
iron-saturated ferritin had the opposite effect (Kurz et al. in
preparation).

It is well known that aged hearts are more sensitive to
oxidative stress, e.g. during ischemia/reperfusion, than young
ones [103]. Previously, we showed that lipofuscin-loaded
cells in culture were sensitized to oxidative stress, something
that was considered an effect of the high iron-content of lipo-
fuscin [94]. In support of this idea, it has recently been
shown that the higher sensitivity to ischemia/reperfusion of
old hearts compared to young ones can be substantially ame-
liorated by perfusion with iron-chelators [103]. Reperfusion
of ischemic organs causes substantial oxidative stress with
resulting lysosomal damage due to intralysosomal peroxida-
tive processes, followed by destabilization of the lysosomal
membranes. This can be effectively counteracted by water or
lipid-soluble iron-chelators that penetrate into lysosomes and
bind their content of low-mass-iron compounds into a non-
redox active form [104, 105]. Since it seems that oxidative
stress, such as ischemia/reperfusion, damages cells and tis-
sues mainly because of oxidative stress-induced lysosomal
injury, with resulting apoptosis/necrosis, we suggest that
low-molecular-weight iron chelators, such as salicylaldehyde
isonicotinoyl hydrazone (STH) [105-107] or 1,2-dimethyl-3-
hydroxypyridin-4-one (deferiprone, L1, CP20) [108, 109]
that easily penetrate cellular membranes should be added to
preservation solutions. Then, hopefully, heart, liver, kidney,
etc. transplants might survive longer in vitro and have im-
proved viability after transplantation. Furthermore, similar
chelators could be formulated into therapeutic intravenous
solutions for emergency treatment of myocardial infarction,
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brain ischemia, and brain hemorrhage. Moreover, repeated
iron chelation could prevent or slow down formation of un-
degradable material intralysosomally and might therefore
serve as an aging intervention strategy.

CONCLUSION

Taken together, there seems to be substantial evidence to
support the hypothesis that the high accumulation of lipofus-
cin found in myocardial and other postmitotic cells at the
very end of all animals’ lifespans hampers normal autophagy
and results in the intracellular concentration of aged and mal-
functioning mitochondria, misfolded proteins, and other
waste products that together appear to have a destructive
effect on the performance and survival of such cells. The
high concentration of low-mass-iron that seems to be loosely
bound to lipofuscin also induces an increased sensitivity of
lipofuscin-loaded lysosomes to oxidative stress.

ACKNOWLEDGEMENT

The excellent linguistic advice by Stephen Hampson is
gratefully acknowledged.

REFERENCES

[1] Grote J. In Schmidt RF, Thews G Eds. Human Physiology. Berlin,
Springer-Verlag 1989; 598-613.

2] Anversa P, Palackal T, Sonnenblick EH, Olivetti G, Meggs LG,
Capasso JM. Myocyte cell loss and myocyte cellular hyperplasia in
the hypertrophied aging rat heart. Circ Res 1990; 67: 871-85.

3] Terman A, Gustafsson B, Brunk UT. Autophagy, organelles and
ageing. J Pathol 2007; 211: 134-43.

[4] Terman A, Brunk UT. Is aging the price for memory? Biogerontol-
ogy 2005; 6: 205-10.

[5] Kunapuli S, Rosanio S, Schwarz ER. "How do cardiomyocytes
die?" apoptosis and autophagic cell death in cardiac myocytes. J
Card Fail 2006; 12: 381-91.

[6] Hamacher-Brady A, Brady NR, Gottlieb RA. The interplay be-
tween pro-death and pro-survival signaling pathways in myocardial
ischemia/reperfusion injury: apoptosis meets autophagy. Cardio-
vasc Drugs Ther 2006; 20: 445-62.

[7] Sohal RS. Role of oxidative stress and protein oxidation in the
aging process. Free Radic Biol Med 2002; 33: 37-44.

[8] Shigenaga MK, Hagen TM, Ames BN. Oxidative damage and
mitochondrial decay in aging. Proc Natl Acad Sci U S A 1994; 91:
10771-8.

[9] Harman D. Aging: a theory based on free radical and radiation
chemistry. J Gerontol 1956; 211: 298-300.

[10] Cadenas E, Davies KJ. Mitochondrial free radical generation, oxi-
dative stress, and aging. Free Radic Biol Med 2000; 29: 222-30.

[11] Barja G. Rate of generation of oxidative stress-related damage and
animal longevity. Free Radic Biol Med 2002; 33: 1167-72.

[12] Zhang M, Rosen JM. Stem cells in the etiology and treatment of
cancer. Curr Opin Genet Dev 2006; 16: 60-4.

[13] Klionsky DJ, Emr SD. Autophagy as a regulated pathway of cellu-
lar degradation. Science 2000; 290: 1717-21.

[14] Cuervo AM. Autophagy: many paths to the same end. Mol Cell
Biochem 2004; 263: 55-72.

[15] Cuervo AM, Bergamini E, Brunk UT, Droge W, Ffrench M, Ter-
man A. Autophagy and aging: the importance of maintaining
"clean" cells. Autophagy 2005; 1: 131-40.

[16] Yorimitsu T, Klionsky DJ. Autophagy: molecular machinery for
self-eating. Cell Death Differ 2005; 12 Suppl 2: 1542-52.

[17] Klionsky DJ, Cregg JM, Dunn WA, ef al. A unified nomenclature
for yeast autophagy-related genes. Dev Cell 2003; 5: 539-45.

[18] Takagi H, Matsui Y, Sadoshima J. The role of autophagy in medi-
ating cell survival and death during ischemia and reperfusion in the
heart. Antioxid Redox Signal 2007; 9: 1373-81.

[19] Nakai A, Yamaguchi O, Takeda T, et al. The role of autophagy in
cardiomyocytes in the basal state and in response to hemodynamic
stress. Nat Med 2007; 13: 619-24.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]

[43]

[44]
[45]

[46]

[47]

Current Cardiology Reviews, 2008, Vol. 4, No. 2 113

Terman A, Brunk UT. Autophagy in cardiac myocyte homeostasis,
aging, and pathology. Cardiovasc Res 2005; 68: 355-65.

Terman A, Dalen H, Brunk UT. Ceroid/lipofuscin-loaded human
fibroblasts show decreased survival time and diminished auto-
phagocytosis during amino acid starvation. Exp Gerontol 1999; 34:
943-57.

Seglen PO, Gordon PB. 3-Methyladenine: specific inhibitor of
autophagic/lysosomal protein degradation in isolated rat hepato-
cytes. Proc Natl Acad Sci U S A 1982; 79: 1889-92.

Ohshita T, Kominami E, Ii K, Katunuma N. Effect of starvation
and refeeding on autophagy and heterophagy in rat liver. J Bio-
chem (Tokyo) 1986; 100: 623-32.

de Waal EJ, Vreeling-Sindelarova H, Schellens JP, James J. Starva-
tion-induced microautophagic vacuoles in rat myocardial cells. Cell
Biol Int Rep 1986; 10: 527-33.

Wohlgemuth SE, Julian D, Akin DE, et al. Autophagy in the Heart
and Liver During Normal Aging and Calorie Restriction. Rejuvena-
tion Res 2007.

Decker RS, Wildenthal K. Lysosomal alterations in hypoxic and
reoxygenated hearts. I. Ultrastructural and cytochemical changes.
Am J Pathol 1980; 98: 425-44.

Yan L, Vatner DE, Kim SJ, et al. Autophagy in chronically
ischemic myocardium. Proc Natl Acad Sci U S A 2005; 102:
13807-12.

Yan L, Sadoshima J, Vatner DE, Vatner SF. Autophagy: a novel
protective mechanism in chronic ischemia. Cell Cycle 2006; 5:
1175-7.

Matsui Y, Takagi H, Qu X, et al. Distinct roles of autophagy in the
heart during ischemia and reperfusion: roles of AMP-activated pro-
tein kinase and Beclin 1 in mediating autophagy. Circ Res 2007;
100: 914-22.

Valentim L, Laurence KM, Townsend PA, et al. Urocortin inhibits
Beclinl-mediated autophagic cell death in cardiac myocytes ex-
posed to ischaemia/reperfusion injury. J Mol Cell Cardiol 2006; 40:
846-52.

Fengsrud M, Sneve ML, Overbye A, Seglen PO. In: Klionsky DJ
Ed, Autophagy. Georgetown, TX, Landes Bioscience 2004; 11-25.
Tanida I, Ueno T, Kominami E. LC3 conjugation system in mam-
malian autophagy. Int J Biochem Cell Biol 2004; 36: 2503-18.
Noda T, Suzuki K, Ohsumi Y. Yeast autophagosomes: de novo
formation of a membrane structure. Trends Cell Biol 2002; 12:
231-5.

Dice JF. Peptide sequences that target cytosolic proteins for
lysosomal proteolysis. Trends Biochem Sci 1990; 15: 305-9.
Cuervo AM, Dice JF. A receptor for the selective uptake and deg-
radation of proteins by lysosomes. Science 1996; 273: 501-3.
Massey AC, Zhang C, Cuervo AM. Chaperone-mediated auto-
phagy in aging and disease. Curr Top Dev Biol 2006; 73: 205-35.
Bursch W. The autophagosomal-lysosomal compartment in pro-
grammed cell death. Cell Death Differ 2001; 8: 569-81.

Edinger AL, Thompson CB. Death by design: apoptosis, necrosis
and autophagy. Curr Opin Cell Biol 2004; 16: 663-9.

Shintani T, Klionsky DJ. Autophagy in health and disease: a dou-
ble-edged sword. Science 2004; 306: 990-5.

Mitra AK, Dhume AS, Agrawal DK. "Vulnerable plaques"--ticking
of the time bomb. Can J Physiol Pharmacol 2004; 82: 860-71.
Kumar S. Caspase function in programmed cell death. Cell Death
Differ 2007; 14: 32-43.

Riedl SJ, Salvesen GS. The apoptosome: signalling platform of cell
death. Nat Rev Mol Cell Biol 2007; 8: 405-13.

Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological
phenomenon with wide-ranging implications in tissue kinetics. Br J
Cancer 1972; 26: 239-57.

Brunk UT, Neuzil J, Eaton JW. Lysosomal involvement in apopto-
sis. Redox Rep 2001; 6: 91-7.

Terman A, Kurz T, Gustafsson B, Brunk UT. Lysosomal labiliza-
tion. [IUBMB Life 2006; 58: 531-9.

Cirman T, Oresic K, Mazovec GD, et al. Selective disruption of
lysosomes in HeLa cells triggers apoptosis mediated by cleavage of
Bid by multiple papain-like lysosomal cathepsins. J Biol Chem
2004; 279: 3578-87.

Feldstein AE, Werneburg NW, Li Z, Bronk SF, Gores GJ. Bax
inhibition protects against free fatty acid-induced lysosomal per-
meabilization. Am J Physiol Gastrointest Liver Physiol 2006; 290:
G1339-46.



114 Current Cardiology Reviews, 2008, Vol. 4, No. 2

(48]

[49]

[50]

(511

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

(61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

Li W, Yuan X, Nordgren G, et al. Induction of cell death by the
lysosomotropic detergent MSDH. FEBS Lett 2000; 470: 35-9.
Kagedal K, Zhao M, Svensson I, Brunk UT. Sphingosine-induced
apoptosis is dependent on lysosomal proteases. Biochem J 2001;
359:335-43.

Antunes F, Cadenas E, Brunk UT. Apoptosis induced by exposure
to a low steady-state concentration of H,O, is a consequence of
lysosomal rupture. Biochem J 2001; 356: 549-55.

Miyawaki H. Histochemistry and Electron Microscopy of Iron-
Containing Granules, Lysosomes, and Lipofuscin in Mouse Mam-
mary Glands. J Natl Cancer Inst 1965; 34: 601-23.

Brun A, Brunk U. Histochemical indications for lysosomal local-
ization of heavy metals in normal rat brain and liver. J Histochem
Cytochem 1970; 18: 820-7.

Schraufstitter I, Hyslop PA, Jackson JH, Cochrane CG. Oxidant-
induced DNA damage of target cells. J Clin Invest 1988; 82: 1040-
50.

Sakaida I, Kyle ME, Farber JL. Autophagic degradation of protein
generates a pool of ferric iron required for the killing of cultured
hepatocytes by an oxidative stress. Mol Pharmacol 1990; 37: 435-
42.

Levine B, Klionsky DJ. Development by self-digestion: molecular
mechanisms and biological functions of autophagy. Dev Cell 2004;
6:463-717.

Baird SK, Kurz T, Brunk UT. Metallothionein protects against
oxidative stress-induced lysosomal destabilization. Biochem J
2006; 394: 275-83.

Nilsson E, Ghassemifar R, Brunk UT. Lysosomal heterogeneity
between and within cells with respect to resistance against oxida-
tive stress. Histochem J 1997; 29: 857-65.

Tenopoulou M, Doulias PT, Barbouti A, Brunk U, Galaris D. Role
of compartmentalized redox-active iron in hydrogen peroxide-
induced DNA damage and apoptosis. Biochem J 2005; 387: 703-
10.

Zdolsek JM, Roberg K, Brunk UT. Visualization of iron in cultured
macrophages: a cytochemical light and electron microscopic study
using autometallography. Free Radic Biol Med 1993; 15: 1-11.

Yu Z, Persson HL, Eaton JW, Brunk UT. Intralysosomal iron: a
major determinant of oxidant-induced cell death. Free Radic Biol
Med 2003; 34: 1243-52.

Nylandsted J, Gyrd-Hansen M, Danielewicz A, et al. Heat shock
protein 70 promotes cell survival by inhibiting lysosomal mem-
brane permeabilization. J Exp Med 2004; 200: 425-35.

Janssen AM, van Duijn W, Kubben FJ, et al. Prognostic signifi-
cance of metallothionein in human gastrointestinal cancer. Clin
Cancer Res 2002; 8: 1889-96.

Joseph MG, Banerjee D, Kocha W, Feld R, Stitt LW, Cherian MG.
Metallothionein expression in patients with small cell carcinoma of
the lung: correlation with other molecular markers and clinical out-
come. Cancer 2001; 92: 836-42.

Kakolyris S, Giatromanolaki A, Koukourakis M, et al. Thioredoxin
expression is associated with lymph node status and prognosis in
early operable non-small cell lung cancer. Clin Cancer Res 2001; 7:
3087-91.

Kurz T, Terman A, Brunk UT. Autophagy, ageing and apoptosis:
the role of oxidative stress and lysosomal iron. Arch Biochem Bio-
phys 2007; 462: 220-30.

Pattingre S, Tassa A, Qu X, ef al. Bcl-2 antiapoptotic proteins
inhibit Beclin 1-dependent autophagy. Cell 2005; 122: 927-39.
Miyata S, Takemura G, Kawase Y, ef al. Autophagic cardiomyo-
cyte death in cardiomyopathic hamsters and its prevention by
granulocyte colony-stimulating factor. Am J Pathol 2006; 168:
386-97.

Knaapen MW, Davies MJ, De Bie M, Haven AJ, Martinet W,
Kockx MM. Apoptotic versus autophagic cell death in heart failure.
Cardiovasc Res 2001; 51: 304-12.

Hein S, Arnon E, Kostin S, ef al. Progression from compensated
hypertrophy to failure in the pressure-overloaded human heart:
structural deterioration and compensatory mechanisms. Circulation
2003; 107: 984-91.

Kostin S, Pool L, Elsasser A, et al. Myocytes die by multiple
mechanisms in failing human hearts. Circ Res 2003; 92: 715-24.
Terman A, Brunk UT. Lipofuscin. Int J Biochem Cell Biol 2004;
36: 1400-4.

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]
[84]

[85]

[86]

[87]

[88]

[89]

[90]

[9o1]

[92]

[93]

[94]

[95]

[96]

Terman et al.

Nakano M, Oenzil F, Mizuno T, Gotoh S. Age-related changes in
the lipofuscin accumulation of brain and heart. Gerontology 1995;
41 Suppl 2: 69-79.

Brunk UT, Terman A. Lipofuscin: mechanisms of age-related
accumulation and influence on cell function. Free Radic Biol Med
2002;33:611-9.

Collins VP, Arborgh B, Brunk U, Schellens JP. Phagocytosis and
degradation of rat liver mitochondria by cultivated human glial
cells. Lab Invest 1980; 42: 209-16.

Terman A, Gustafsson B, Brunk UT. Mitochondrial damage and
intralysosomal degradation in cellular aging. Mol Aspects Med
2006; 27: 471-82.

Brunk U. Distribution and shifts of ingested marker particles in
residual bodies and other lysosomes. Studies on in vitro cultivated
human glia cells in phase II and 3. Exp Cell Res 1973; 79: 15-27.
Terman A, Brunk UT. Ceroid/lipofuscin formation in cultured
human fibroblasts: the role of oxidative stress and lysosomal prote-
olysis. Mech Ageing Dev 1998; 104: 277-91.

Terman A, Brunk UT. On the degradability and exocytosis of
ceroid/lipofuscin in cultured rat cardiac myocytes. Mech Ageing
Dev 1998; 100: 145-56.

de Grey AD. A proposed refinement of the mitochondrial free
radical theory of aging. Bioessays 1997; 19: 161-6.

Terman A, Dalen H, Eaton JW, Neuzil J, Brunk UT. Mitochondrial
recycling and aging of cardiac myocytes: the role of autophagocy-
tosis. Exp Gerontol 2003; 38: 863-76.

Sachs HG, Colgan JA, Lazarus ML. Ultrastructure of the aging
myocardium: a morphometric approach. Am J Anat 1977; 150: 63-
71.

Brunk U, Ericsson JL. Electron microscopical studies on rat brain
neurons. Localization of acid phosphatase and mode of formation
of lipofuscin bodies. J Ultrastruct Res 1972; 38: 1-15.

Terman A. Garbage catastrophe theory of aging: imperfect removal
of oxidative damage? Redox Rep 2001; 6: 15-26.

Terman A, Brunk UT. Oxidative stress, accumulation of biological
'garbage’, and aging. Antioxid Redox Signal 2006; 8: 197-204.
Stroikin Y, Dalen H, Loof S, Terman A. Inhibition of autophagy
with 3-methyladenine results in impaired turnover of lysosomes
and accumulation of lipofuscin-like material. Eur J Cell Biol 2004,
83:583-90.

Terman A, Dalen H, Eaton JW, Neuzil J, Brunk UT. Aging of
cardiac myocytes in culture: oxidative stress, lipofuscin accumula-
tion, and mitochondrial turnover. Ann N Y Acad Sci 2004; 1019:
70-7.

Martinez-Vicente M, Cuervo AM. Autophagy and neurodegenera-
tion: when the cleaning crew goes on strike. Lancet Neurol 2007; 6:
352-61.

Bergamini E, Cavallini G, Donati A, Gori Z. The role of mac-
roautophagy in the ageing process, anti-ageing intervention and
age-associated diseases. Int J Biochem Cell Biol 2004; 36: 2392-
404.

Terman A. The effect of age on formation and elimination of
autophagic vacuoles in mouse hepatocytes. Gerontology 1995; 41
(Suppl 2): 319-26.

Brunk UT, Terman A. The mitochondrial-lysosomal axis theory of
aging: accumulation of damaged mitochondria as a result of imper-
fect autophagocytosis. Eur J Biochem 2002; 269: 1996-2002.
Terman A, Gustafsson B, Brunk UT. The lysosomal-mitochondrial
axis theory of postmitotic aging and cell death. Chem Biol Interact
2006; 163: 29-37.

Stroikin Y, Johansson U, Asplund S, Ollinger K. Increased resis-
tance of lipofuscin-loaded prematurely senescent fibroblasts to
starvation-induced programmed cell death. Biogerontology 2007
8:43-53.

Brunk UT. Growing cells at 40% ambient oxygen conditions them
to subsequent oxidative stress. Biogerontology 2007; 8: 619-20.
Terman A, Abrahamsson N, Brunk UT. Ceroid/lipofuscin-loaded
human fibroblasts show increased susceptibility to oxidative stress.
Exp Gerontol 1999; 34: 755-70.

Codd MB, Sugrue DD, Gersh BJ, Melton LJ, 3rd. Epidemiology of
idiopathic dilated and hypertrophic cardiomyopathy. A population-
based study in Olmsted County, Minnesota, 1975-1984. Circulation
1989; 80: 564-72.

Kannel WB. Incidence and epidemiology of heart failure. Heart
Fail Rev 2000; 5: 167-73.



The Involvement of Lysosomes in Myocardial Aging and Disease

[97] Uchino M, Uyama E, Kawano H, et al. A histochemical and electron
microscopic study of skeletal and cardiac muscle from a Fabry disease
patient and carrier. Acta Neuropathol (Berl) 1995; 90: 334-8.

[98] Tanaka Y, Guhde G, Suter A, et al. Accumulation of autophagic
vacuoles and cardiomyopathy in LAMP-2-deficient mice. Nature
2000; 406: 902-6.

[99] Raben N, Fukuda T, Gilbert AL, et al. Replacing acid alpha-
glucosidase in Pompe disease: recombinant and transgenic en-
zymes are equipotent, but neither completely clears glycogen from
type II muscle fibers. Mol Ther 2005; 11: 48-56.

[100] Verity MA. Infantile Pompe's disease, lipid storage, and partial
carnitine deficiency. Muscle Nerve 1991; 14: 435-40.

[101]  Yu W, Gong JS, Ko M, Garver WS, Yanagisawa K, Michikawa M.
Altered cholesterol metabolism in Niemann-Pick type CI mouse
brainsaffects mitochondrial function. J Biol Chem 2005;280: 11731-9.

[102] Marin-Garcia J, Goldenthal MJ, Moe GW. Mitochondrial pathol-
ogy in cardiac failure. Cardiovasc Res 2001; 49: 17-26.

[103] Tanguy S, de Leiris J, Besse S, Boucher F. Ageing exacerbates the
cardiotoxicity of hydrogen peroxide through the Fenton reaction in
rats. Mech Ageing Dev 2003; 124: 229-35.

Received: 03 January, 2008 Revised: 04 March, 2008 Accepted: 12 March, 2008

[104]

[105]

[106]

[107]

[108]

[109]

Current Cardiology Reviews, 2008, Vol. 4, No. 2 115

Kurz T, Leake A, Von Zglinicki T, Brunk UT. Relocalized redox-
active lysosomal iron is an important mediator of oxidative-stress-
induced DNA damage. Biochem J 2004; 378: 1039-45.

Kurz T, Gustafsson B, Brunk UT. Intralysosomal iron chelation
protects against oxidative stress-induced cellular damage. FEBS J
2006; 273: 3106-17.

Vitolo LMW, Hefter GT, Clare BW, Webb J. Iron chelators of the
pyridoxal isonicotinoyl hydrazone class. Part II. Formation-
constants with iron(III) and iron(II). Inorg Chim Acta 1990; 170:
171-6.

Simunek T, Boer C, Bouwman RA, et al. SIH--a novel lipophilic
iron chelator--protects H9¢2 cardiomyoblasts from oxidative stress-
induced mitochondrial injury and cell death. J Mol Cell Cardiol
2005; 39: 345-54.

Kontoghiorghes GJ, Aldouri MA, Sheppard L, Hoffbrand AV. 1,2-
Dimethyl-3-hydroxypyrid-4-one, an orally active chelator for
treatment of iron overload. Lancet 1987; 1: 1294-5.

Liu ZD, Liu DY, Hider RC. Iron chelator chemistry. Adv Exp Med
Biol 2002; 509: 141-66.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


