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Mechanisms of lysosomal proteases participating in cerebral ischemia-
induced neuronal death
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Abstract: There are three different types of cell death, including apoptosis (Type 1), autophagic cell death (Type II), and
necrosis (Type III). Ischemic neuronal death influences stroke development and progression. Lysosomes are important
organelles having an acidic milieu to maintain cellular metabolism by degrading unneeded extra- and intracellular substances.
Lysosomal enzymes, including cathepsins and some lipid hydrolases, when secreted following rupture of the lysosomal
membrane, can be very harmful to their environment, which results in pathological destruction of cellular structures. Since
lysosomes contain catalytic enzymes for degrading proteins, carbohydrates and lipids, it seems natural that they should
participate in cellular death and dismantling. In this review, we discuss the recent developments in ischemic neuronal death,
and present the possible molecular mechanisms that the lysosomal enzymes participate in the three different types of cell
death in ischemic brain damage. Moreover, the research related to the selective cathepsin inhibitors may provide a novel

therapeutic target for treating stroke and promoting recovery.
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ther cellular damage when released into the cytoplasm.
2 Lysosomes and lysosomal enzymes

Lysosomes were first described in 1955 by de Duve and
his collaborators—a discovery that led to the Nobel prize
award—as intracytoplasmic organelles full of acid hydro-

lases and surrounded by a single membrane. Lysosomes,
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which are the major machinery for recycling intra- and extra-
cellular material, have long been regarded as “suicide bags”.
For this purpose, lysosomes contain numerous enzymes—
probably more than fifty—allowing for degradation of
proteins, nucleic acids, polysaccharides, lipids and their
conjugates.

Lysosomal acidic hydrolases comprise a variety of
proteases, nucleases, glycosidases, sulfatases and lipases.
The main class of lysosomal proteases is represented by the
cathepsins. They are subdivided into three subgroups ac-
cording to the amino acid of their active sites that confer
catalytic activity: cysteine (cathepsins B, C, F, H, K, L, N, O,
S, T, U, W and X)), aspartyl (cathepsins D and E) and serine
cathepsins (cathepsins A and G)Pl. Cathepsins B and L are
major lysosomal cysteine proteases of neurons that might be

important in the intracellular protein catabolism!.
3 Lysosomal rupture during cerebral ischemia

3.1 Spreading of lysosomal enzyme into the cytoplasm The
lysosomal membrane is known to be a physical barrier that
prevents hydrolytic enzymes from digesting the cell’s own
cytoplasm. The spreading of hydrolytic enzymes from lyso-
somes into the cytoplasm due to the lysosomal membrane
becoming injured or ruptured, has been suggested in differ-
ent animal models of cerebral ischemia. For example, it has
been well documented that increases in immunoreactivity of
cathepsins B, H and L in the CA1 pyramidal neurons were
observed 3 d in an experiment with a gerbil with brief fore-
brain ischemia, where cathepsin B was localized in an in-
creased volume of lysosomes and autophagic vacuolesPl.
Seyfried D et al. demonstrated that increased cathepsin B
immunoreactivity was detected exclusively within the is-
chemic neurons after 2 h of reperfusion following a 2-h middle
cerebral artery occlusion (MCAO) in rats!®. Benchoua A
et al. reported that cytoplasmic activation of cathepsin B
was an early event after a distal and permanent middle cere-
bral artery occlusion (pMCAO), and immunohistochemistry
revealed the colocalization of cathepsin B with caspase-1
and caspase-11 in cells of the infarct corel™. Tsubokawa T ef al.
showed that an initial rise in calpain and cathepsin B activity
was detected as early as 2 h after the reperfusion in the peri-
infarct penumbra cortex and the activation of MMP-9, calpain,
and cathepsin B were extensively colocalized in both the
neuronal cells and the neurovascular structures 24 h after

the MCAO insult in rats'®).

3.2 Mechanism of lysosomal leakage So far, the cause and
mechanisms of lysosomal rupture or destabilization are not
yet completely understood. One of the molecules that have
been shown to regulate lysosomal membrane permeabilization
(LMP) is sphingosine. Given lysosomal (potential) detergent
and lysosomotropic properties, the sphingosine accumulated
in lysosomes could permeabilize lysosomal membranes and
facilitate the relocation of some lysosomal proteases to the
cytosol. In addition, sphingosine has been shown to cause
LMP and cell death in a dose-dependent manner. Sphingosine
induces partial lysosomal rupture and apoptosis at low-to-
moderate concentrations (<20 umol/L), and extensive lyso-
somal rupture and necrosis at high concentration (> 20 umol/L)P".

Another explanation for triggering lysosomal rupture
implicates the generation of reactive oxygen species (ROS).
The intracellular Ca** elevation activates phospholipase A2
(PLA2). This enzyme liberates the unsaturated fatty acid
arachidonic acid and thus initiates the formation of free radi-
cals via the cyclooxygenase and lipoxygenase pathways,
causing lipid peroxidation of subcellular membranes''?!. Tlekel H
et al. observed that severe ischemia reperfusion caused lipid
peroxidation in cellular membranes and disruption of lysoso-
mal membranes!'!l.

It has been proposed that the rise of intracellular cal-
cium during ischemia activates p-calpain located at the lyso-
somal membranes which breaks down lysosomal membranes
releasing cathepsin B and L into the cytoplasm, causing deg-
radation of cellular components!'?.

The translocation of pro-apoptotic members of the Bcl-2
family into the lysosomal membrane might be an alternative
mechanism of lysosomal rupture. Kagedal K ef al. reported
that Bax, a pro-apoptotic Bcl-2 member, could translocate to
the lysosomal membranes in response to staurosporine treat-
ment and promote the release of lysosomal enzymes into the
cytosol!3). On the other hand, it was shown that Bel-2, an
anti-apoptotic protein, was able to inhibit oxidative stress-
induced apoptosis by blocking lysosomal rupturet!+!3],

Finally, the possibility that lysosomal proteases them-
selves may permeate the lysosomal membrane cannot be ruled
out. Indeed, after TNF—o treatment lysosomal leakage is
strongly decreased in cathepsin B-deficient cells!'®),
Moreover, the serine protease inhibitor Spi2A, which also

inhibits cathepsin B, partially blocks lysosomal membrane
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leakage!'".
The further study should clarify whether these differ-
ent mechanisms play an active role in lysosomal rupture and

how they are controlled.

4 Lysosome and lysosomal enzymes contribute
to different modes of neuronal death in cerebral

ischemia

While accumulating experimental evidences suggest the
involvement of lysosomes or lysosomal constituents in some
cell death programmes, the molecular mechanisms that un-
derlie the action of these organelles or components in the
death cascades are not yet fully understood. Several mecha-
nisms have been proposed that may connect “the lysosomal
pathway(s)” of cell death to other well-documented death
pathwayst!.

4.1 Ischemic neuronal death: necrosis and apoptosis Both
necrotic and apoptotic cell death mechanisms are activated
after cerebral ischemia. Studies have shown that most
apoptotic neurons are distributed in the penumbra while neu-
rons in the core region die of necrosis. In addition, both
apoptotic and necrotic death pathways occur in the same
cell or appear in discrete cell groups, e.g. large chromatin
clump, nuclear condensation/fragmentation, and swollen
cytoplasm, damaged organelles and deteriorated membranes
co-exist in the same neuron after transient and pMCAO mod-
els in rats('$-20,

4.1.1 The role of lysosomes in necrosis Up to now, we know
very little about the mechanism of necrosis. We usually de-
fine necrosis as caspase-independent cell death that occurs
under certain normal physiological and pathological
conditions. The “calpain-cathepsin” hypothesis was pro-
posed to explain necrotic cell death after ischemic brain injury.
Using a monkey model of 20 min whole brain complete
ischemia, Yamashima T ef al. provided direct evidence of
CA1-specific calpain, which was activated by intracellular
Ca*" overload, prior to occurrence of ischemic neuronal death!'.
Furthermore, immunoelectron microscopy revealed that acti-
vated p-calpain was localized at the vacuolated or disrupted
membrane of lysosomes at the subcellular level. These data
taken together suggested that excessive calpain activation
in the postischemic CA 1 neurons might had caused lysoso-
mal membrane disruption which was confirmed by electron

microscopy™. Studies with the synthetic lysosomotropic

detergent MSDH indicated that the key factor in determining
the type of cell death was the magnitude of lysosomal mem-
brane permeabilization and the amount of proteolytic enzymes
released into the cytosol. Of note, a necrotic cell death can
be triggered by a too strong LMPP!. However, since the
identities of cathepsins involved in executing mammalian
necrosis are unclear, a direct involvement of lysosomes in
necrosis must also be viewed as tentative.

4.1.2 The role of lysosomes in apoptosis The role of lysos-
omes in what we today call programmed cell death (PCD) or
apoptosis was initially suggested by Christian de Duve who
nicknamed the organelles that he and his coworkers had re-
cently discovered “suicidal bags”?. It is widely accepted
that cysteine proteases, called caspases, are crucially impor-
tant as executors of apoptosis. Among the identified caspases,
caspase-3 is a potent effector of apoptosis in a variety of cell
types, and promotes neuronal death during ischemic brain
injury.

Recently, loss of mitochondrial or lysosomal barrier func-
tion during ischemic neuronal damage is supposed to play
an important role in making certain caspases to participate in
apoptosis. Oxidative stress has been demonstrated to cause
destabilization of lysosomal membranes. Lysosomal enzymes
may induce mitochondrial permeability transition (MPT) ei-
ther directly or indirectly, through proteolytic activation of
phospholipases or the Bcl-2 family members Bid, Bax and
Bak. Cysteine proteases, such as cathepsins B, H and L,
have been shown to cleave Bid which in its truncated form
translocated to mitochondria resulting in Bax/Bak activation,
while cathepsin D has been reported to activate both Bid and
Bax[?26, Consequently, pro-apoptotic mitochondrial factors
such as cytochrome c, apoptosis inducing factor (AIF) and
Smac/DIABLO release into the cytosole!?*?3). Cytochrome ¢
induces ATP- or dATP-dependent formation of a complex of
proteins such as the ced-4 homolog Apaf-1, and caspase-9
(Apaf-3) that results in the proteolytic activation of pro-
caspase-3[27-281,

Lysosomal cysteine proteases are believed to be in-
volved in in neuronal apoptosis. For instance, Nitatori T ez al.
reported that cathepsins B, H and L underwent increased
expression in the ischemic CA1 neurons experiencing de-
layed shrinkage and chromatin condensation, suggesting
that these enzymes may participate in the cytoskeletal break-
down and DNA fragmentation, which is a characteristic of
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apoptotic neuronal death following transient ischemia in
gerbilsPl. Benchoua A et al. showed that cytoplasmic activa-
tion of cathepsin B was observed from the early stages of
MCAQO, and displayed an activation pattern parallel to the
activation pattern of caspase-1 and caspase-117. Unal-Cevik
I et al. demonstrated that an early and concurrent increase in
caspase-3 and cathepsin-B activities was followed by an
appearance of caspase-cleavage products, DNA frag-
mentation, which suggested that apoptotic cell death were
activated in ischemic neurons after four hours in pMCAO
models in mouse!". In addition, our lab reported that cathe-
psin B participated in kainic acid (KA)-induced neuronal
apoptosis. Furthermore, inhibition of cathepsin B by Z-FA-
FMK attenuated KA-induced striatal damage, as measured
both by the amount of DNA fragmentation and by the lesion
size®. In brief, the present studies support the hypothesis
that lysosomal enzymes are involved in apoptosis induced
by cerebral ischemia.

4.2 The role of lysosomes in autophagy It should be pointed
out that lysosomes are also involved in so-called autophagic
cell death. Autophagy (Greek, “self eating”), which includes
macroautophagy, microautophagy, and chaperone-mediated
autophagy, is an intracellular lysosome-mediated catabolic
mechanism that is responsible for the bulk degradation and
recycling of damaged or dysfunctional cytoplasmic compo-
nents and intracellular organellesi®®. Autophagy is an evolu-
tionarily ancient cellular response to both extracellular stress
conditions (nutrient deprivation, hypoxia) and intracellular
stress conditions (accumulation of damaged organelles and
cytoplasmic components) that allows lower eukaryotic or-
ganisms such as yeast to survive nutrient starvation condi-
tions by recycling. It is characterized by sequestration of
bulk cytoplasm and organelles in double or multimembrane
autophagic vesicles. All autophagic vacuoles eventually fuse
with lysosomes, which provide hydrolases as degradating
enzymes. Visualization of autophagic vesicles by an electron
microscopy is the best way to show that autophagy is taking
place. The involvement of autophagy in ischemic brain has
only recently been described. In 1995, Nitatori T ef al. were
the first to show that the density of cathepsin B-positive
lysosomes and autophagic vacuole-like structures markedly
increased 3 d after ischemic insult®). This suggested that the
cathepsin B-immunopositive lysosomes that increased in the

neurons after brief ischemia in gerbils were mostly

autolysosomes. Zhu C ef al. observed that increased LC3-I1
(autophagosome-related marker) levels were detected as early
as 8 h, much more pronounced at 24 h and 72 h after hypoxic-
ischemia, and that the activation of autophagy, as judged by
the recruitment of LC3-II, was three times more pronounced
in the adult brains compared with those in the immature brains®'.
Adhami F et al. reported that many damaged neurons showed
features of autophagic/lysosomal cell death during cerebral
ischemia-hypoxia, e.g. cytoplasmic autophagic vacuoles and
the induction of GFP-LC3 immunofluorescence. Our labo-
ratory also has observed that the induction of LC3 immuno-
fluorescence and resembled autophagic vacuoles are seen in
the damaged neurons and glia in rat models of pMCAO
(unpublished data). Together, these results suggest that
ischemia-hypoxia is a powerful stimulus for autophagic/ ly-
sosomal cell death in brain. In addition, nerve growth factor
(NGF) deprivation-induced sympathetic neuronal cell death
and serum deprivation-induced death of PC12 cells were also
found to exhibit autophagic features®34,

It has long been clear that not all deaths can be neatly
categorized. In some situations, however, apoptosis and auto-
phagy are observed in the same cells®!. Furthermore, some
overlaps in the control of autophagy and apoptosis exist.
Ceramide, Fas-Associated protein with Death Domain
(FADD), Death Associated Protein kinase (DAP), and Bcl-
xL/Bcl-2 which are all involved in apoptotic control, have

also been shown to modulate autophagy**

1. Recently, sev-
eral laboratories have reported that molecules previously
defined as intermediaries in the activation of apoptosis also
function as intermediaries in the activation of autophagy.
For instance, in neural precursor cells, deprivation of growth
factors leads to an autophagic cell death, which can be
blocked by the anti-apoptotic Bcl-29. Ceramide, which has
been considered by many researchers participating in the
activation of apoptosis, is effective in establishing macro-

autophagy®®!.

5 Neuroprotective effects of cysteine inhibitors

in cerebral ischemia

Until now most of the therapeutic clinical trials based on
such paradigm have yet to be proved effective for human
ischemic brain injuries using agents affecting excitotoxicity
and neuronal Ca?* overload such as glutamate antagonists,

voltage-gated Ca’" channel antagonists, voltage-dependent
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potassium-channel agonists, sodium-channel antagonists,
GABA agonists, and free-radical scavengers*!!. Recent works
suggest that cysteine protease inhibitors should be added
to the list of potential new drugs for stroke.

During focal cerebral ischemia induced by the occlusion
of the middle cerebral artery, the cysteine protease inhibitors
stefin A and CP-1 decreased infarct size in rats®#?, E64d, a
u-calpain and cathepsin B inhibitor, had significant brain pro-
tection against ischemic damage. Tsubokawa T ef al. ob-
served a reduction of infarction volume and brain edema,
and improved neurological scores in E64d-treated rats com-
pared with the nontreated control during 2 h of transient
focal ischemia from MCAO™!. CA-074, a specific cathepsin
B inhibitor, and E-64c, an inhibitor of both cathepsin B and L,
confered neuroprotection to the hippocampal subregion
CAlof monkey brains undergoing transient ischemial*l.
These observations support the hypothesis that the lysoso-
mal cathepsins contribute to cerebral injuries induced by
ischemia. More recently, Luck CJ et al. reported that the
C. elegans intracellular serpin, SRP-6, exhibited a prosurvival
function by blocking necrosis. Minutes after hypotonic shock,
SRP-6 null animals underwent a catastrophic series of events
culminating in lysosomal disruption, cytoplasmic proteolysis,
and death. By protecting against both the induction and the
lethal effects of lysosomal injury, SRP-6 also blocked death

induced by heat shock, oxidative stress and hypoxia*!.
6 Conclusions

Stroke is a leading cause of death and permanent
disability, but there are currently no effective treatments. One
should be noted that the landscape of ischemic brain injury
mechanisms pay particular attentions to the cysteine pro-
teases!l. Lysosomal proteins are released into cytoplasm in
different animal models of cerebral ischemia. So far, the cause
and mechanisms of lysosomal rupture or destabilization are
not yet completely understood. A few explanations are the
intracellular Ca** elevation, the generation of free radicals
and other oxidant species. Lysosomal proteins are involved
in the neuronal death induced by cerebral ischemia, includ-
ing necrosis, apoptosis and autophagic cell death in differ-
ent possible mechanisms. These different possible mecha-
nisms may probably overlap. Selective cathepsin inhibitors,
such as CA-074 and E-64d, which can reduce infarct volume

and brain water content, could be therapeutic in ischemic

injury. Elucidation of the contribution of lysosomal enzymes
to cerebral ischemia and underlying mechanisms will shed a
new light on the “old” organelles and hopefully pave the
way for the development of novel therapeutic treatments in

stroke.
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