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Autophagy plays a central role in regulating important cellular
functions such as cell survival during starvation and control of
infectious pathogens. Recently, it has been shown that autophagy
can induce cells to die; however, the mechanism of the autophagic
cell death program is unclear. We now show that caspase inhibition
leading to cell death by means of autophagy involves reactive
oxygen species (ROS) accumulation, membrane lipid oxidation, and
loss of plasma membrane integrity. Inhibition of autophagy by
chemical compounds or knocking down the expression of key
autophagy proteins such as ATG7, ATG8, and receptor interacting
protein (RIP) blocks ROS accumulation and cell death. The cause of
abnormal ROS accumulation is the selective autophagic degrada-
tion of the major enzymatic ROS scavenger, catalase. Caspase
inhibition directly induces catalase degradation and ROS accumu-
lation, which can be blocked by autophagy inhibitors. These
findings unveil a molecular mechanism for the role of autophagy
in cell death and provide insight into the complex relationship
between ROS and nonapoptotic programmed cell death.

apoptosis | necrosis | nonapoptotic | reactive oxygen species

rogrammed cell death plays an important role in embryonic
development, immune regulation, and general cellular ho-
meostasis (1-3). Apoptosis, the most thoroughly studied form of
programmed cell death is defined by dependence on a family of
proteases known as caspases. Activation of caspases leads to
distinct morphological features in the cell, such as nuclear
condensation, membrane blebbing, and cell shrinkage (4). Sev-
eral studies have identified cell death programs that are clearly
distinct from apoptosis (5, 6). These nonapoptotic cell death
programs are genetically regulated and often have morpholog-
ical features resembling necrosis, yet their underlying molecular
mechanisms are unclear. Molecular insights into alternative cell
death programs could lead to a better understanding of their role
in normal cellular homeostasis as well as disease processes.
Autophagy is a cellular process that causes degradation of
long-lived proteins and recycling of cellular components to
ensure survival during starvation. During autophagy, cells ex-
hibit extensive internal membrane remodeling, engulfing por-
tions of the cytoplasm in large double-membrane vesicles. These
autophagosomes dock and fuse with lysosomes, and the contents
of the fusion vacuoles are eventually degraded (7). A group of
genes known as ATG genes, which are conserved from yeast to
humans, have been found to regulate autophagy (8). Genetic
analyses in yeast, and recently in higher eukaryotes, have shown
that autophagy plays a central role in the regulation of cell
survival during nutritional deprivation (9, 10). In addition,
autophagy has been shown to play a role in tumor suppression
(11, 12), pathogen control (13), antigen presentation (14), and
the regulation of organismal lifespan (15).
The involvement of autophagy in programmed cell death has
been controversial. Autophagy has long been observed in dying
cells during development, infectious processes, and neurodegen-
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erative diseases. However, it has been uncertain whether auto-
phagy functions to protect or kill cells under these circumstances.
Recently, it has been shown that certain forms of cell death are
prevented in either the presence of autophagic inhibitors or
reduced ATG gene expression (16, 17), thus implying that
autophagy initiates and participates directly in the death process.
However, the mechanism by which autophagy programs cells to
die is unknown.

Reactive oxygen species (ROS) are a group of highly reactive
molecular forms of oxygen containing unpaired electrons (18).
They include molecules such as singlet oxygen, hydroxyl radicals,
superoxide, and hydrogen peroxides. ROS are continuously
produced as a byproduct of the mitochondrial respiratory chain
in normal, healthy cells. It is estimated that 2% of oxygen
consumed by mitochondria is converted to ROS (19). Most ROS
have extremely short half-lives (nanoseconds), but some ROS,
such as hydrogen peroxide, have millisecond half-lives. Due to
their high reactivity, ROS can oxidize cell constituents such as
lipids, proteins, and DNA, thus damaging cell structures and
compromising function (20). Because of these potentially lethal
effects, cells maintain ROS at a tolerable level by means of
antioxidants such as the redox system, superoxide dismutase
(SOD), and catalase (21). Imbalance due to either increased
ROS production or a decrease in ROS degradation can cause
ROS accumulation and cell damage. ROS damage has been
shown to cause various types of cell death (22, 23), but whether
it plays a role in autophagic cell death has not been determined.

Previously, we observed that inhibition of caspase 8 by treat-
ment with either benzyloxycarbonyl-valyl-alanyl-aspartic-acid
(O-methyl)-fluoromethylketone (zVAD) or specific caspase 8
RNA interference (RNAI) triggers autophagy and cell death
(16). zVAD-induced death was arrested by either chemical
autophagy inhibitors or by knocking down the protein products
of key autophagy genes. This finding provided definitive evi-
dence of a signaling pathway leading to autophagic cell death.
However, the molecular mechanism by which autophagy causes
cell death remains a key unanswered question. We now show that
zVAD treatment causes selective autophagic degradation of one
of the main cellular antioxidants, catalase. The depletion of
catalase causes a severe imbalance of ROS metabolism, leading
to dramatic ROS accumulation, lipid peroxidation, and ulti-
mately nonapoptotic death.
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Fig. 1. ROS inhibitors prevent autophagic cell death. (A) L929 cells were
treated with 1 ul DMSO (Aa and Ab) or 40 uM zVAD (Ac and Ad) for 12 h,
stained with DAPI (Aa and Ac) and Image-iT LIVE Green Reactive Oxygen
Species Detection dye (Ab and Ad) and examined by fluorescent microscopy.
(Magnification, x400.) (B) L929 cells were pretreated with 100 uM PG, 100 uM
OG, 50 uM NDGA, 100 M TBHQ, 40 M ethoxyquin, 20 M lonox 100, or 100
uM BHA for 1 h and then exposed to 20 uM zVAD or DMSO for 24 h, after
which the reduction in cell number was quantitated by flow cytometry. Results
are representative of three experiments (mean + SD).

Results

ROS have been previously shown to cause cell damage and death
(24, 25). To investigate whether ROS play a role in autophagic
cell death, we first examined zVAD-treated cells for ROS
accumulation in cells treated with zZVAD to inhibit caspases.
Cells were exposed to either 40 uM zVAD in DMSO or an equal
volume of DMSO for 12 h, and then stained with Image-iT LIVE
Green Reactive Oxygen Species Detection dye and counter-
stained with the chromatin binding dye DAPI (Fig. 14). We
found that zZVAD treatment caused a dramatic increase in ROS.
Next, we tested whether ROS were causally related to cell death
by treating cells with a panel of ROS inhibitors, including propyl
gallate (PG), octyl gallate (OG), nordihydroguaiaretic acid
(NDGA), tert-butylhydroquinone (TBHQ), ethoxyquin, 2,6-di-
tert-butyl-4-hydroxymethyl-phenol (Ionox 100), or butylated hy-
droxyanisole (BHA) (Fig. 1B). We found that, despite their
chemical differences, all of these ROS inhibitors potently inhib-
ited zZVAD-induced cell death (Fig. 1B). This finding suggests
that zVAD-induced cell death depends on ROS.

ROS accumulation has been previously reported to cause cell
membrane damage and permeability changes (26). Transmission
electron microscopy (TEM) examination of zVAD-treated 1.929
cells revealed that cells first become vacuolated and autophagic
(Fig. 2 Ab and Ae), and then necrotic with massive plasma
membrane damage (Fig. 2 Ac and Af). We therefore compared
ROS accumulation, lipid peroxidation, and changes in mem-
brane permeability and cell loss after administration of zZVAD
for 0, 6, 12, and 18 h (Fig. 2 B-E). These experiments included
a control cell culture treated with 100 uM of the ROS inhibitor
BHA during zZVAD exposure for 18 h. ROS accumulation was
detectable as early as 6 h after zVAD treatment and then
increased dramatically at 12 and 18 h, and BHA treatment
completely abrogated zVAD-induced ROS accumulation (Fig.
2B). We also detected lipid peroxidation, which was delayed in
kinetics compared with ROS accumulation. A dramatic increase
in lipid peroxidation was observed only after 12 h of zVAD
treatment, and this peroxidation was inhibited by BHA (Fig. 2C).
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Fig. 2. ROS production and cell damage is associated with autophagic cell
death. (A) Transmission electron microscopy (TEM) of L929 cells treated for 0,
12, and 18 h with zVAD. [Scale bar: 1 um (Aa-Ac) and 0.1 um (Ad-Af).] (B-E)
L929 cells were treated with either zZVAD for 6, 12, or 18 h (filled diamonds),
or 100 M BHA during zZVAD treatment for 18 h (open triangles). (B) Cells were
treated with 20 uM zVAD and stained with DCF and quantified by flow
cytometry. The values are presented as fold increase of DCF mean fluorescence
intensity (DCF F. I.). (C) L929 cells were treated with 40 uM zVAD and lipid
peroxidation was measured as quantity of LOOHSs, which are a specificindictor
of ROS damage. (D) LDH release, a measure of the loss of membrane integrity,
was quantified in the cellular supernatant of the experiment in B, and the
percentage increase is shown. (E) zVAD-induced cell death of L929 cells. The
percentage cell loss was quantified as described in Experimental Procedures.

Both the loss of membrane integrity, as measured by the release
of cellular lactate dehydrogenase (LDH) into the medium (Fig.
2D), and overall cell loss (Fig. 2E) displayed kinetics similar to
those of lipid peroxidation. These data support the hypothesis
that ROS accumulation is an early event that precedes lipid
peroxidation, loss of membrane integrity, and cell death. The
fact that the ROS scavenger BHA completely blocked lipid
peroxidation, loss of membrane integrity, and cell loss indicates
that ROS accumulation is the cause of lipid membrane damage
and autophagic cell death.

We next examined the molecular pathways that regulate
zVAD-induced ROS accumulation. Previously, phosphoinosi-
tide 3-kinase (PI3K) inhibitors were shown to reduce zVAD-
induced autophagy and cell death (16). Therefore, we pretreated
cells with wortmannin, a PI3K inhibitor, and found that it
completely blocked zZVAD-induced ROS accumulation (Fig. 34)
and cell death (Fig. 3B). Furthermore, cells pretreated with
pepstatin A (Pep A), an inhibitor of acidic lysosomal protease
cathepsin D, which acts during the final degradation step of
autophagy, were also protected from zVAD-induced ROS ac-
cumulation (Fig. 34) and cell death (Fig. 3B). These findings
suggest that zZVAD-induced ROS production depends on auto-
phagy. To further examine the role of autophagy in this process,
we measured zVAD-induced ROS accumulation in cells trans-
fected with RNAi for several key autophagy genes—ATG7, akey
autophagy gene that encodes a ubiquitin El-like protein; the
microtubule-associated protein light chain 3 (LC3), which is
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Fig.3. ROSaccumulation depends on autophagy. L929 cells were pretreated
with the phosphoinositide 3-kinase inhibitor wortmannin for 1 h or the
cathepsin D inhibitor Pep A for 10 h and then with DMSO or 40 uM zVAD for
24 h. ROS accumulation (A) and percentage of cell loss (B) were quantified.
L929 cells were treated for 24 h with zZVAD or DMSO 72 h after transfection
with RIP, ATG7 (mAPG7), LC3, cathepsin D (Cath D), Spinster (Spin) RNAI, or
nonspecific (NS) oligoribonucleotides and accumulation of ROS (C) and reduc-
tion in cell number (D) were quantified. (E) Reductions in the corresponding
proteins by RNAi compared with nonspecific (NS) oligoribonucleotides and
actin as shown by Western blotting. Reduction of level of spin RNA was
verified by Northern blotting.

mouse analog of yeast ATGS, and cathepsin D. Knocking down
any of these autophagic genes inhibited ROS accumulation in
proportion to the level of protein reduction (Fig. 3 C and E).
Importantly, knocking down the receptor interacting protein
(RIP), which is required for zZVAD-induced autophagy and cell
death, also blocked zZVAD-induced ROS accumulation (Fig. 3C).
A reduced level of cell death was correlated with the observed
amount of ROS accumulation, further strengthening the asso-
ciation between autophagy, ROS, and cell death (Fig. 3D).
ROS accumulation may be caused by either an increase in
ROS production or decreased ROS degradation. To determine
whether autophagy impairs ROS degradation, we evaluated both
catalase and SOD, the key enzymatic scavengers of ROS. The
steady-state quantities of both catalase and SOD were measured
after 6, 12, and 18 h of zZVAD treatment (Fig. 44). We found that
the quantity of SOD protein remained unchanged or increased
in zZVAD-treated cells throughout all three time points (Fig. 44).
By contrast, a steady level of catalase decreased after 12 h of
zVAD treatment and was greatly reduced after 18 h (Fig. 44).
The loss of catalase was specific because actin was not dimin-
ished after zZVAD treatment. Because autophagy can engulf and
degrade whole organelles, we also checked for possible degra-
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Fig. 4. zVAD induce catalase degradation. (A) L929 cells were treated with
40 uM zVAD or DMSO for 6, 12, 18 h and the protein levels of catalase, actin,
SOD, and the 70-kDa peroxisomal membrane protein (PMP70) were measured
by Western blotting. (B) L929 cells were treated with 40 uM zVAD or went
through serum starvation for 18 h, and the protein levels of catalase, actin
were measured by Western blotting. (C) L929 cells were transfected with
GFP-catalase, and, 24 h after transfection, cells were treated with 40 uM zVAD
or DMSO for 18 h with or without being pretreated with 1 ug/ml wortmannin
for 1 h, stained to identify lysosomes, and imaged by confocal microscopy.
Green fluorescence for catalase-GFP (CAT), red fluorescence for Lysotracker
lysosomal stain (Lyso TR), and the merged images (merge) are shown. (D) L929
cells were pretreated with JNK inhibitor Il (JNK Inhib), wortmannin (WM), or
Pep A (Pep A) or MG-132 for 1 h and with DMSO or 40 uM zVAD for 18 h, after
which the protein levels of catalase and actin were measured by Western
blotting. (E) L929 cells were treated for 24 h with zVAD or DMSO after
transfection with RIP, ATG7(mAPG7), LC3, cathepsin D (Cath D), Spin RNAi or
nonspecific (NS) oligoribonucleotides and the protein levels of catalase and
actin were measured by Western blotting. Reductions in the corresponding
proteins were shown by Western blotting (see Fig. 3E, which is the same
experiment).

dation of peroxisomes, which are some of the main sites of
catalase activity in the cell. The level of PMP-70, a peroxisomal
membrane marker protein, remained unchanged, implying that
peroxisomes remain intact throughout zVAD-induced autoph-
agy. Also, direct staining of peroxisomes revealed no decrease in
the organelles after zZVAD exposure (data not shown). We thus
concluded that cytoplasmic stores of catalase were depleted
during autophagic cell death. To determine whether reduced
steady-state quantities of catalase were due to catalase protein
degradation or reduced gene expression, we measured catalase
mRNA level by Northern blotting and found that zZVAD treat-
ment did not reduce the level of catalase mRNA (Fig. 74, which
is published as supporting information on the PNAS web site).
We therefore measured catalase protein degradation by [*>S]me-
thionine pulse—chase analysis. After zZVAD treatment, the level
of catalase was reduced compared with the DMSO control (Fig
7B). Thus, the reduced steady-state quantity of catalase seems to
be due to protein degradation, but not reduced mRNA level.
Interestingly, serum starvation, which rapidly induces classic
macroautophagy, did not induce catalase degradation (Fig. 4B),
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Fig. 5. Reduction of caspase 8 induces catalase degradation and ROS accu-
mulation. (A) L929 cells were transfection with caspase 8 RNAi or nonspecific
(NS) oligoribonucleotides, and, 96 h after transfection, cells were harvested
and ROS accumulation was quantified by flow cytometry. (B) Protein levels of
catalase, caspase 8, and actin of the corresponding samples were measured by
Western blotting.

suggesting a different underlying mechanism between zVAD
and nutrition starvation-induced autophagy.

To determine how catalase was degraded, we pretreated cells
with a panel of inhibitors that prevent L929 autophagic cell
death. Treatment with the inhibitors wortmannin, c-Jun N-
terminal kinase (JNK) inhibitor II, and Pep A blocked zVAD-
induced reduction in the steady-state level of catalase (Fig. 4C).
By contrast, the proteasome inhibitor MG-132 did not prevent
catalase degradation (Fig. 4C). We had previously shown that
these inhibitors prevent accumulation of autophagosomes in
L.929 cells (16), suggesting that autophagy may be responsible for
catalase degradation. Cells treated with zVAD after transfection
with RIP, ATG7, LC3, and cathepsin D RNAI displayed no
reduction in the level of catalase (Fig. 4D), further confirming a
role for autophagy in catalase removal. We also verified this
conclusion by transfecting cells with a catalase-GFP construct
and monitoring its localization after treatment with zVAD.
Before zZVAD treatment, catalase was homogenously distributed
in the cytoplasm. After zVAD treatment, the catalase-GFP
formed punctate structures that colocalized with a lysosomal
marker Lysotracker. By contrast, cells pretreated with the au-
tophagic inhibitor wortmannin showed reduced colocalization of
catalase with Lysotracker (Fig. 4E). Thus, catalase seems to be
targeted to lysosomes by autophagy. Taken together, these data
indicate that autophagy can contribute to ROS accumulation by
selectively removing catalase, which is a lethal event for the cell.
However, it is likely that other mechanisms may also contribute
to ROS accumulation, because small amounts of ROS can be
detected as early as 6 h, but catalase degradation becomes
evident only after 12 h of zVAD treatment.

We previously reported that zZVAD-induced autophagy and
cell death are mediated specifically by inhibiting caspase 8 (16).
To determine whether zVAD-induced catalase degradation and
ROS accumulation can be caused by caspase 8 inhibition, we
transfected 1.929 cells with either caspase 8§ RNAI or nonspecific
RNAI. Ninety-two hours after transfection, there was substantial
accumulation of ROS (Fig. 54) as well as almost total degra-
dation of catalase in the cells in which caspase 8 had been
suppressed (Fig. 5B). The actin control was unaffected under
these conditions. We therefore concluded that caspase 8 inhi-
bition is sufficient to induce catalase degradation and associated
ROS accumulation.

To further investigate the mechanism of autophagic cell death,
we altered autophagy and catalase levels in L1929 cells. After
transfecting cells with either a nonspecific control RNAi or
catalase RNAI, we pretreated the cells with either DMSO or
wortmannin for 1 h and then zVAD for 24 h. We hypothesized
that, if autophagy causes cell death by means of catalase
degradation, then knocking down catalase should overcome the
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Fig. 6. Autophagic cell death depends on catalase degradation. (A) L929
cells were treated for 1 h with DMSO or 1 ug/ml wortmannin and then 24 h
with zVAD or DMSO 72 h after transfection with catalase RNAi or nonspecific
(NS) oligoribonucleotides, and cell losses were quantified. (B) L929 cells
were treated for 24 h with zZVAD or DMSO after transfection with GFP or
catalase-GFP. Percentage cell loss was quantified as described in Experimental
Procedures.

protection from autophagic cell death generated by wortmannin
inhibition of autophagy. Indeed, we found that knocking down
catalase completely surmounted the protective effect of wort-
mannin (Fig. 64). We also noticed that wortmanin failed to
prevent zVAD-induced ROS accumulation in catalase knock-
down cells (data not shown). We then examined the effect of
catalase overexpression on zVAD-induced cell death. We found
that overexpression of catalase-GFP but not GFP alone could
largely block zZVAD-induced cell death (Fig. 6B). These exper-
iments suggest that autophagy-mediated catalase degradation is
necessary and sufficient for zVAD-induced autophagic cell
death in 1929 cells.

Discussion

We had previously proposed a model for zVAD-induced auto-
phagic cell death in which caspase 8 inhibition activates a
pathway involving RIP and JNK that eventually leads to auto-
phagy (16). However, the molecular mechanism behind auto-
phagic cell death was not clear. We now show that autophagy can
lead to the degradation of catalase, a key enzymatic ROS
scavenger, which disrupts the intracellular ROS balance. The
resulting accumulation of ROS in the cell leads to membrane
peroxidation, loss of membrane integrity, and eventually cell
death (Fig. 8, which is published as supporting information on
the PNAS web site). Directly varying the cellular level of catalase
recapitulates the mechanism of autophagic cell death. A reduc-
tion in cellular levels of catalase leads to cell death even if the
cell has been treated with wortmannin, an autophagic inhibitor.
By contrast, an increase in the cellular levels of catalase protects
against autophagic cell death. Therefore, the regulatory effect of
autophagy on catalase and thereby ROS and cell fate is direct
and rate-limiting.

Autophagy was first observed in dying cells in the 1960s (27,
28); however, until recently, the relationship between autophagy
and cell death has remained unclear. The recent identification of
autophagic genes in yeast and technological innovations such as
RNAI make it possible to examine autophagy and cell death as
discrete processes and thereby study their relationship. Thus far,
autophagy has been shown to either promote or inhibit cell death
depending on the conditions. For example, in yeast undergoing
starvation, autophagy works as an alternative energy source and
is essential for the cell’s survival (29). On the other hand, various
cytokines and chemicals that induce cell death (17, 30, 31) have
been shown to be caused by autophagy. It has also been reported
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that autophagy is responsible for a certain type of developmental
cell death, and it may play a role in some types of neurodegen-
erative diseases (32, 33). It is quite clear that autophagy is
capable of either antagonizing or promoting cell death; however,
the factors determining the cell fate by autophagy have not
previously been elucidated. Our data show that autophagy can
induce cell death by degrading catalase. Interestingly, starvation-
induced autophagy does not lead to catalase degradation; there-
fore, catalase degradation, or lack thereof, may be a major factor
deciding the outcome of autophagy. Our studies of this mech-
anism have been restricted to 1.929 cells, a widely studied model
for TNF-a-induced cell death. Autophagy has been associated
with cell death in several developmental contexts in different
animals, and the mechanism of autophagic death may not be
identical to what we have found in L929 cells. Nevertheless, our
data provide a useful starting point to study the biochemical
mechanisms of autophagy and its relationship to cell death in
mammals.

The prevailing view is that autophagy is a nonselective deg-
radation mechanism. The autophagic membrane is believed to
envelop cellular contents nonselectively and deliver them to the
lysosome for degradation. However, an increasing number of
reports have shown that, under certain conditions, organelles
such as the peroxisome (34) or proteins such as a-and
B-synuclein (35) and Ald6p (36) can be specifically degraded by
autophagy. For example, two forms of autophagy known as
micropexophagy and macropexophagy can act to degrade the
peroxisome. Although each form is morphologically distinct,
both are regulated by important autophagy genes, such as ATG7
and ATGS. However, there are also certain proteins that are
specific to each pathway. For example, micropexophagy requires
proteins such as ATG26 and PFKI1, even though macropexoph-
agy does not (34). Thus far, it is not known how pexophagy
achieves cargo specificity. One can speculate that peroxisomes
must first be labeled and then recognized by the proteins
involved in pexophagy. We know that some peroxisomal matrix
proteins like PEX14 are required for pexophagy. Such proteins
may serve as specific pexophagic markers (37); however, the
gene involved in targeting these markers has not yet been
identified. Similarly, little is known about which autophagy genes
are involved in targeting specific proteins. Our results on the
selective degradation of catalase indicate that cargo specificity
may make the difference between life and death. It will be of
great interest therefore to determine the molecular basis of
selective action of autophagy.

Because ROS are an unavoidable byproduct of oxidative
respiration, cells have developed a sophisticated antioxidant
system that maintains the delicate balance between ROS pro-
duction and degradation. One of the major enzymes in this
antioxidant system, SOD, converts the extremely toxic superox-
ide anions into hydrogen peroxide and oxygen. Catalase then
breaks down the less harmful hydrogen peroxide into harmless
H»O and O, (38). The importance of the SOD-catalase system
is reflected in diseases that are caused by a disruption of SOD
or catalase. For example, acatalasemia, an inherited catalase
deficiency, is associated with an increased risk of diabetes (39,
40). Overexpression of SOD and catalase has been shown to have
therapeutic benefit in models of neurodegeneration (41). Be-
sides actively regulating the intracellular ROS level, catalase is
important to the cell’s tolerance to extracellular ROS as well
(42). Reduced levels of catalase have been directly linked to the
development of necrosis in plants (43). Furthermore, overex-
pression of catalase can rescue cells from a variety of ROS-
related deaths (44, 45). Our data further demonstrate the
importance of this SOD-catalase antioxidant system as a means
of mammalian programmed cell death.

The fact that a small increase in ROS levels can be detected
before catalase degradation indicates that other mechanism(s)
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may contribute to caspase-triggered ROS accumulation. Intra-
cellular ROS level is a balance between ROS production and
degradation. Catalase degradation contributes to ROS accumu-
lation by decreasing ROS degradation, but caspase inhibition
may also induce ROS production. Little is known about how
caspase inhibition can affect ROS production, and it is possible
that ROS regulatory proteins may be directly regulated by
caspases. The identify of such caspase substrate(s) that regulate
ROS regulation needs to be investigated.

It has long been known that intracellular-ROS levels are in
constant flux and are continuously balanced by the antioxidant
system. Increasing the level of ROS can up-regulate key anti-
oxidant enzymes such as SOD and catalase, which in turn keep
ROS in check (46, 47). We and others have shown that oxidative
damage can cause nonapoptotic cell death resembling necrosis.
In the present case, our data reveal that death is due to oxidative
membrane lipid damage. It is suppressed in most circumstances
by the activity of caspases, the major enzymatic mediator of
apoptosis. By directly linking autophagic cell death and catalase
degradation, our data illustrate how autophagy can disrupt the
delicate balance between ROS production and degradation, and
how a mechanism that originally promotes survival can turn into
an efficient mediator of cell death.

Experimental Procedures

Reagents and Antibodies. Wortmannin, JNK inhibitor II (an-
thra[1,9-cd]pyrazol-6(2H)-one 1,9-pyrazoloanthrone), MG-
132, and Pep A were purchased from Calbiochem. zVAD was
purchased from Enzyme Systems Products (Livermore, CA).
PG, OG, NDGA, TBHQ, Ionox 100, and BHA were purchased
from Sigma. Image-iT LIVE Green Reactive Oxygen Species
Detection kit, 2',7'-dichlorodihydrofluorescein diacetate
(H2DCFDA), lysotracker, antibodies to mouse caspase-8,
RIP, and Beclin-1 were purchased from Pharmingen. The
LDH Detection Kit was purchased from Roche Applied
Science (Indianapolis). Lipid hydroperoxide (LPO) Kit was
purchased from Cayman Chemical (Ann Arbor, MI). Anti-
bodies to RIP, cathepsin D, and caspase 8 were purchased
from Becton Dickinson. The Atg7 antibody was a kind gift
from W. Dunn (University of Florida College of Medicine,
Gainesville).

Preparation of Small Interfering RNA (siRNA). Nonspecific RNAi
oligoribonucleotides and RNAIi oligoribonucleotides corre-
sponding to the following cDNA sequences were purchased from
Dharmacon Research (Layfayette, CO) (mouse sequences):
GTTTGTAGCCTCAAGTGTT for mouse ATG7; CCAC-
TAGTCTGACTGATGA for RIP; GATCGAGGATTAT-
GAAAGA for caspase-8. LC3 and cathepsin D smart pool RNAi
were purchased from Dharmacon Research, and the sequences
were not revealed by the manufacturer.

Transfection of siRNA. The 0.5-nmol RNAi were transfected by
means of Amaxa (Gaithersburg, MD) NucleofectionTM, by
using solution V and program T-20 . Cells were then cultured in
growth medium for 96 h before further analysis.

Tissue Culture. The mouse L929 cell line was obtained from the
American Type Culture Collection (Rockville, MD). L929 cells
were cultured in DMEM with 4.5 g/liter glucose. Media were
supplemented with 2 mM L-glutamine, 1% penicillin/
streptomycin solution, and 10% FBS.

Cell Death Analysis. Cell viability was determined by staining with
propidium iodide (2 ug/ml), and flow cytometric analysis was
conducted by using FACSCAN software. The percentage of cell
death was quantified as described (16).
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Electron Microscopy Analyses. Cells were fixed in 3% glutaralde-
hyde in 0.1 M Mops buffer (pH 7.0) for 8 h at room temperature,
3% glutaraldehyde/1% paraformaldehyde in 0.1 M Mops buffer
(pH 7.0) for 16 h at 4°C, postfixed in 1% osmium tetroxide for
1 h, embedded in Spurr’s resin, sectioned, double stained with
uranyl acetate and lead citrate, and analyzed by using a Zeiss EM
10 transmission electron microscope.

LDH Assay. The release of LDH was measured by using the
Cytotoxicity Detection Kit (LDH) from Roche Applied Science.
The results are expressed as the percentage of the cytosolic LDH
activity of the total activity from 1% Trixon-100 permeabilized
cells.

Lipid Hydroperoxide (LOOH) Assay. The extent of lipid peroxidation
was determined by measuring lipid hydroperoxides (LOOH) by
using a Lipid Hydroperoxide (LPO) Kit from Cayman Chemical.
Briefly, cells were treated as indicated, and cell membranes were
extracted by using chloroform:methanol (2:1, vol/vol). Ferrous
iron was added to the chloroform extract, and formation of ferric
thiocyanate ion was measured with a 96-well plate reader.
13-Hydroperoxy octadecadienoic acid (13-HpODE) was used as
the standard. The results are expressed as nmol LOOH/mg total
protein.

ROS Measurements. Dichlorodihydrofluorescein diacetate (DCF)
was purchased from Molecular Probes. Intracellular ROS levels
were measured as described elsewhere (48). Briefly, cells were
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