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Abstract
In L929sAhFas cells, tumor necrosis factor (TNF) leads to
necrotic cell death, whereas agonistic anti-Fas antibodies
elicit apoptotic cell death. Apoptosis, but not necrosis, is
correlated with a rapid externalization of phosphatidylserine
and the appearance of a hypoploid population. During
necrosis no cytosolic and organelle-associated active
caspase-3 and -7 fragments are detectable. The necrotic
process does not involve proteolytic generation of truncated
Bid; moreover, no mitochondrial release of cytochrome c is
observed. Bcl-2 overexpression slows down the onset of
necrotic cell death. In the case of apoptosis, active caspases
are released to the culture supernatant, coinciding with the
release of lactate dehydrogenase. Following necrosis, mainly
unprocessed forms of caspases are released. Both TNF-
induced necrosis and necrosis induced by anti-Fas in the
presence of the caspase inhibitor benzyloxycarbonyl-Val-Ala-
Asp(OMe)-fluoromethylketone are prevented by the serine
protease inhibitor N-tosyl-L-phenylalanine chloromethyl-
ketone and the oxygen radical scavenger butylated
hydroxyanisole, while Fas-induced apoptosis is not
affected. Cell Death and Differentiation (2001) 8, 829 ± 840.
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mitochondria

Abbreviations: Ac-DEVD-amc, acetyl-Asp(OMe)Glu(OMe)-Val-
Asp(OMe)-aminomethylcoumarin; Ac-YVAD-amc, acetyl-Tyr-Val-
Ala-Asp-aminomethylcoumarin; AK, adenylate kinase; Apaf-1,
apoptotic protease-activating factor-1; BHA, butylated hydroxyani-
sole; CAF, caspase-activated factor; CMTMros, chloromethyl-
tetramethylrosamine; DD, death domain; EMAP II, endothelial

monocyte-activating polypeptide II; FADD, Fas-associated DD;
FITC, ¯uorescein isothiocyanate; LDH, lactate dehydrogenase;
MTT,3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide;
PI, propidium iodide; PS, phosphatidylserine; R123, rhodamine
123; ROS, reactive oxygen species; tBid, truncated Bid; TLCK, N-
tosyl-L-lysine chloromethylketone; TNF, tumor necrosis factor;
TNF-RI, p55 TNF receptor; TPCK, N-tosyl-L-phenylananine
chloromethylketone; zVAD-fmk, benzyloxycarbonyl-Val-Ala-
Asp(OMe)-¯uoromethylketone; DCm, mitochondrial transmem-
brane potential

Introduction

There are two prototype ways for a cell to die, namely
apoptosis and necrosis. Apoptosis is a highly conserved
process than can be induced by a variety of physiological or
pathological conditions and in which caspases and mitochon-
dria plays a crucial role. Except for the death domain (DD)
receptors, the molecular mechanisms by which the many
different proapoptotic stimuli (such as irradiation, chemother-
apeutics or growth factor depletion), signal and initiate
mitochondrial changes, are currently not well understood.1,2

Clustering of Fas (CD95) by its natural ligand or by agonistic
antibodies results in formation of a death-inducing signaling
complex, consisting of the adapter protein Fas-associated DD
(FADD)3 and procaspase-8.4 Dimerization of procaspase-8 is
sufficient to generate mature caspase-8.5 Apoptotic cell death
is accompanied by a decrease in mitochondrial transmem-
brane potential (DCm) and release of cytochrome c from the
mitochondrial intermembrane space.6 Recently, molecular
links have been identified between early procaspase-8
activation by DD receptor aggregation and mitochondrial
events. It was demonstrated that cytochrome c release and
decrease in DCm is mediated by caspase-8-dependent
proteolysis of Bid, a proapoptotic member of the Bcl-2
family7,8 or caspase-activated factor (CAF).9 The C-terminal
proteolytic fragment of Bid is relocalized from the cytosol to
the mitochondrial outer membrane to exert its proapoptotic
function.7,8 Cytosolic cytochrome c, together with ATP/dATP,
induces a conformation change in apoptotic protease-
activating factor-1 (Apaf-1), allowing the latter to dimerize
procaspase-9 in a so-called apoptosome complex, which
results in proteolytic activation of procaspase-9.10,11 Mature
caspase-9 in turn proteolytically activates the executioner
caspase-3, which is also recruited in the apoptosome
complex.12

The exact mechanism of how cytochrome c is released
from the mitochondrial intermembrane space is currently
unknown. Two models have been proposed. A first model
states that cytochrome c is released due to swelling of the
mitochondrial matrix and subsequent disruption of the
mitochondrial outer membrane. This might be caused by
two different mechanisms: either opening of the mitochon-
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drial permeability transition pore in the inner membrane13 or
mitochondrial hyperpolarization.14 A second model is based
on the observation that Bcl-2 family members regulate the
release of cytochrome c by their channel-forming capacity
or my modulating the activity of existing channels.15

Irrespective of the mechanism implicated, the release of
cytochrome c has two important consequences: (i)
activation of a caspase cascade by interaction of
cytochrome c with Apaf-1 and procaspase-9;10,11 (ii)
inhibition of the mitochondrial electron transfer chain,
resulting in reduced oxidative phosphorylation, promotion
of production of reactive oxygen species (ROS) and finally
(during secondary necrosis) impairment of cellular ATP
production.13

It is a generally accepted concept that apoptosis, in
contrast to necrosis, does not lead to inflammation. This is
only true when apoptotic cells are rapidly removed before
the plasma membrane integrity is lost; the cellular content is
spilled into the surrounding tissue during secondary
necrosis.16 When massive apoptosis occurs or when the
phagocytic activity is not sufficiently available to remove
dying cells, inflammation and subsequent tissue damage
become apparent, such as in renal ischemia-reperfusion
injury.17,18 Until now, only endothelial monocyte-activating
polypeptide II (EMAP II) has been identified as an apoptotic
cell-derived molecule with proinflammatory and chemotactic
properties.19 EMAP II is generated via cleavage by
caspase-7 of the p43 subunit of the tRNA synthetase
complex.20 Here we report that caspases-3 and -7, involved
in the execution of anti-Fas-induced apoptosis, are released
in the cell culture supernatant during secondary necrosis.

It has recently become clear that, depending on the
cellular context, either apoptotic or necrotic cell death will
occur. The intensity of the same initial insult decides the
prevalence of either apoptosis or necrosis.21 ± 23 In addition,
depletion of the cellular ATP content will convert an initially
apoptotic stimulus in a necrotic one.24,25 Blocking the
apoptotic pathway by caspase inhibitors or Bcl-2 over-
expression in many cases results in necrotic-like cell
death.26,27 Furthermore, it was shown that enforced
oligomerization of FADD in Jurkat cells pretreated with
benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone
(zVAD-fmk) or deficient for caspase-8, resulted in necrotic
cell death, while inducing apoptosis in normal Jurkat
cells.28 Also anti-Fas-induced apoptosis in L929sAhFas
cells is initially blocked by pretreatment with zVAD-fmk, but
eventually reverts to necrosis.29 Thus the same cell death
stimulus can result in apoptotic or necrotic cell death,
depending whether caspases are activated or not.30

Recently, it was shown that DD receptor initiated necrosis
in Jurkat clones is initiated by RIP in a caspase-
independent way but requiring the kinase activity of
RIP.31 Another report identified the death effector domain
of FADD as the adaptor molecule initiating direct necrotic
signaling in Jurkat cells.32 In L929sA cells we have found
that the DD of FADD has strong cytotoxic activity, while in
apoptotically dying cells it functions as a dominant negative
molecule.33 Less is known about the executioner program
of necrotic cell death, although mitochondrial ROS30 and a
variety of proteases have been implicated.34,35

In order to study possible differences in TNF- and anti-
Fas-induced downstream cytotoxic necrotic and apoptotic
pathways we compared a number of cell death parameters
in L929sAhFas cells, viz. subcellular activation of procas-
pases, proteolytic activation of Bid, mitochondrial cyto-
chrome c release, protection by Bcl-2 overexpression,
influence of ROS scavengers and serine protease
inhibitors. Our results indicate a differential role of
caspases, mitochondrial ROS and serine proteases in
necrotic and apoptotic cell death pathways. Furthermore,
during anti-Fas-induced apoptosis, active caspases are
released in the culture supernatant, which might operate in
extracellular proteolytic cascades.

Results

Time kinetic analysis of different cell death
parameters during anti-Fas-induced apoptosis
and TNF-induced necrosis

L929sAhFas, stimulated with anti-Fas agonistic antibodies,
die apoptotically, as morphologically characterized by
membrane blebbing and nuclear condensation (Figure 1A);
when exposed to TNF, these cells die from necrosis, as
shown by the swollen cytoplasm (Figure 1E). In order to study
in further detail both ways of dying of L929sAhFas cells,
several cell death parameters were kinetically analyzed, such
as PS exposure at the cell surface, caspase activation,
decrease in DCm, DNA hypoploidy and cell membrane
permeabilization. In apoptotic cells the sequence of events
is maximal PS exposure (Figure 1B), coinciding with maximal
DEVDase activity (Figure 1D), followed by a decrease in DCm

(Figure 1B), which coincides with DNA hypoploidy (Figure
1C). Finally, apoptotic cells lose plasma membrane integrity
(Figure 1D). In the case of TNF-mediated necrosis, the
kinetics of PS exposure, the decrease in DCm and the loss of
plasma membrane integrity all coincide (Figure 1F ± H). It is
not clear whether the annexin V-positivity during necrosis is
due to extracellular PS exposure or to intracellular detection of
PS as a result of membrane permeabilization.36 Another
distinctive parameter from apoptosis is the absence of
induction of hypoploid DNA (Figure 1G) and the absence of
caspase activity (Figure 1H).

Comparison of caspase activation between DD
receptor-induced apoptosis and necrosis

Next, we identified the procaspases processed during anti-
Fas-induced apoptosis and checked whether any procas-
pases were processed during TNF-induced necrosis, since
the possibility cannot be excluded that endogenous caspase
inhibitors prevent their enzymatic activity. At different time
intervals, cytosolic and organelle fractions of control,
apoptotic and necrotic cells were prepared by digitonin
treatment. As mature caspases-3 and -7 are the major
downstream executioners of the apoptotic process,37 we
checked the appearance of proteolytic fragments of these
caspases in apoptotic and necrotic conditions. Precursor
forms of procaspases-3 and -7 are detected both in the
cytosolic and organelle fractions (Figure 2). The active p17
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subunit of caspase-3 was first detected in the cytosol of anti-
Fas-treated cells, and only 1 h later in the organelle-
associated fraction (Figure 2A, B). Procaspase-7 was
activated with similar time kinetics in apoptotic cytosol as
compared to procaspase-3. Furthermore, in the organelle
fraction the p19 subunit of caspase-7 occurred before the
generation of processed caspase-3. In necrotic conditions no
proteolysis of procaspases-3 or -7 was detectable (Figure 2D,
E). In agreement with the proteolytic activation of procaspase-
3, we observed a specific 115 ± 84 kDa cleavage of poly-
ADP-ribosyl polymerase in apoptotic but not in necrotic cell
lysates (data not shown).

During the late state of anti-Fas-induced apoptosis, i.e.
when all cells have lost their plasma membrane integrity

(Figure 2C), the amount of procaspases and p20 subunits
present in the cytosol decreases (Figure 2A). A similar
decrease in cytosolic procaspases is observed during the
late phase of TNF-induced necrosis (Figure 2D). In
contrast, procaspase levels in the organelle fraction
remained constant in both anti-Fas- and TNF-induced cell
death (Figure 2B, E). Therefore, a time kinetic analysis was
performed to analyze whether cytosolic procaspases and/or
p20 subunits were released to the culture supernatant
during late apoptotic and necrotic stages of cell death. In
case of anti-Fas-induced apoptosis we found that the p20
subunit of both caspases-3 and -7 and a small amount of
procaspases-3 and -7 were released to the culture
supernatant (Figure 3A, B). Also during late TNF-induced

Figure 1 Time kinetic analysis of different cell death parameters during anti-Fas-induced apoptosis and TNF-induced necrosis (A, E) Morphological analysis of
anti-Fas-induced apoptosis (1 h) and TNF-induced necrosis (5 h). (B, F) Time kinetic analysis of the surface exposure of PS (percentage of annexin V-FITC-positive
cells, black bars) and decrease in DCm (percentage of cells with decreased CMTMros staining, hatched bars). (C, G) Percentage of hypoploid cells (white bars) and
loss of membrane integrity (percentage of PI-positive cells, hatched bars). (D, H) Time course of Ac-YVAD-amc (^), and Ac-DEVD-amc (&), cleavage activity
compared with the percentage of cells that had lost plasma membrane integrity as determined with PI (percentage of cell death, ~). Results are representative of
three independent experiments
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necrosis, procaspases were detected in the culture super-
natant (Figure 3D, E). Next we investigated whether the
release of subunits of caspases-3 and -7 were enzymati-
cally active on Ac-DEVD-amc fluorogenic substrate. As a
control for release of cytosolic proteins and loss of plasma
membrane integrity, the amount of LDH present in the
culture supernatant was determined. As shown in Figure 3,
during anti-Fas-induced apoptosis a vast Ac-DEVD-amc
proteolytic activity in the culture supernatant coincided with
LDH activity, suggesting a passive diffusion process of
cytosolic proteins during necrosis and the secondary
necrotic phase of the apoptotic process (Figure 3C, F). At
later time points of TNF-induced necrotic cell death some
p20-like fragments of caspases-3 and -7 appeared in the
culture supernatant, resulting in minor DEVDase activity
(Figure 3E, F).

Proteolytic activation of Bid and release of
cytochrome c from the mitochondria during
apoptosis and necrosis

To analyze the role of mitochondria in death receptor-induced
apoptosis and necrosis in L929sAhFas cells, the proteolytic

activation of Bid and the release of cytochrome c to the cytosol
were determined. Western blot analysis of cytosolic and
organelle fractions of untreated L929sAhFas cells revealed
that p22 Bid was present in both cytosolic and organelle
fractions (Figure 4A, D). Anti-Fas treatment resulted in an
early cleavage of p22 Bid to a p15 tBid, only shortly and to a
minor extent detectable in the cytosolic fraction; the vast
majority of tBid was associated with the organelle fraction
(Figure 4A). In necrotic cells, no cleavage of p22 Bid is
detectable either in the cytosol or in the organelle fraction
(Figure 4D). Only late in the necrotic process was a very small
amount of tBid detectable in the organelle fraction. The
appearance of tBid in the organelle fraction during anti-Fas-
induced apoptosis coincides with the release of cytochrome c
to the cytosol (Figure 4B). However, although there was a
clear decrease in amount of the cytochrome c in the organelle
fraction 4 ± 6 h after anti-Fas treatment, we could not detect
any cytochrome c accumulation in the cytosol at these later
time points. As was the case for caspases, we found that
during secondary necrosis cytochrome c accumulates in the
culture supernatant (Figure 4B). TNF-induced necrosis did not
result in a detectable release of cytochrome c in the cytosol.
However, in the late necrotic phase of TNF-stimulated cells,

Figure 2 Time kinetic analysis of caspases-3 and -7 activation during anti-Fas-induced apoptosis and TNF-induced necrosis. Cytosolic fractions (A, D) and
organelle fractions (B, E) were prepared and analyzed by PAGE and Western blotting. Open and closed arrows indicate processed p20 subunit and procaspase,
respectively. The percentage of dead cells was determined by PI uptake (C, F)
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cytochrome c accumulated in the culture supernatant from the
moment that cells had lost their plasma membrane integrity
(Figure 4E).

As a control for the release of mitochondrial intermem-
brane proteins we also analyzed the release of AK2 from
the mitochondria. AK2 in healthy cells is confined to the
mitochondrial intermembrane space. AK2 is released during
etoposide-, anti-Fas- and staurosporine-induced apoptosis
in Jurkat cells.38,39 Release of AK2 during anti-Fas-induced
apoptosis in L929sAhFas cells occurs later than release of
cytochrome c (Figure 4C), which might suggest that
cytochrome c is more rapidly accessible for release than
AK2. During TNF-induced necrosis, AK2 is not, or only in
very small amounts, detectable in the cytosol (Figure 4F).
AK2 is detectable in the supernatant of necrotically dying
cells from the moment that cells have lost their plasma
membrane integrity, as is the case for detection of
cytochrome c (data not shown). To examine whether the
inner mitochondrial membrane was damaged during
necrosis, we checked the presence of AK3. AK3 is located
exclusively in the mitochondrial matrix.40 AK3 was

undetected in the cytosol and in the supernatant of
apoptotic or necrotic cells (data not shown). Moreover,
the amount of matrix AK3 in the organelle fraction remained
unchanged, also at time points when cells had completely
lost their cell membrane integrity, suggesting that the inner
mitochondrial membrane remains intact during both
apoptosis and necrosis.

Influence of Bcl-2 overexpression on apoptosis,
necrosis, and cytochrome c release

Bcl-2 delays apoptotic cell death by different stimuli.15 Scaffidi
et al.41 demonstrated the existence of two pathways of anti-
Fas-induced apoptosis. Type I apoptosis is independent of
pro-apoptotic factors released by mitochondria and is not
inhibited by Bcl-2. Type II apoptosis depends on the release of
proapoptotic factors from the mitochondria and is inhibited by
Bcl-2. It has also been reported that Bcl-2 inhibits necrotic cell
death induced by oxygen depletion, respiratory chain
inhibitors, or by glutathione depletion.42 ± 44 Therefore, we
analyzed the effect of Bcl-2 overexpression on anti-Fas- and

Figure 3 Time kinetic analysis of caspases-3 and -7 processing, DEVDase activity and LDH release in culture supernatant during anti-Fas-induced apoptosis and
TNF-induced necrosis. Total cell lysates were prepared and the culture supernatant was precipitated. The presence of caspase-3 and caspase-7 in lysate (A, D)
and supernatant (B, E) was determined by PAGE and Western blotting. Open and closed arrows indicate processed p20 subunit and procaspase, respectively. In a
parallel set-up, the presence of Ac-DEVD-amc cleavage activity in cytosol (^), and supernatant (*), as well as of LDH in supernatant (~) was determined (C,F)
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TNF-induced cell death. L929sAhFas.Bcl-2 cells were
generated, and clones were selected based on human Bcl-2
and human Fas receptor expression (Figure 5A). The
cytotoxic response of Bcl-2-transfected cells was examined
by the loss of plasma membrane integrity. Overexpression of
Bcl-2 delayed consistently for about 1 h anti-Fas-induced
apoptotic cell death as compared to control L929sAhFas
cells, which displayed 100% secondary necrosis at 3 h
(Figure 5B). TNF-induced necrosis was delayed for about
4 h (Figure 5C), while 100% plasma membrane permeabiliza-
tion of control cells was seen at 12 h. These results indicate
that overexpression of Bcl-2 temporarily prevents both
apoptosis and necrosis. Overexpression of Bcl-2 also delays
the release of cytochrome c after anti-Fas treatment (Figure

5B) and allows its prolonged accumulation in the cytosol,
probably due to delay in secondary necrosis.

Role of ROS and serine proteases during
apoptosis and necrosis

When L929sAhFas cells are preincubated with zVAD-fmk
prior to anti-Fas treatment, caspase activity and apoptotic cell
death are completely prevented. However, pretreatment with
zVAD-fmk does not prevent cell death, as cells rapidly die in a
typical necrotic way.45 TNF-induced necrosis can be blocked
by addition of BHA, a lipophilic oxygen radical scavenger.46

As clear from Figure 6A, necrosis induced by the combined
addition of zVAD-fmk and anti-Fas is blocked by pretreatment

Figure 4 Time kinetic analysis of the proteolytic activation of Bid (A, D), cellular distribution of cytochrome c (B, E), AK2 and AK3 (C, F), during anti-Fas-induced
apoptosis and TNF-induced necrosis. Cytosolic and organelle fractions were prepared and analyzed by Western blotting. Closed and open arrows indicate full-
length Bid and tBid, respectively. Cell death was determined by PI uptake (shown in Figure 2C and F)
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with BHA. BHA did not affect apoptotic cell death induced by
anti-Fas treatment alone.

It has been reported that serine proteases are
implicated in TNF-induced cytotoxicity in L929 cells.47

Therefore, we tested the effect of the serine protease
inhibitors TPCK and TLCK on both types of cell death
(Figure 6B). The results clearly demonstrate that necrosis
induced by both TNF and anti-Fas in the presence of
zVAD-fmk is inhibited by TPCK, but not by TLCK,
suggesting common cell death pathways by both death
receptors. The apoptotic process induced by anti-Fas was
not influenced by administration of TPCK.

Discussion

Caspases are indispensable as initiators and effectors of the
apoptotic cell death program. However, evidence is accumu-
lating that inhibition of the classical caspase-dependent
apoptotic pathway leads in many cases to necrotic-like cell
death, which is essentially caspase-independent.26,27 Thus,
the same cell death stimulus can result in apoptotic or necrotic
cell death, depending on whether procaspases are activated
or not. In this study, we compared in the same cellular context
caspase-dependent apoptosis and caspase-independent
necrosis initiated by the p55 TNF receptor (TNF-RI) and
Fas, both DD receptors. When stimulated with anti-Fas,
L929sAhFas cells die apoptotically, accompanied by procas-
pases-3 and -7 activation, both in the cytosol and the
organelle fraction. When the same cells are treated with
TNF or with the combination of zVAD-fmk and anti-Fas,
necrotic cell death is induced but caspase activity is not
detected.

A common starting point for necrotic signaling between
both DD receptors could be their DD, as it was shown that
the TNF-RI DD is sufficient to induce necrosis in L929
cells.48 Another common starting point for both cell death
pathways is the adapter protein FADD, as it has been
shown that in the absence of procaspase-8, FADD signals
to necrosis.28,49 Structure/function analysis by transient
overexpression in different cell lines revealed that the DD of

Figure 5 Time kinetic analysis of cell death in Bcl-2-overexpressing cells
during anti-Fas-induced apoptosis and TNF-induced necrosis. L929sA cells
were transfected sequentially with Bcl-2 and Fas. (A) Western blot analysis of
Bcl-2 expression and FACS analysis of Fas expression. (B) Amount of
cytochrome c released in the cytosol and percentage of cells that had lost
plasma membrane integrity during anti-Fas-induced apoptosis in L929sAhFas
(black bars), L929sAhFas.Bcl-2 cl6.2 (white bars) and L929sAhFas.Bcl-2
cl6.11 (grey bars) cells. (C) Percentage of cells that had lost plasma
membrane integrity during TNF-induced necrosis

Figure 6 Effect of BHA, TLCK and TPCK on death receptor-induced
apoptosis and necrosis in L929sAhFas cells. (A) Cells were preincubated for
2 h with or without BHA (100 mM); the percentage of dead cells was determined
with PI. (B) Cells were preincubated for 2 h with or without TLCK (300 mM) or
TPCK (50 mM); the percentage of dead cells was determined with MTT. Where
indicated, cells were co-pretreated with zVAD-fmk (25 mM). The percentage of
cell death was measured after 6 h in the case of TNF treatment and after 4 h in
the case of anti-Fas treatment
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FADD is cytotoxic in L929sA cells, which die from necrosis
after TNF treatment. In cell lines that die apoptotically after
TNF exposure the DD of FADD is not cytotoxic; moreover it
acts as a dominant negative inhibitor of apoptotic cell death
induced by TNF.33 These results suggest that the common
initiator between TNF-RI- and Fas-induced necrosis is the
DD of FADD. In Jurkat cells necrotic signaling by death
domain receptor has been pinpointed on the kinase activity
of RIP31 and the death effector domain of FADD.32 How
both reports can be reconciled is unclear at the moment.
Moreover, our finding that transient overexpression of the
death domain of FADD is sufficient to induce cell death in
L929sA cells while it protects against TNF and anti-Fas
mediated cell death in apoptotic dying cells,33 suggests that
initiation of necrosis might involve multiple adaptors,
depending on the cell type. In this study we report that, in
contrast to apoptosis, necrosis is not dependent on
caspase activation; rather, low levels of constitutively
active (pro)caspases, below detection limits, might even
play a protective role.30 The protective role of caspases in
necrotic systems is suggested by the observation that
pretreatment with z-VAD-fmk or overexpression of CrmA,
which have a preferential inhibitory activity for caspases-1,
-8, -9, and caspases-1 and -8, respectively,50 strongly
synergize TNF-RI-mediated necrosis.45 Caspase-8-deficient
Jurkat cells are also more sensitive to necrotic cell death
induced by overexpression of dimerizable FADD.28

Possibly, low levels of enzymatic activity of caspases are
implied in controlling TNF- or anti-Fas-induced ROS
formation during necrosis, as inhibition of caspases leads
to enhanced and accelerated ROS formation.29,30,45,49 In
this respect, we show that BHA, a ROS scavenger, can
protect against necrotic cell death induced by combined
addition of z-VAD-fmk and anti-Fas, as reported previously
for TNF.46,51 Anti-Fas-induced apoptosis is also accom-
panied by ROS formation (data not shown), but this does
not contribute to the apoptotic cytotoxicity, as BHA does not
protect Fas-mediated apoptosis. It is also possible that
active caspase-8 generated in the receptosome complex
decreases necrotic and anti-apoptotic signaling by proteo-
lysis of RIP and provides in this way a positive feedback
loop for apoptosis.52 We further demonstrate that addition
of the serine protease inhibitor TPCK protects L929sAhFas
cells against caspase-independent necrotic cell death by a
combined addition of anti-Fas plus zVAD-fmk, whereas
TPCK has no effect on anti-Fas-induced apoptotic cell
death. This suggests that serine proteases might play a
decisive role in necrotic cell death both induced by TNF
and by a combined addition of anti-Fas plus zVAD-fmk.

The molecular link between the death receptors and the
mitochondria is given by proteolysis of Bid. The C-terminal
p15 fragment of Bid translocated from the cytosol to the
mitochondria, where it elicits release of cytochrome c.7,8,53

Full-length (p22) Bid is mainly cytosolic,54 although it was
recently shown that during apoptosis p22 Bid can also
associate with the mitochondria.55 Our results show that
tBid, once activated, rapidly translocated to the organelle
fraction, where it probably remains associated with the
mitochondrial outer membrane. Alternatively, organelle-
associated p22 Bid might be a direct target for caspase-8

or other organelle-associated caspases, as it has been
shown that also caspase-3 is able to proteolyze p22 Bid.56

The appearance of tBid during the early phase of anti-Fas-
induced apoptosis was subsequently followed by a rapid
release of cytochrome c from the mitochondrial intermem-
brane space in the cytosol, occurring clearly before cells
had lost their plasma membrane integrity. Furthermore, the
release of cytochrome c was delayed in Bcl-2-overexpres-
sing L929sAhFas cells, resulting in a slower apoptotic
response. During TNF-induced necrosis, we could not
detect any cytochrome c in the cytosol fraction. However,
cytochrome c was immediately released in the culture
supernatant, coinciding with release of cytochrome c from
the organelle fraction and loss of plasma membrane
integrity. This suggests passive diffusion of cytosolic
proteins, a process also observed during the secondary
necrotic phase of anti-Fas-stimulated L929sAhFas cells.
Overexpression of Bcl-2 also delayed TNF-mediated
necrotic cell death. As there is no early release of
cytochrome c in the case of necrosis, Bcl-2 must exert its
protective effect by another molecular mechanism. In this
respect, it was demonstrated that BNIP3, a proapoptotic
Bcl-2 family member that interacts with Bcl-2 and Bcl-XL in
a BH3-independent way,57 causes a decrease in the
mitochondrial transmembrane potential without release of
cytochrome c or nuclear translocation of AIF.58 It is
possible that the anti-necrotic action of Bcl-2 is exerted
by complexation with BNIP3. An alternative mechanism of
action of Bcl-2 might be its ability to prolong the integrity of
mitochondrial oxidative phosphorylation.59,60 As TNF-
induced necrosis has been attributed to superoxide anion
production due to electron overflow at complex I,51,61 it is
indeed possible that the Bcl-2-dependent delay of TNF-
induced necrosis is due to a Bcl-2-mediated modulation of
the oxidative phosphorylation pathway. Bcl-2 has also been
reported to have direct anti-oxidant functions, but the
molecular mechanism is still unclear.62 ± 64 It has been
shown that overexpression of Bcl-2, although elevating the
basal levels of hydrogen peroxide, nevertheless restricted
the excessive production of hydrogen peroxide induced by
apoptotic stimuli, such as TNF.65

Finally, we demonstrate that during anti-Fas-elicited
secondary necrosis mainly active caspases are released
to the culture supernatant. In the case of TNF-induced
necrosis, only procaspases are detectable in the culture
supernatant. At later time points of necrotic cell death,
some processed caspases were found. These findings
correlate with the massive accumulation of DEVDase
activity during apoptosis and only minor during necrosis.
The absence of procaspases in the apoptotic supernatant
suggests that released procaspases are rapidly proteolyzed
by active caspases in an autoamplifying cascade. Surpris-
ingly, in the case of necrosis almost no extracellular
proteolytic processing of procaspases-3 and -7 occurs.
This would imply that other cytosolic or lysosomal
proteases released during plasma membrane and orga-
nelle disintegration during the late stages of necrosis might
not be able to proteolyze these procaspases or are inactive
under the conditions tested. This profound extracellular
difference between apoptotically and necrotically dying cells
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might result in differential pericellular responses. The
physiological implications of the release of caspases are
currently unknown. However, one may imagine that
extracellular active caspases play a modulatory role on
inflammation, be it positive or negative. This could be of
pathophysiological relevance in the case of massive
apoptosis or insufficient phagocytic capacity.

Our results demonstrate that apoptosis and necrosis,
although initiated by the same DD receptors, involve
separate signaling pathways in which caspases and
mitochondrial parameters are differentially implicated.
Necrosis, as defined by the absence of DNA hypoploidy,
cytoplasmic swelling and rapid plasma membrane permea-
bilization, is essentially a caspase-independent process in
which serine proteases and mitochondria reactive oxygen
production play an essential role. Another distinctive
parameter is the absence of active caspase release in
the case of necrosis, which might have important
pathophysiological implications. However, many questions
remain unanswered regarding the precise molecular
signaling events leading to DD receptor-mediated necro-
sis. At the moment different adaptors and domains have
been implicated, which might reflect cellular differences.
Until now, the necrotic cell death process can merely be
discussed in negative terms with the well-studied apoptotic
pathways as a reference. Further research on defined
models will be required to elucidate the necrotic cell death
pathway as clearly distinct or interrelated with the apoptotic
cell death pathway and to define the executioner processes
during cell death by necrosis.

Materials and Methods

Antibodies, cytokines and reagents

Recombinant human TNF was produced in Escherichia coli and
purified to at least 99% homogeneity in the Ghent laboratory. The
specific biological activity was 9.46107 IU/mg as determined in a
standardized cytotoxicity assay on L929sA cells. Anti-human Fas
antibody (clone 2R2) was purchased from Cell Diagnostica (MuÈ nster,
Germany). Butylated hydroxyanisole (BHA), N-tosyl-L-phenylalanine
chloromethylketone (TPCK) and N-tosyl-L-lysine chloromethylketone
(TLCK) were purchased from Sigma Chemical Co. (St. Louis, MO,
USA). Propidium iodide (PI; Becton Dickinson, San Jose, CA, USA)
was dissolved at 3 mM in PBS and was used at 30 mM. Annexin V-
fluorescein isothiocyanate (FITC) was obtained from PharMingen (San
Diego, CA, USA). The fluorescent markers chloromethyltetramethyl-
rosamine (CMTMros) and rhodamine 123 (R123) were purchased from
Molecular Probes (Eugene, OR, USA), prepared as a 1 mM stock
solution in DMSO and used at 0.05 and 0.1 mM, respectively. The
caspase peptide inhibitor zVAD-fmk was purchased from Bachem
(Bubendorf, Switzerland). The caspase fluorogenic substrates acetyl-
Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-aminomethylcoumarin (Ac-
DEVD-amc) and acetyl-Tyr-Val-Ala-Asp-aminomethylcoumarin (Ac-
YVAD-amc) were obtained from Peptide Institute (Osaka, Japan).
Antibodies to cytochrome c and human Bcl-2 were obtained from
PharMingen (San Diego, CA, USA) and antibodies to human/mouse
Bid from R&D Systems (Minneapolis, MN, USA). Rabbit polyclonal
antibodies against recombinant murine caspases66 were prepared at
the Centre d'Economie Rurale (Laboratoire d'Hormonologie Animale,

Marloie, Belgium). All anti-caspase antibodies used recognized both
procaspase and cleaved p20 subunits (our own unpublished results).
Adenylate kinase (AK) 2 and AK3 antibodies were kindly provided by
Dr. T Noma (Department of Biochemistry, Yamaguchi University
School of Medicine, Yamaguchi, Japan).

Cell culture

L929sA is a murine fibrosarcoma cell line, derived from L929, which
was selected for its sensitivity to the cytotoxic activity of TNF and
cultured as described previously.67 L929sA was transfected with the
human Fas receptor (L929sAhFas) as described previously.29

L929sAhFas.Bcl-2 cells were obtained by consecutive transfection
of human Bcl-2 cDNA, using neomycine as a selection marker,
followed by transection of human Fas cDNA, using puromycine as a
selection marker. Human Bcl-2 cDNA was kindly provided by Dr. J
Reed (Burnham Institute, La Jolla, CA, USA)68 and was inserted as an
EcoRI ± EcoRI fragment in pCAGGS.69 Expression of the transfected
genes was controlled by flow fluorocytometry and Western blotting of
cell lysates (anti-human Fas antibody and anti-human Bcl-2 antibody,
respectively).

Induction of apoptosis or necrosis for FACS
analysis and Western blotting

For flow fluorocytometric analysis, L929sAhFas or L929sAhFas.Bcl2
cells were kept in suspension by seeding them at 1.56105 cells/ml per
well the day before analysis in uncoated 24-well tissue culture plates
(Sarstedt, Newton, NC, USA) in serum-containing DMEM medium. For
Western analysis, cells were seeded at 56105 cells/ml per well the
day before analysis in 6-well tissue culture plates. The next day, anti-
Fas (250 ng/ml) or TNF (10 000 IU/ml) were added to the cells.

Flow ¯uorocytometric analysis of DCm, cell
membrane alterations and hypoploidy

The decrease in DCm was analyzed using the fluorogenic probe
CMTMros. The exposure of phosphatidylserine (PS) at the cell surface
was analyzed with annexin V-FITC as detailed previously.70 The loss
of cell membrane integrity was determined by means of the PI
exclusion method.71 The percentage of cells containing hypoploid
DNA was determined by PI staining of cells after one freeze ± thaw
cycle to permeabilize cells, as described previously.72

Fluorogenic substrate assay for caspase activity

The fluorogenic substrate assay for caspase activity was carried out
as described previously.29 Briefly, 1.56105 cells/ml were treated with
TNF (10 000 IU/ml) or anti-Fas (250 ng/ml). Cells were washed in cold
phosphate buffer and lysed in 200 ml NP-40 lysis buffer. Caspase
activity was determined by incubating 25 mg of cell lysate with 50 mM
Ac-YVAD-amc or Ac-DEVD-ame in 200 ml cell-free system buffer. The
release of fluorescent 7-amino-4-methylcoumarin was measured for
60 min at 2-min intervals by fluorometry (excitation at 360 nm and
emission at 480 nm) (Cytofluor; PerSeptive Biosystems, Cambridge,
MA, USA); the maximal rate of increase in fluorescence was
calculated (DF/min).

Lactate dehydrogenase (LDH) assay

LDH measurements were performed with a Hitachi 747 automated
analyzer (Roche Molecular Biochemicals Basel, Switzerland), based
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on conversion of pyruvate to lactate and simultaneous oxidation of
NADH to NAD. The rate of decrease in NADH is directly proportional to
the LDH activity and is determined spectrophotometrically at 340 nm.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay

Cells were seeded the day before at 26104 cells/well in 96-well
plates. The next day inhibitors, TNF and anti-Fas were added at the
given concentrations. Cell death was assessed at different time
intervals using MTT staining as described previously.73 The
percentage of cell death was calculated using the equation
100%6[1 ± (A595/655 treated cells ± A595/655 medium)/(A595/655 un-
treated cells ± A595/655 medium)].

Western blot analysis

56105 ml cells seeded in 6-well plates in serum-free DMEM
supplemented with insulin, transferring and selenium were treated
with or without TNF (10 000 IU/ml) or anti-Fas (250 ng/ml). The
proteins present in the culture supernatant were precipitated with 10%
trichloracetic acid. Cells were washed in cold phosphate buffer and
permeabilized with 250 ml 0.02% digitonin dissolved in cell-free
system buffer and left on ice for 1 min. This treatment allows
selective lysis of the plasma membrane without affecting the organelle
membranes. After centrifugation, the supernatant and the pellet
(organelle fraction) were dissolved separately in Laemmli buffer and
analyzed by 15% SDS ± PAGE and Western blotting using antibodies
to cytochrome c, Bid, AK2, AK3, caspases-3 and -7 and developed by
ECL-based detection (Nycomed Amersham, Little Chalfont, UK).
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