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Jian Huang , Lijun Wu , Shin-ichi Tashiro ,
Satoshi Onodera , and Takashi Ikejima
ChinaJapan Research Institute of Medical and Pharmaceutical Sciences,
Department of Phytochemistry, Shenyang Pharmaceutical University, Shenyang 110016, P. R. China, and
Department of Clinical and Biomedical Science, Showa Pharmaceutical University, Machida, Tokyo 194‑8543, Japan

We investigated the mechanism of the pan-caspase inhibitor z-VAD-fmkʼ
s augmentation of TNFαinduced L929 cell death and found this mechanism diﬀers from that of TNFα-induced L929 cell death.
In the presence of 20ng/ml TNFα, z-VAD-fmk initiated apoptosis and necrosis in the majority of
L929 cells as measured by an agarose gel electrophoresis and lactate dehydrogenase(LDH)activitybased assay. Mitochondrial permeability transition (MPT) inhibitor (cyclosporine A) eﬀectively
inhibited z-VAD-fmk-augmented cell death. In addition, z-VAD-fmk plus TNFα increased Bax
expression without aﬀecting Bcl-2 and cytochrome expression. Western-blot analysis showed that
z-VAD-fmk plus TNFαcaused persistent JNK activation and ERK inactivation. Poly(ADP-ribose)
polymerase (PARP) inhibitor (DPQ) eﬀectively reversed the cell death which was augmented by
z-VAD-fmk, and z-VAD-fmk plus TNFαalso caused PARP cleavageto an 85KDa fragment. These
results indicate that in the presence of TNFα, z-VAD-fmk further augments cell death which
requires the mitochondrial permeability transition and the JNK activation. However, we did not
detect the changes in cytochrome expression and the participation of caspase-9 in this process,
suggesting that there might exist an unknown signal pathway(s) from the mitochondria to the
downstream protein PARP, which is cleaved in a caspase-independent manner.
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umor necrosis factorα (TNFα)is an important
mediatorin manyimmunologicalandinﬂ
ammatory
responses, as well as in a number of pathological conditions. In vitro, TNFα is able to induce cell death, the
activation of transcription factors and proliferation.
Caspases are a family of cysteases that playkeyroles in
mediating Fas or TNFαinduced apoptosis and are

T

Received February 4, 2005; accepted June 30, 2005.
Corresponding author.Phone:＋86‑24‑23844463;Fax:＋86‑24‑23844463
Email:ikejimat＠vip.sina.com (T. Ikejima)

divided into 2 classes based on the lengths of their
Nterminal prodomains: upstream caspases such as
caspase8 and 10, and downstream caspases such as 3,
6 and 7［1］
. The activation of caspases is believed to
be required for apoptosis. However, some researchers
have reported that the pancaspase inhibitor zVADfmk
augments TNFαinduced cell death in L929 cells and in
RAW246.7 macrophages. However, unlike L929 cell
death as induced byTNFα, a necrosis characterized by
swelling which eventuallyleads to disruption oftheplasma
membrane, RAW246.7 cells manifest features of
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apoptosis such as chromatin condensation and nuclear
fragmentation［2‑4］. For L929 cells, some researchers
have put forward a hypothetical model: TNFαinduced
cell death is due to an increase in the accumulation of
oxygen radicals in the mitochondria; caspases interfere
with the death signal pathway to the mitochondria from
activated receptors, acting as a negative regulator of
premitochondrial signals or the mitochondrial production
of reactive oxygen intermediate (ROI). Alternatively,
damage to the mitochondria byROI could impair normal
functioning, resulting in an even higher production of
radicals［5］
.
The aims ofthis studywere to further investigatethe
eﬀecter mechanisms in zVADfmkaugmented L929 cell
death. We demonstrated that TNFα induced both
apoptosis and necrosis, that zVADfmk augmented this
cell death, and that this augmented cell death was associated with premitochondrial signaling, the activation
of JNK, and the downstream PARP protein cleavage.

Materials and Methods
TNFαwas prepared from PMALCTNFα/JM109 (E. coli.). Pancaspase inhibitor (zVADfmk), caspase3 inhibitor(zDEVDfmk), caspase9 inhibitor (zLEHDfmk) and caspase8 inhibitor (zIETDfmk) were purchased from Enzyme Systems
(Livermore, CA, USA). Poly(ADPribose)polymerase
(PARP)inhibitor(DPQ), cyclosporin A, ERK inhibitor
(PD98059), p38 inhibitor (SB203580), and JNK inhibitor (SP600125)were obtained from Calbiochem (La
Jalla, CA, USA). Polyclonal antibodies against p38,
phospho-p38, ERK1/2, phospho-ERK, JNK,
phosphoJNK, PARP, βactin, and horseradish
peroxidaseconjuated secondary antibodies (goatantirabbit and goatantimouse) were purchased from Santa
Cruz Biotechnology(SantaCruz, CA, USA). AntiBcl2, and Bax were from Oncogene Research Products
(Boston, MA, USA).
The murine ﬁ
brosarcoma cells
(L929#CRL2148)were purchased from American Type
CultureCollection(ATCC, Manassas, VA, USA). The
cells were cultured in RPMI1640 medium (GIBCO,
NYC, NY, USA)supplementedwith10 FBS (Shengma Yuanheng, Beijing, China), 100mg/l streptomycin,
100IU/ml penicillin, and 0.03
Lglutamine and
maintained at 37°
C with 5 CO in a humidiﬁ
ed atmosphere.
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L929 cells were incubated
at 1× 10 cells/well in 96well plates (NUNC, Roskilde
Denmark). The cells were incubated with zVADfmk,
zIETDfmk, zDEVDfmk, zLEHDfmk, cyclosporine A, PD98059, SB203580, or SP600125 at given
concentrations for 1h, and then treated with TNFαfor
diﬀerent timeperiods. Cellgrowth was measured by3(4,
5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT)
assay. The percentage of cell growth inhibition was
calculated as follows:
［A (control)− A (oridonin)］
/
Cell death ( )＝
A (control)× 100
L929 cells (1×
10 )werecollected bycentrifugation at 150× g for 5min
and washed with PBS. Then, they were pelleted and
suspended in 10mM Tris (pH 7.4), 10mM EDTA (pH
8.0), 0.5 Triton X100 and kept at 4°
C for 10min.
The supernatant was incubated with 20mg/ml RNase A
(2μl) and 20mg/ml proteinase K (2μl) at 37°
C for
1hrs, then kept in 0.5M NaCl (20μl) and isopropanal
(120μl)at − 2°
C overnight, and centrifuged at 15000×
g for 15min. DNA was dissolved in TE buﬀer［10mM
Tris (pH 7.4), 10mM EDTA(pH 8.0)］and subjected to
a 2 agarose gel electophorsis at 50 V for 40min and
stained with ethidium bromide.
LDH (lactate dehydrogenase)activitywas assessed using
a standardized kinetic determination (Zhongsheng LDH
kit, Beijing, China), and measured in both ﬂ
oating dead
cells and viable adherent cells. Floating cells were collected fromculturemediumbycentrifugation(240× g)at
4°
C for 5min, and the LDH content in the pellets was
used as an index of apoptotic cell death (LDHp). The
LDH released in the culture medium(extracellular LDH
orLDHe)was used as an index ofnecroticdeath, andthe
LDH present in the adherent viable cells was used to
determine intracellular LDH (LDHi). The percentage of
apoptoticand necroticcelldeath was calculated as follows:
Apoptosis ( )＝ LDHp/(LDHp＋ LDHi＋ LDHe)
× 100
Necrosis ( )＝ LDHe/(LDHp＋ LDHi＋ LDHe)
× 100
L929 cells were
treated with TNFα (100ng/ml) for diﬀerent time
periods. Both adherent and ﬂ
oating cells were collected
and subjected to Westernblot analysis as previously
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described with somemodiﬁ
cation. Brieﬂ
y, thecellpellets
were resuspended in lysis buﬀer consisting of Hepes 50
mmol/l pH 7.4, TritonX 100 1 , sodium orthovanada
2 mmol/l, sodium ﬂ
uoride 100 mmol/l, edetic acid 1
mmol/l, PMSF 1 mmol/l, aprotinin (Sigma, MO,
USA)10mg/l and leupeptin (Sigma)10mg/l and lysed
at 4°
C for 60min. After 13000× g centrifugation for 15
min, the protein content of the supernatant was determined using a protein assayreagent (BioRad, Hercules,

CA, USA). The protein lysates were separated by
electrophoresis in 12 SDS polyacrylamide gel and
blotted onto a nitrocellulose membrane. Proteins were
detected using polyclonal antibody and visualized using
antirabbit IgG conjugated with peroxidase(HRP), using
3,3diaminobenzidine tetrahydrochloride (DAB) as the
HRP substrate.
Thedata
are expressed as mean ± S.D. Statistical comparisons
were made by studentʼ
s ttest, p＜ 0.05 was considered
signiﬁ
cant.

Results

A
Activity(fold)
12

24 (h)

Caspase3

TNFα
TNFα＋ zDEVDfmk
TNFα＋ zVADfmk

6.2± 1.4
3.5± 1.4
4.7± 2.1

16.1± 1.4
6.8± 0.9
9.7± 1.4

Caspase8

TNFα
TNFα＋ zIETDfmk
TNFα＋ zVADfmk

9.6± 0.7
3.9 ± 1.2
5.3± 2.1

4.5± 1.5
2.1± 2.8
2.8± 2.2

Caspase9

TNFα
TNFα＋ zLEHDfmk
TNFα＋ zVADfmk

1.1± 2.3
1.2± 1.3
1.3± 1.5

1.2± 2.1
1.0± 1.6
1.4± 3.1

B
Fig. 1 Eﬀects of caspase inhibitors on TNFαinduced L929 cell
death. Cells were treated with TNFα 20ng/ml for 24h in the
presence of zIETDfmk 5μM (caspase8), zDEVDfmk 5μM
(caspase3), zLEHDfmk5μM (caspase9)or zVADfmk5μM (pancaspase), allofwhich were introduced 60min priortotheadministration of TNFα. Cell death rate was measured by MTT assay (A),
caspase3, 8 and 9 activities were assayed (B). n＝ 3, Mean±
S.D. , P＜ 0.01

α
TNFα produced a dosedependent cytotoxic eﬀect in L929 cells at 24h(data not
shown), and 20ng/ml TNFα induced approximately
51.2 of the cell death. The inhibitor of caspase3
zDEVDfmk, and the inhibitor of caspase8 zIETDfmk, augmented cell death and the pancaspase inhibitor
zVADfmk rendered the cells even more sensitive to
TNFα; however, the caspase9 inhibitor zLEHDfmk
had almost no eﬀect on the cell death. The cytotoxic
aﬀect of caspase inhibitors alone on L929 cells was
minimal (Fig. 1A). We also assayed the caspase3, 8
and 9 activities. Here, results showed that caspase
inhibitors partially suppressed caspase3 and 8 activities
(Fig. 1B). To investigatethecytotoxiceﬀects ofzVADfmk on L929 cells, the 20ng/ml TNFαtreated cells
were cultured in the presence of zVADfmk at several
doses for 24h. Wefound that, in thepresenceof20ng/
ml TNFα, zVADfmk augmented L929 cell death in a
dosedependent manner, and zVADfmk 0.5‑20μM
exerted potent cytotoxic eﬀects on L929 cells (Fig. 2).
Apoptosis is a
wellstudied pathway of programmed cell death, and
DNA fragmentation is a hallmark of typical apoptosis
［3］. In our study, DNA fragmentation was observed in
both the TNFαtreated and TNFα plus zVADfmktreated groups by agarose gel electrophoresis. However,
when the L929 cells were cultured with 5μM zVADfmk alone, the DNA ladders disappeared (Fig. 3).
In order to further investigate whether zVADfmk
also initiated necrosis in L929 cells, the ratio of LDH
(measured as described above)released from viable cells,
ﬂ
oating dead cells, and the culture medium were mea-
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Fig. 2 Cytotoxic eﬀects of zVADfmk plus 20ng/ml TNFα on
L929 cells. The cells were treated with zVADfmkwith various doses
in the presence(■)orabsence(▲)of20ng/mlTNFαfor24h. The
cell death rate was measured byMTT assay. n＝ 3, Mean± S.D.

sured. After treatment with 0.5‑20μM zVADfmk in
thepresenceof20ng/mlTNFαfor 18 h, thenumber of
apoptoticcells increased from 28.1 to 42.5 , and that
of necrotic cells also increased from 27.3 to 36.7 .
When the L929 cells were treated with 20ng/ml TNFα
alonefor 18 h, thenumber ofapoptoticcells was 23.1 ,
and that of necrotic cells was 16.9 (Fig. 4A). DNA
ladders were observed in the ﬂ
oating dead cells, but the
DNA band intensitywas not as high as that in theﬂ
oating
dead cells from the culture treated with TNFα plus
zVADfmk (Fig. 4B). All these results suggested that
zVADfmk augmented L929 celldeath through at least 2
diﬀerent ways: apoptosis and necrosis, and that it
promoted more necrosis than apoptosis.
The
mitochondrialpermeabilitytransition(MPT), theopening
ofanonspeciﬁ
cporein theinnermitochondrialmembrane,
is a well known alteration implicated as a mechanism of
cell injury. Cyclosporine A, the inhibitor against MPT,
reduces this cellinjuryand prevents TNFαinduced L929
cell death in the presence of actinomycin D［6‑8］. To
assess the role of MPT in the process of zVADfmkaugmented L929 cell death, cyclosporin A was applied.
Cyclosporin A partially inhibited zVADfmkaugmented
L929 cell death, but it had no eﬀect on TNFαinduced
L929 cell death (Fig. 5).
It was reported that in mitochondria the overexpression ofBcl2 familyprotein Bax induced MPT and
initiated postmitochondrial signal transduction［9］. In
order to further conﬁ
rm that themitochondriais involved
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Fig.3 OligonucleosomalDNAfragmentationanalysis inL929 cells.
For18h, cells were treated with 5μM zVADfmkor20ng/mlTNFα
or zVADfmk (5μM)plus 20ng/ml TNFα. DNA was separated on
2% agarose gel. M: molecular weight marker.

A

B
Fig. 4 Characterization of cell death augmented byzVADfmk in
L929 cells. Cells were treated with zVADfmk ofvarious doses plus
20ng/ml TNFαfor 18h. The cell death rate was measured byLDH
activitybased assay (■, necrosis; □, apoptosis. (A)). n＝ 3,
mean± S.D. In the ﬂ
oating cells, the DNA was separated on 2%
agarose gel. M: molecular weight marker (B).
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in zVADfmkʼ
s augmentation of TNFαinduced L929
celldeath, weexamined theexpression ofBcl2, Bax and
cytochrome c by Westernblot analysis. The results
showed that the expression level of Bax was increased,
but this was not the case in cells treated with TNFα
alone. Bcl2 and cytochrome c were not changed in the
zVADfmkaugmented cell death (Fig. 6).
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death, 5μM PD98059 slightly increased the augmented
celldeath and 5μM SB 203580 hadalmost noeﬀect(Fig.
7A), allofwhich indicates that MAPKs wereinvolved in

MAPK signal
pathways have been implicated in cell growth and cell
death［10］. To determine whether the MAPK cascades
are involved in zVADfmkaugmented L929 cell death,
speciﬁ
cinhibitors for p38(SB203580), JNK(SP600125)
and ERK (PD98059)were applied to evaluate the functions ofMAPKs in the cell death. Preincubation with 5
μM SP600125 eﬀectively reversed the augmented cell

Fig. 5 Eﬀects of cyclosporine A on zVADfmkaugmented L929
cell death. For 18h, cells were treated with TNFα 20ng/ml or
zVADfmk 5μM plus TNFα20ng/ml in the absence or presence of
cyclosporine A(Cycl. A) 5μM. Cell death was measured by MTT
assay. n＝ 3, Mean± S.D., p＜ 0.01 vs controlgroup(zVADfmk
plus TNFα).

Fig. 7 Eﬀects of MAPKinhibitors on zVADfmkaugmented L929
celldeath. Cells were treated with zVADfmk5μM, TNFα20ng/ml
and MAPKinhibitors (A)or TNFα20ng/ml and MAPKinhibitors (B)
including 5μM PD98059 (ERK), 5μM SB203580 (p38) and 5μM
SP600125(JNK)for varied time periods. Celldeath was measured by
MTT assay. n＝ 3, Mean± S.D., p＜ 0.01 vs TNFα or medium
control (zVADfmk plus TNFα).

Fig. 6 Westernblot analysis of Bax, Bcl2 and cytochrome c protein expression. Cells were treated with zVADfmk 5μM plus TNFα20
ng/ml for varyed time periods. Cell lysates were separated by12 % SDSPAGE electrophoresis, and protein expression was detected by
Westernblot analysis.
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zVADfmkʼ
s augmentation of TNFαinduced L929 cell
death. However, 5μM SB 203580 and 5μM PD98059
markedly reduced TNFαinduced L929 cell death (Fig.
7B).
The eﬀects of zVADfmk and 20ng/ml TNFα on
the JNK and ERK phosphorylation were also examined.
The expression of JNK and phosphorylated JNK was
markedlyupregulated. ERK protein expression was not
altered, but ERK phosphorylation was downregulated.
In TNFα alone case, however, ERK phosphorylation
was increased (Fig. 8).
In order to examinewhether poly(ADPribose)polymerase(PARP), as a
downstream regulator, participated in zVADfmkaugmented L929 cell death, the PARP inhibitor DPQ
was applied to assess the function of PARP in the cell
death process. It was found that ahigh dose(20μM)of
DPQ reduced celldeath from60.1 to 50.2 at 18 h, but

Fig. 9
Eﬀects of PARP inhibitor on zVADfmkaugmented L929
cell death. Cells were treated with TNFα 20ng/ml or zVADfmk
5μM plus TNFα20ng/ml in the presence ofvarious doses ofPARP
inhibitor DPQ for 18h. Cell death was measured by MTT assay.
n＝ 3, Mean± S.D., p＜ 0.05 vs zVADfmk plus TNFα group.

Fig. 8 Westernblot analysis of ERKand JNKprotein expression. L929 cells were treated with zVADfmk 5μM plus TNFα20ng/ml for
varied time periods. Cell lysates were separated by 12% SDSPAGE electrophoresis, and the expression of protein was detected by
Westernblot analysis.

Fig.10 Westernblot analysis of PARP protein expression. L929 cells were treated with zVADfmk 5μM plus TNFα20ng/ml for various
time periods. Cell lysates were separated by12% SDSPAGE electrophoresis, and the expression of protein was detected byWesternblot
analysis.
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had no eﬀect on TNFαinduced L929 celldeath(Fig. 9);
however, neither 10μM nor 5μM DPQ inﬂ
uenced the
cell death (data not shown). In order to further conﬁ
rm
this, weanalyzed thePARP expression byWesternblot
analysis. The results showed that after treatment with
zVADfmk and 20ng/ml TNFα for 12h, the PARP
protein was cleaved to an 85KDa fragment, but this was
not the case in L929 cells treated with onlyTNFα(Fig.
10). These results suggest that zVADfmkaugmented
L929 celldeath required PARP degradation in acaspaseindependent manner.
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activated, causing downstream death signal transduction
［15］. In this study, the inhibition of mitochondrial
permeability transition, or MPT, with cyclosporin A
partially inhibited the cell death augmented by zVADfmk. The expression level of Bax was increased when
L929 cells were cultured with zVADfmk and TNFα;
however, theexpressions ofBcl2 and cytochromecwere
not altered. In addition, caspase9 inhibitorzLEHDfmk
did not inﬂ
uenceTNFαinduced cell death indicating that
postmitochondrial caspase9 was not activated in this
process. These results suggested that Bax overexpression promoted MPT in mitochondria, but did not
promote cytochrome c release into the cytoplasm and so
Discussion
neither the activation of caspase9. It is well known that
It has been reported that TNFαinduced L929 cell caspase9 activats the downstream caspase3, and that
death in thepresenceofactinomycin D is theconsequence caspase3 then cleaves PARP, a nuclear enzyme, to an
of MPT in mitochondria and Bid translocation to the 85KDa product［16］. In this study, 20μM DPQ, the
mitochondria which are not attributed to activation of inhibitor of PARP, reduced that cell death induced by
caspase8［6‑8］. TNFα induced the activation of p38, zVADfmk plus 20ng/ml TNFα, and treatment with
and the inﬂ
uence of p38 function on TNFαinduced zVADfmk and 20ng/mlTNFαat 18 h, causedPARP
apoptosis or necrosis has been a subject of controversy protein cleavage to the 85 KDa fragment. All of these
［11］. In this study, the inhibitor of caspase3, z- results suggest that an unknown signaling pathway(s)
DEVDfmk, and theinhibitorofcaspase8, zIETDfmk, might exist in the postmitochondrial processes to the
promoted the cell death. The pancaspase inhibitor, downstream PARP which degrades in a caspasezVADfmk, partiallyinhibited theactivities ofcaspases3 independent manner, and that some protease(s)diﬀerent
and8 and showed similar eﬀects on TNFαtreated L929 fromcaspase3 was responsiblefor PARP degradation in
cell; therefore, we only further investigated the eﬀecter this case.
mechanisms of zVADfmkaugmented L929 cell death.
The MAPK family mainly consists of ERK, JNK
We found that zVADfmk augments TNFαinduced and p38 MAPK. Activation of the distinct MAPK
L929 cell death through a diﬀerent mechanism than that subtype cascades depends upon thetypes ofcells and the
of TNFαinduced cell death. We also determined that stimuli, and the functional role of each MAPK subtype
zVADfmk augments this cell death in a dosedependent which may vary according to the cell type［13］
. The
manner; however, zVADfmk (0.5‑20μM) alone has ERK pathway is predominantly activated by mitogens
almost no cytotoxic eﬀects against L929 cells. After through a Rasdependent mechanism, and it is required
treatment with zVADfmk and 20ng/ml TNFα, the for cell proliferation and diﬀerentiation; however, JNK
majorityofthecells underwent apoptosis and necrosis, as and p38 are activated byproinﬂ
ammatorycytokines and
［
measured byagarosegel electrophoresis and LDH assay. various environmental stresses 18, 19］. The results of
It is wellknown that themajorityofthecelldeath pass this study showed that both JNK and phosphorylated
through one of the 2 distinct ways, necrosis and JNK expression were markedly increased and JNK inapoptosis, which has also been reported to share some hibitor SP600125 had partiallyinhibited celldeath at 12h,
common signal transduction pathways, such as death indicating that JNK activation may mediate zVADfmkreceptors, MAPK cascades and the mitochondinal path- augmented L929 cell death. However, at 18h the inway［12‑14］
.
hibitive function ofJNK inhibitor SP600125 had become
The overexpression of Bax in mitochondria induces weaker. This may result because zVADfmk augments
theopening ofpores in theinnermitochondrialmembrane, morenecrosis than apoptosis, and necroticcells releasing
MPT［9］. This induction ofMPT caused cytochromec cytotoxic matters into the culture medium and initiating
to release into thecytoplasm, whereit formed acomplex cell death through another as yet undetermined signal
with Apaf1 and procaspase9; thus, caspase9 was pathway. Whether this function ofJNK in the cell death
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is associated with the premitochondrial signal pathway
remains to be elucidated.
In summary, the mechanism by which zVADfmk
augments TNFαinduced L929 apoptotic and necrotic
cell death is in part due to JNK activation and the
premitochondrial signal pathway, accompanied by the
downstream protein PARP degradation. In addition to
apoptosis, there is another pattern of cell death, autophagy, characterized by membranebound vacuoles that
target organelles and proteins to the lysosome for degradation［19］. It has been reported that zVADfmk
promoted autophagy through activation of JNK in L929
cells［20］
. However, in our study, zVADfmk alone
barelyactivated JNK, and zVADfmk partiallyinhibited
caspase3 and8 activities. Therefore, zVADfmk might
both augment TNFαinduced cell death by inhibiting
caspase3 and 8 activities and have a second cytotoxic
eﬀect against L929 cells through another unidentiﬁ
ed
pathway.
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