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Abstract

Although much is known about how TNF-a induces apoptosis in the presence of inhibitors of protein synthesis,
little is known about how it induces apoptosis without these inhibitors. In this report we investigated temporal
sequence of events induced by TNF-a in the absence of protein synthesis. Regardless of whether we measured
the effects by plasma membrane phosphotidylserine accumulation, by DNA strand breaks, or activation of
caspases, significant changes were observed only between 12–24 h of TNF-a treatment. One of the earliest
changes observed after TNF-a treatment was mitochondrial swelling at 10 min; followed by cytochrome c and
Smac release at 10–30 min, and then heterochromatin clumping occurred at 60 min. While genetic deletion of
receptor-interaction protein (RIP) had no effect on TNF-a-induced mitochondrial damage, deletion of Fas-
associated death domain (FADD) abolished the TNF-induced mitochondrial swelling. Since pan-caspase in-
hibitor z-VAD-fmk abolished the TNF-a-induced mitochondrial changes, z-DEVD-fmk, an inhibitor of caspase-3
had no effect, suggesting that TNF-a-induced mitochondrial changes or cytochrome c and Smac release requires
caspase-8 but not caspase-3 activation. Overall, our results indicated that mitochondrial changes are early events
in TNF-a-induced apoptosis and that these mitochondrial changes require recruitment of FADD and caspase-8
activation, but not caspase-3 activation or RIP recruitment. Antioxid. Redox Signal. 13, 821–831.

Introduction

Tumor necrosis factor-a (TNF-a) was initially isolated
as a cytokine that specifically kills tumor cells (2, 31).

Subsequent work indicated TNF-a-induced cell killing is
mediated through specific cell surface receptors (2). Although
two different types of transmembrane TNF receptors have been
identified, only type I, which is ubiquitously expressed on all
eukaryotic cells, is known to mediate apoptosis through its cy-
toplasmic death domain; this domain sequentially interacts with
TNFR1-associated death domain (TRADD), Fas-associated
death domain protein (FADD), and FADD-like interleukin-1b-
converting enzyme (FLICE) (1). TRADD, however, can also bind
to TNFR-associated factor 2 (TRAF2) and receptor-interaction
protein (RIP), leading to activation of various transcription
factors including NF-kB, which regulates the expression of
genes involved in tumor cell survival and inflammation.

Although much is known about the mechanism by which
TNF-a mediates apoptosis in different cell types, new infor-
mation indicates TNF-a induces proliferation as well as cell
killing by diverse methods (4, 20, 38, 40). For instance, cell

killing by TNF-a through both apoptotic and nonapoptotic
mechanisms has been described (30, 45). Nonapoptotic
mechanisms usually involve necrosis or autophagy (26, 34,
45). While in most instances TNF-a-induced apoptosis is
caspase dependent; recent reports also describe caspase-
independent mechanisms for TNF-a-induced apoptosis (26,
45). In a recent report, treatment of a particular cell population
with TNF-a produced both apoptosis and necrosis (45). What
determines whether cells will die through apoptotic or non-
apoptotic mechanisms is not known.

At the subcellular level, extensive research within the last
decade has implicated the critical role of mitochondria in
TNF-a-induced apoptosis and necrosis (10, 13, 15, 17, 19, 21,
25). The following events have been linked with mitochon-
drial changes: release of reactive oxygen species, mitochon-
drial membrane hyperpolarization and depolarization,
matrix swelling, activation of Bax=Bak in response to cytosolic
truncated Bid, increased permeability of the outer membrane,
release of cytochrome c, and Smac, induction of apoptosis-
inducing factor (AIF), and the appearance of second
mitochondria-derived activator of caspase=direct inhibitor of
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apoptosis (IAP)-binding protein with low pI (Smac=DIABLO)
(37). Additionally a 60-kDa mitochondrial protein has been
identified to which TNF can bind directly (24), thus leading to
uncoupling of mitochondria (7). Inhibition of electron trans-
port chain (ETS) complex III of mitochondria potentiates TNF-
a-induced apoptosis, but inhibition of complex I and II
inhibits TNF-a-induced apoptosis (32, 35). Our laboratory has
shown that mitochondrial antioxidant enzymes such as su-
peroxide dismutase abolish TNF-a-induced apoptosis (27).

That most cell types are resistant to TNF-a-induced cell-
killing when treated with the cytokine alone was reported
several years ago by our laboratory (3, 40). When treated with
TNF in the presence of a protein synthesis inhibitor such as
cycloheximide or actinomycin D, most cells become susceptible
to TNF-a-induced cell killing; suggesting a critical role for
protein synthesis. It is now clear that TNF-a activates the tran-
scription factor NF-kB, which controls the expression of cell
survival proteins such as Bcl-xL, IAP-1, IAP-2, XIAP, and cFLIP,
which mediate antiapoptosis (8, 9, 23, 39). The suppression of
synthesis of these proteins is needed to sensitize most cells to
TNF-a-induced apoptosis (44). Most studies on TNF-a-induced
apoptosis have used cells treated with TNF-a in the presence of
protein synthesis inhibitors, which do not represent a physio-
logical environment. Which of the various temporal sequences
of events that lead to cell killing in the absence of inhibitors of
protein synthesis is less well understood. Thus, the aim of this
study was to investigate various temporal requirements for
TNF-a-induced mitochondrial changes in T cells. We found that
mitochondrial changes are early events in TNF-a-induced ap-
optosis and that it requires FADD and caspase-8 activation, but
not caspase-3 or RIP recruitment.

Materials and Methods

Reagents

Monoclonal antibodies against cytochrome c, anti-active
caspase-3 (AF835), and TNF were obtained from R&D Sys-
tems (Abingdon, UK). Polyclonal antibody against Smac was
obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Dihydro-rhodamine 123 was obtained from Sigma (Munich,
Germany), and z-VAD-fmk (benzyloxycarbonyl-Val-Ala-
Asp-fluoromethylketone) and z-DEVD-fmk were from Bio-
mol (Hamburg, Germany). Secondary antibody GAM (10 nm
goat-anti-mouse immunoglobulin conjugated with 10 nm
gold particles) was purchased from Amersham (Braunsch-
weig, Germany). LR-White (London Resin) and Epon were
purchased from Plano (Marburg, Germany).

Cell lines

Jurkat cells were cultured in growth medium consisting of
Ham’s F-12=Dulbecco’s modified Eagle’s medium (1:1) con-
taining 10% fetal calf serum (FCS), 25mg=ml ascorbic acid,
50 IU=ml streptomycin, 50 IU=ml penicillin, 2.5 mg=ml am-
photericin B, essential amino acids, and L-glutamine (Ser-
omed, Munich, Germany).

Isolation of cytosolic fractions

Jurkat cells were trypsinized and washed twice in 1 ml ice
cold PBS. The supernatant was carefully removed. Cell pellet
was resuspended in 400ml hypotonic lysis buffer containing
protease inhibitors and incubated on ice for 15 min. 12.5ml of

10% NP-40 were added and the cell suspension vigorously
mixed for 15 sec. The extracts were centrifuged for 1.5 min. The
supernatants (cytoplasmic extracts) were frozen at �708C.

Isolation of mitochondrial fractions

Cells were washed in twice in 1 ml ice cold PBS and placed
in ice-cold mitochondria isolation buffer (0.25 M sucrose,
0.2 mM EDTA, and 10 mM Tris–HCl, pH 7.8) for 30 min, fol-
lowed by homogenization using a pre-cooled glass homoge-
nizer. Cell lysates were centrifuged at 1000 g for 15 min at 48C
and the supernatant was centrifuged at 12,000 g for 15 min at
48C. Pelleted mitochondria were resuspended in ice-cold mi-
tochondria isolation buffer containing protease inhibitors
(5 mg=ml leupeptin, 5mg=ml pepstatin, 10 mg=ml aprotinin,
1 mM PMSF, 1 mM DTT, 100mM sodium orthovanadate,
10 mM sodium fluoride, and 10 mM phenylarsine oxide).

Transmission electron microscopy

The transmission electron microscopy experiment was
performed as described previously (36). Briefly, the Jurkat
cells were fixed in 1% glutaraldehyde plus 1% tannic acid in
0.1 M phosphate buffer, pH 7.4, post-fixed in 1% OsO4 in the
same buffer, rinsed and dehydrated in ethanol, embedded in
Epon, cut with an Ultracut E (Reichert), and stained with 2%
uranyl acetate=lead citrate. The specimens were examined
with a transmission electron microscope (TEM) (Zeiss EM 10).

Immunoelectron microscopy

The immunoelectron microscopy experiment was per-
formed as described previously (36). Briefly, immediately after
fixation (3% paraformaldehyde, 0.25% glutaraldehyde in PBS
for 1 h), the Jurkat cells were rinsed with PBS=BSA overnight
and gradually dehydrated in ethanol. Subsequently, the cells
were embedded in fresh LR-White (London Resin). LR-White
sections were cut on an Ultracut E (Reichert) and placed on
nickel grids. These grids were placed in a moist chamber on the
top of drops of the following solutions: (a) l% bovine serum
albumin (BSA) in 0.01 M PBS, pH 7.0 and in 0.5% Tween for
30 min for blocking at room temperature (RT); (b) primary
antibody (anti-cytochrome c 1:30 in PBS=BSA=Tween, over-
night at 48C), (c) rinsing in PBS=BSA=Tween at RT; (d) sec-
ondary antibody (GAM 10 nm 1:30 in PBS=BSA=Tween) for
60 min at RT; (e) rinsing in PBS=BSA=Tween RT; (f ) fixation (l%
glutaraldehyde) for 10 min at RT. Contrasting was carried out
with an aqueous saturated solution of 5% uranyl acetate for
20 min, OsO4 for 5 min, and l% tannic acid for 30 min at RT.
Examination was performed using a Zeiss TEM.

Toluidine blue staining of Jurkat cells

Semi-thin sections of Jurkat cells embedded in Epon were
stained with 0.2 % toluidine blue and rinsed gently 3�10 min in
aqua bidest. Sections were air dried and covered with gelatin
before examination under a Zeiss Axiophot 100 light micro-
scope.

Alkaline phosphatase=anti-alkaline
phosphatase method

Pellets of Jurkat cells were immersed in OCT embedding
medium and immediately frozen in liquid nitrogen. 5mm
cryosections of cells were fixed with acetone (10 min) and
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washed twice (5 min) in TBS (0.05 M Tris, 0.15 M NaCl, pH
7.6) at room temperature (RT). Slides were incubated with
serum (1:20) in TBS at RT for 10 min and then incubated with
primary antibodies 1:30 in TBS in a moist chamber overnight
at 48C. Cells were rinsed as described above and if polyclonal
primary antibody was used, additionally incubated with
mouse anti-rabbit IgG antibodies (1:50) in TBS for 30 min
at RT. They were rinsed again before incubation with dual
system bridge antibodies (1:50 in TBS). After rinsing, sections
were incubated with dual-system alkaline phosphatase-
anti-alkaline-phosphatase (APAAP) complex (1:50) in TBS for
30 min at RT. After thorough rinsing, cells were stained with
new fuchsin for 30 min at RT. Cells were washed, air dried,
covered with an Kaisers’ glycerol gelatin, and examined with
a Axiophot 100 light microscope.

Western blot analysis

Jurkat cells were washed three times with Hanks’ balanced
salt solution and then proteins were extracted with lysis buffer
(0.05 M Tris=HCl, pH 7.2, 0.15 M NaCl, l% (v=v) Triton X-100,
1 mM sodium orthovanadate, 50 mM sodium pyrophosphate,
0.1 M sodium fluoride, 0.01% (v=v) aprotinin, 4mg=ml pepstatin
A, 10mg=ml leupeptin, 1 mM PMSF) on ice for 30 min. Cell
debris was removed by centrifugation and supernatants were
stored at �708C until use. Protein determination was per-
formed using the bicinchoninic acid system (Uptima, Interchim,
Montlucon, France) and BSA as a standard. Samples of similar
total protein concentration were separated by SDS-PAGE under
reducing conditions. The separated proteins were transferred
onto nitrocellulose membranes. Membranes were pre-incubated
in blocking buffer (5% (w=v) skimmed milk powder in PBS=
0.1% Tween 20) for 30 min, and incubated with primary an-
tibodies (1 h, RT). Membranes were washed three times with
blocking buffer and incubated with alkaline phosphatase-
conjugated secondary antibodies for 30 min. They were finally
washed three times in 100 mM Tris (pH 9.5) containing 50 mM
MgCl2 and 100 mM NaCl. Nitro blue tetrazolium and 5-bromo-
4-chloro-3-indoylphosphate (p-toluidine salt; Pierce, Rockford,
IL) were used as substrate to reveal alkaline phosphatase-
conjugated specific antigen–antibody complexes.

Annexin V assay

One of the early indicators of apoptosis is the rapid trans-
location and accumulation of the membrane phospholipid
phosphatidylserine from the cell’s cytoplasmic interface to the
extracellular surface. This loss of membrane asymmetry can
be detected using the binding properties of annexin V. To
detect this, we employed annexin V antibody conjugated with
the fluorescent dye FITC. Briefly, 1�106 cells were treated
with TNF-a for different times, and then subjected to annexin
V staining. Cells were washed, stained with FITC-conjugated
anti-annexin V antibody, and then analyzed with a flow cyt-
ometer (FACSCalibur; BD Biosciences).

Terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end-labeling assay

We assayed cytotoxicity by the TUNEL method, which
examines DNA strand breaks, using an in situ cell death de-
tection reagent (Roche Molecular Biochemicals, Mannheim,
Germany). Briefly, 1�106 cells were treated with TNF-a for

different times at 378C. Thereafter, cells were incubated with
reaction mixture for 60 min at 378C. Stained cells were ana-
lyzed by flow cytometer (FACSCalibur, BD Biosciences).

Measurement of reactive oxygen intermediate

Jurkat cells were incubated in growth medium and treated
with TNF-a (1 nM) for the indicated times. The cells were
washed in PBS and incubated with dihydro-rhodamine 123
(DHR-123: 5 mM stock solution in DMSO) at a final concen-
tration of 1mM for 1 h. The fluorescence intensity resulting
from DHR 123 oxidation was measured by a FACScan flow
cytometer with excitation at 488 nm and was detected be-
tween 515 and 550 nm.

Statistical analysis

Immunoblots were semi-quantitatively analysed using the
computer program ‘‘Quantity one’’ (Bio-Rad, Munich, Ger-
many). The results are expressed as the means� SD of a
representative experiment performed in triplicate. The means
were compared using Student’s t-test assuming equal vari-
ances. P< 0.05 was considered statistically significant.

Results

The goal of this study was to investigate temporal sequence
of events with relation to mitochondrial changes that occur on
TNF-a treatment of cells in the absence of protein synthesis
inhibitors. For this, we used human Jurkat T cells, which ex-
press both forms of TNF receptors.

TNF-a-induced plasma membrane phosphotidylserine
accumulation and DNA strand breaks, are late event

To determine these, Jurkat cells were treated for 4, 8, and 24 h
with TNF-a (1 nM) and then examined for plasma membrane
phosphotidylserine accumulation by Annexin staining
(Fig. 1A) and for DNA strand breaks by TUNEL assay (Fig. 1B).
Results indicated that a significant change occurred only after
24 h of TNF-a treatment. Even after 24 h only 8% of cells were
Annexin positive and 2% were TUNEL positive.

TNF-a activates caspases and induces PARP cleavage

To determine these, Jurkat cells were treated for 4, 8 and
24 h with TNF-a (1 nM) and then examined for caspase-8 and
caspase-3 activation (Fig. 1C) and PARP cleavage by Western
blot analysis (Fig. 1D). Results indicated that a significant
activation of both caspase-8 and caspase-3 and PARP cleav-
age can be detected only after 24 h of TNF-a treatment.

TNF-induced mitochondrial changes is an early event

When cells were examined for TNF-a-induced ultra-structural
damage, one of the earliest changes was mitochondrial. This
effect was found to be dose- (Fig. 2A) and time-dependent (Fig.
2B). Mitochondrial changes could be seen as early as 5 min and
continued to accumulate until 96 h (Fig. 2C).

TNF-a-induced mitochondrial cytochrome c and Smac
release to cytosol is an early event

We determined whether TNF-a induces mitochondrial cy-
tochrome c and Smac release, a hallmark of apoptosis (12), in
the absence of protein synthesis inhibitors in Jurkat cells. Cells
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were treated with TNF-a for 1 h and then examined for cyto-
chrome c release by using immunogold-labeled with anti-
cytochrome c antibodies. In untreated cells, antibody-coupled
gold particles were visible within the mitochondrial inter-
membranal space (Fig. 3A, upper panel). In TNF-a treated
cells, however, cytochrome c was found outside the mito-
chondria in the cytoplasma of Jurkat cells, demonstrating a
release of cytochrome c in response to the treatment. Only a
few gold particles were still visible in the organelles (Fig. 3A,
lower panel).

To further confirm the immunolabelling results, we isolated
mitochondrial and cytosolic fractions from normal or TNF-a-
treated Jurkat cells and then examined for cytochrome c and
Smac release by Western blot analysis. As shown in Figure 3B,
left panel, in control (untreated) cells, Smac and cytochrome c
were exclusively localized in mitochondrial fractions. 10 min
after TNF-a-treatment, cytochrome c and Smac were both
observed in the cytosolic fraction. The cytosolic Smac and cy-
tochrome c continued to increase up to 60 min with a corre-
sponding decrease in the mitochondrial compartment.

Pan-caspase inhibitor inhibits TNF-a-induced cytochrome c
and Smac release but caspase-3 inhibitor does not

We determined the effect of pan-caspase inhibitor (z-VAD-
fmk) on the kinetics of TNF-a-induced mitochondrial cyto-
chrome c and Smac release in Jurkat cells. Cells were treated
with TNF for different times in the presence of z-VAD-fmk
and then examined for cytochrome c and Smac release by
Western blot analysis (Fig. 3B, middle panel). The results
show that the z-VAD-fmk completely abolished the TNF-a-
induced cytosolic cytochrome c and Smac release with a cor-
responding amount in the mitochondrial compartment,
indicating the critical requirement of caspases for cytochrome
c and Smac release.

Since z-VAD-fmk is known to inhibit both caspase-8 and
caspase-3 activation, we used z-DEVD-fmk, the caspase-3
inhibitor to distinguish between the two caspases. The results
in Figure 3B (right panel) show that caspase-3 inhibitor had no
effect on TNF-a-induced cytosolic cytochrome c and Smac
release. The cytosolic Smac and cytochrome c continued to
increase up to 60 min with a corresponding decrease in the
mitochondrial compartment.

Thus, these results suggest that caspase-8 is required for
cytochrome c and Smac release but not caspase-3.

TNF-a-induced chromatin condensation
is an early event

Whether TNF-a induces chromatin condensation was ex-
amined by staining the cells with toluidine blue. Jurkat cells
were treated with different concentrations of TNF-a for 1 h
and then stained. The staining intensity of cells decreased
with the increasing TNF-a concentration. More cells revealed
chromatin condensations in their nuclei in response to TNF-a
treatment (Fig. 3C), indicating that it is an early event.

Untreated cells had a round to oval shape with a smooth
surface, numerous small ridge-like or cusp-like surface pro-
cesses, a large nucleus with much loosely packed, functionally
active euchromatin, functionally inactive heterochromatin,
and numerous cavities of rough endoplasmic reticulum (Fig.
3D). Treatment with TNF-a revealed typical features of apo-
ptosis such as nuclear changes with peripheral segregation
and aggregation of chromatin into dense areas along the nu-
clear membrane, swellings, and dilatations of cell organelles,
and bleb formation at the cell membrane (Fig. 3D).

Mitochondrial changes are RIP independent

RIP is a protein that is recruited by the TNFR1 (18); it has
been shown to be needed for TNF-a-induced NF-kB activation
(22, 42), and in TNF-a-induced cell survival and proliferation
(41). Whether it plays any role in TNF-a-induced mitochon-

FIG. 1. Effect of TNF-a on different apoptotic parameters.
(A) Jurkat cells were treated with 1 nM TNF-a for the indi-
cated times, then incubated with anti-annexin V antibody
conjugated with FITC and analyzed with a flow cytometer for
apoptotic effects. (B) Cells were incubated with 1 nM TNF-a
for indicated times, fixed, stained with TUNEL assay reagent
and then analyzed with flow cytometer. Columns, mean from
three different experiments with triplicate wells per experi-
ment; bars, SD. *p< 0.05; **p< 0.01, Student’s t test. (C) and
(D) Jurkat cells were treated with 1 nM TNF-a for 4, 12,
and 24 h, prepared the whole-cell extracts and subjected to
Western blot analysis using antibodies against PARP, pro-
caspase-8, pro-caspase-3, and cleave-caspase-3, as indicated.
Blot was reprobed for b-actin to confirm equal loading.
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drial changes was examined by using RIP-gene-deleted Jurkat
cells. Results in Figures 4A and 4B indicate that deletion of RIP
had no effect on TNF-induced mitochondrial changes. A
slight but significant increase in mitochondrial changes indi-
cates that RIP deletion may enhance the TNF-a-induced mi-
tochondrial damage, thus suggesting a potential role for RIP
in cell survival.

Mitochondrial changes require the presence of FADD

TNFR1 binds to TRADD which then recruits FADD (18),
but whether FADD is needed for TNF-a-induced mitochon-

drial changes is not known. We used FADD gene-deleted
Jurkat cells to determine its role in TNF-a induced mito-
chondrial changes. TNF-a induced mitochondrial changes in
the control cells in a time-dependent manner but no mito-
chondrial change was observed in FADD-deleted cells, even
when treated for 48 h (Fig. 4). Thus, the presence of the FADD
gene was essential for the effect of TNF-a on mitochondria.

TNF-a-induced caspase-3 activation is an early event

Caspase-3 is a downstream protease that has been shown to
be needed for TNF-a-induced apoptosis. How early this

FIG. 2. Dose response of TNF-a
induced-mitochondrial changes.
Transmission electron microscopic
investigations of Jurkat cells in
monolayer culture (A). The cells
were treated with indicated concen-
trations of TNF-a for 1 h. Degen-
erative changes in mitochondria
(swelling and dilatation) (arrows)
increased in Jurkat cells with in-
creasing concentration of TNF-a in
the growth medium. Original mag-
nification,� 50,000. (B) Time course
of TNF-a-induced mitochondrial
changes. Transmission electron mi-
croscopic investigations of Jurkat
cells in monolayer culture. Jurkat
cells were incubated for indicated
time intervals with 1 nM TNF-a.
Degenerative changes in mitochon-
dria (swelling and dilatation) (ar-
rows) increased in Jurkat cells with
increasing time. Original magnifica-
tion, X 50,000. (C) Effect of TNF-a on
mitochondria in Jurkat cells. Jurkat
cells were treated with TNF-a (1 nM)
for indicated times. The number of
cells with mitochondrial changes
was determined by scoring 250 cells
from 30 different microscopic fields
in the electron microscope. The dia-
gram shows the number of patho-
logically altered cells. Columns,
mean from three different experi-
ments; bars, SD. *p< 0.05; **p< 0.01,
Student’s t test.
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caspase activated in response to TNF-a, without protein
synthesis inhibitors, was examined. Cells untreated or those
treated with indicated concentrations of TNF-a for 60 min
were labeled with anti-caspase-3 antibodies by APAAP

technique. Untreated cells showed no caspase-3 activation
(Fig. 5A). Activated caspase-3 was observed in the nuclei
of cells in response to TNF-a treatment in a dose-dependent
manner.

FIG. 3. Cytochrome c-release
from mitochondria in TNF-a trea-
ted cells. (A) Immunoelectron
microscopic demonstration of cyto-
chrome c release in Jurkat cells
treated with 1 nM TNF-a for 30 min.
Gold particles are localized (arrows)
in untreated cells (top panel) within
the mitochondria (M) and in treated
cells (bottom panel) outside the mi-
tochondria, demonstrating a release
of cytochrome c in response to TNF-
a treatment (original magnification,
X 50,000). (B) Effect of the caspase
inhibitor z-VAD-fmk and z-DEVD-
fmk on cytochrome c- and Smac-
release from mitochondria in TNF-a-
treated cells. Cells were either left
untreated or pre-incubated with
either z-VAD-fmk (benzyloxy-
carbonyl-Val-Ala-Asp-fluoromethy-
lketone) (50mM) or z-DVED-fmk
(50 mM) for 1 h and then treated with
TNF-a (1 nM) for the indicated
times. Cytosolic and mitochondrial
fractions were prepared as de-
scribed in Materials and Methods
and were investigated for cytochrome
c and Smac using anti-cytochrome
c and anti-Smac antibodies by Wes-
tern blot analysis. Equal amounts
(50 mg of protein per lane) of total
proteins were separated by 15%
SDS-PAGE and analyzed by immu-
noblotting against cytochrome c and
Smac. The results shown are repre-
sentative of three independent ex-
periments. Equal protein loading
was evaluated by b-actin. (C) To-
luidine blue staining in Jurkat cells
treated with TNF-a. Jurkat cells
were treated with increasing con-
centrations of TNF-a for 1 h, stained
with toluidine blue, and then ob-
served under light microscope. The
staining intensity decreased with
TNF-a dosage and an increasing
number of cells showed clumped
heterochromatin in their nuclei. More
and more cell debris was visible,
suggesting an increasing amount of
cell death (original magnification,
X 160). (D) TNF-a induces apoptosis
in Jurkat cells. Electron microscopic
demonstration of an untreated and
TNF-a-treated (1 nM for 30 min) cells.

Untreated cells could be seen as round to oval containing smooth surface, numerous small ridge-like or cusp-like surface
processes, a large nucleus with much loosely packed, despiralized, and functionally active euchromatin, and small, increased
density, functionally inactive heterochromatin, and numerous cavities of rough endoplasmic reticulum (original magnification,
X 10,000). TNF-a treated cell has nuclear changes with peripheral segregation and aggregation of chromatin into dense areas
along the nuclear membrane, swellings and dilatations of cell organelles, and bleb formation at the cell membrane.
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Caspase-3 activation examined by Western blot analysis
using anti-active caspase-3 antibodies also indicated a dose-
dependent increase (Fig. 5B).

Caspase inhibitor z-VAD-fmk prevents mitochondrial
damage and apoptosis in Jurkat cells

So far our results have indicated that TNF-a induces mi-
tochondrial damage and activates caspases. Whether caspase
activation is needed for mitochondrial damage induced by
TNF-a was investigated by using broad-spectrum caspase
inhibitor z-VAD-fmk. Cells were either left untreated or pre-
incubated with the inhibitor for 1 h, and then treated with
TNF-a. Changes of mitochondria (swelling and dilatation)
were observed in TNF-a-treated cells (Fig. 6A, upper panel)
but these changes were totally blocked in the presence of

z-VAD-fmk in Jurkat cells (Fig. 6A, lower panel). z-VAD-fmk
alone did not induce any pathological features in Jurkat cells
(data not shown).

The number of cells with TNF-a-induced mitochondrial
damage of z-VAD-fmk was determined by scoring 100 cells
from 20 different microscopic fields; the number of damaged
was found to be time-dependent (Fig. 6B). In contrast,
caspase-3 inhibitor had no effect on mitochondrial change
(Fig. 6B).

FIG. 4. Effect of TNF-a on mitochondria in control, RIP,
and FADD knock out cells. Cells (control, RIP, and FADD
knock out cells) were treated with TNF-a (1 nM) for indicated
time intervals. The number of cells with mitochondrial
damage in early phase (A) and late phase (B) was deter-
mined by scoring 250 cells from 30 different microscopic
fields in the electron microscope. The diagram shows the
number of pathologically altered cells. Columns, mean from
three different experiments; bars, SD. *p< 0.05; **p< 0.01,
Student’s t test.

FIG. 5. Dose-dependent activation of caspase-3 in TNF-a-
treated Jurkat cells. (A) Cells were treated with indicated
concentrations of TNF for 1 h and labeled with anti-caspase-3
antibodies by alkaline phosphatase-anti-alkaline-phospha-
tase (APAAP) technique. Treated cells showed activated
caspase-3 in their nuclei in response to TNF-a treatment.
Untreated cells revealed no caspase-3 activation (original
magnification, X 160). (B) Cells were treated with indicated
concentrations of TNF-a for 1 h and cell lysates were inves-
tigated for activated caspase-3 using anti-caspase-3 anti-
bodies by Western blot analysis.
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TNF-a-treated cells release reactive oxygen
intermediates in a time-dependent manner

Mitochondrial changes have been linked with the release of
reactive oxygen intermediates (ROI). Whether TNF-a-induces
release of ROI under these conditions was examined. As
measured by the flow cytometry method, we found that cells
treated with TNF-a produced ROI in a time-dependent
manner (Fig. 7A). Production of ROI could be seen as early as
5 min.

Discussion

Although TNF-a was discovered more than 2 decades ago,
the mechanism by which TNF-a induces proliferation, sur-
vival, and apoptosis is still incompletely understood. Further,
even though almost all eukaryotic cells are known to express
type I TNF receptors with the death domain, not all cells are
sensitive to TNF-a-induced growth-modulatory effects. Why
some cells are sensitive while others are resistant to TNF is less

clear. TNF-a can activate NF-kB, which mediates cell survival
role (5, 29, 43). In most cell types, TNF would activate NF-kB
and this may mediate survival role in some cells but not
others. Thus, TNF-a can activate simultaneously both survival
and apoptotic signals and the balance between the two de-
termines the ultimate response of the cell to TNF-a (1).

That mitochondria play a critical role in TNF-a-induced
apoptosis has been documented (11). Whether mitochondria
have any role in TNF-a-induced survival or proliferation of
cells, however, is not understood. The goal of the current
study was to investigate the temporal sequence of events that
relate to TNF-a-induced mitochondrial changes in the absence
of protein synthesis inhibitors. We found that TNF-a induced
plasma membrane phosphotidylserine accumulation, DNA
strand breaks, and caspase-3 activation, but these events were
late and occurred minimally even after 24 h of TNF-a

FIG. 6. Effect of the caspase inhibitor on TNF-a-treated
Jurkat cells. (A) Cells were either left untreated or pre-
incubated with z-VAD-fmk (50mM) for 1 h. Thereafter the
cells were treated with TNF-a (1nM) for 1 h and observed
under transmission electron microscopy for mitochondrial
change (original magnification, X 50,000). (B) Cells were
either left untreated or pre-incubated with either the z-VAD-
fmk (50mM) or z-DVED-fmk (50mM) for 1 h before incuba-
tion with TNF-a (1nM) for 1h. The number of cells with
mitochondrial changes was determined in the electron mi-
croscope by scoring 100 cells from 20 different microscopic
fields. The figure shows the number of pathologically altered
cells. Columns, mean from three different experiments; bars,
SD. *p< 0.05; **p< 0.01, Student’s t test.

FIG. 7. Release of reactive oxygen intermediates by TNF-
a treated cells. (A) Jurkat cells were treated with TNF-a
(1 nM) for indicated times. Release of reactive oxygen inter-
mediates (ROI) was measured for the time intervals as in-
dicated by the flow cytometry method. Columns, mean from
three different experiments; bars, SD. *p< 0.05; **p< 0.01,
Student’s t test. (B) A working model for the TNF-a-induced
early changes in mitochondrial morphology leading to apo-
ptosis in Jurkat cells.
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treatment of Jurkat cells. The earliest change observed after
treatment of cells with TNF-a was ROI production at 5 min,
mitochondrial swelling at 10 min, cytochrome c and Smac
release at 30 min, and heterochromatin clumping at 60 min
(Fig. 7B). The deletion of RIP had no effect on TNF-a-induced
mitochondrial damage; but deletion of FADD abolished the
TNF-a-mitochondrial swelling. FADD is needed for the acti-
vation of caspase -8. The latter was a critical event, as its in-
hibition abolished the TNF-a-induced mitochondrial changes,
whereas inhibition of caspase-3 had no effect.

Our results clearly show that the activation of the execu-
tioner caspase-8 by TNF-a is needed for changes in the mito-
chondria. However, no caspase-3 activation as monitored by
PARP cleavage could be detected until late. It is possible that
activation of caspase-8 mediates mitochondrial changes.
Smac, a protein that is released from the mitochondria when
cells undergo apoptosis, reverses the inhibition of caspase-8
activation induced by IAP-1, IAP-2, and XIAP (33). Thus, it is
possible that mitochondrial changes are early events in TNF-
a-induced apoptosis that are initiated by the release of Smac
and the activation of caspase-8, which in turn leads to further
alterations in mitochondria. Indeed, the results of this study
show clearly the presence of Smac in the cytosolic fraction
after 10 min with TNF-a treatment.

Our results also indicate that FADD, which interacts with
TNFR1 through TRADD, is needed for TNF-a-induced mito-
chondrial damage. FADD is known to interact with caspase-8,
which can mediate mitochondrial changes. Whether super-
oxide generation, mitochondrial membrane potential, or
change in ATP levels are involved in TNF-induced mito-
chondrial damage, is not clear at present. Since TNF induces
ROS production, it is possible that ROS is involved in mito-
chondrial swelling.

Our results also indicate that RIP is not needed for TNF-a-
induced mitochondrial damage. In fact, mitochondrial chan-
ges were enhanced by deletion of RIP. RIP contains a kinase
domain and a death domain. Through the death domain, RIP
interacts with TNFR1. The role of RIP in TNF-a-induced
NF-kB activation is well established (22, 42) and thus NF-kB
activation may play the pro-survival signal (44). Our results
are consistent with this hypothesis. The kinase domain of RIP
(RIPK1), although not needed for NF-kB activation (22, 42),
has been linked with activation of caspase-8, thus leading to
apoptosis (33). Our results are consistent with these studies.
Thus the role of RIP, Smac, IAP-1, IAP-2, and XIAP; and their
sequential involvement in activation of NF-kB and apoptosis
is highly complex.

We also observed that TNF-a induced cytochrome c and
Smac release, even in the absence of protein synthesis inhib-
itors. Surprisingly, this TNF-a-induced cytochrome c and
Smac release was unaffected by inhibition of caspase-3 but
was prevented by inhibition of caspase-8. The caspase in-
hibitor z-VAD-fmk used in the present study inhibits the
apoptosis-inducing factor (AIF), which is responsible for
caspase activation (16), but also partly blocks the insertion of
Bax a pro-apoptotic protein of the Bcl-2 superfamily in the
outer mitochondrial membrane (14). Bax and Bak induce
mitochondrial changes such as cytochrome c and Smac release
and loss of transmembrane electric potential in mitochondria
(12, 46). Mitochondrial cytochrome c release has been shown
to be directly regulated by caspase-8 activation. Caspase-8
and �3 cleave the pro-apoptotic Bid protein that belongs also

to the Bcl-2 superfamily, and the cleavage product of Bid
promotes cytochrome c release from mitochondria (6). Fur-
thermore, cytochrome c release leads to caspase activation.

Beside caspase-3 activation, Jurkat cells showed production
of ROI in a time-dependent manner. ROI production is an
early feature of apoptosis. Mitochondria are the major source
of cellular ROI involved in TNF-a-induced apoptosis. TNF has
been reported to alter the cellular redox state, reduce the ex-
pression of four complex I subunits by increasing mitochon-
drial superoxide production, depleting ATP synthesis,
thereby resulting in mitochondrial damage (28). These results
are consistent with ours showing that treatment of cells with
TNF-a induces mitochondrial swelling that may lead to cy-
tochrome c and Smac release. Overall, our results demonstrate
that mitochondrial changes are early events in TNF-a-induced
apoptosis and require FADD and caspase-8 activation, but not
RIP (Fig 7B).
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