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Tumor necrosis factor (TNF) is a mediator of the acute
phase response in the liver and can initiate prolifer-
ation and cause cell death in hepatocytes. We investi-
gated the mechanisms by which TNF causes apoptosis
in hepatocytes focusing on the role of oxidative
stress, antioxidant defenses, and mitochondrial dam-
age. The studies were conducted in cultured AML12
cells, a line of differentiated murine hepatocytes. As is
the case for hepatocytes in vivo , AML12 cells were not
sensitive to cell death by TNF alone, but died by apo-
ptosis when exposed to TNF and a small dose of
actinomycin D (Act D). Morphological signs of apo-
ptosis were not detected until 6 hours after the treat-
ment and by 18 hours ;50% of the cells had died.
Exposure of the cells to TNF1Act D did not block
NFkB nuclear translocation, DNA binding, or its over-
all transactivation capacity. Induction of apoptosis
was characterized by oxidative stress indicated by the
loss of NAD(P)H and glutathione followed by mito-
chondrial damage that included loss of mitochondrial
membrane potential, inner membrane structural
damage, and mitochondrial condensation. These
changes coincided with cytochrome C release and the
activation of caspases-8, -9, and -3. TNF-induced apo-
ptosis was dependent on glutathione levels. In cells
with decreased levels of glutathione, TNF by itself in
the absence of transcriptional blocking acted as an
apoptotic agent. Conversely, the antioxidant a-lipoic
acid, that protected against the loss of glutathione in
cells exposed to TNF1Act D completely prevented
mitochondrial damage, caspase activation, cyto-
chrome C release, and apoptosis. The results demon-
strate that apoptosis induced by TNF1Act D in AML12
cells involves oxidative injury and mitochondrial
damage. As injury was regulated to a larger extent by
the glutathione content of the cells, we suggest that
the combination of TNF1Act D causes apoptosis be-

cause Act D blocks the transcription of genes required
for antioxidant defenses. (Am J Pathol 2000,
157:221–236)

Tumor necrosis factor (TNF) is a multifunctional cytokine
that binds to two cell surface receptors,1 tumor necrosis
factor receptor type 1 and type 2 (TNFR1 and TNFR2,
respectively). Most of the biological effects of TNF, in-
cluding cell death,2 are transduced through TNFR1, a
receptor that contains a death domain near the intracel-
lular C-terminus, similar to Fas (CD95 or Apo1). Cluster-
ing of the death domain of trimerized TNFR1 after ligand
binding provides a docking site for TRADD (TNFR-asso-
ciated death domain), an adapter protein3 that can bind
signaling molecules such as TRAF2 (TNFR-associated
factor 2), RIP (receptor interacting protein), and FADD
(Fas-associated death domain). Association of TRAF2
and RIP to the receptor results in the downstream acti-
vation of NFkB and AP-1, whereas FADD signaling ini-
tiates caspase activation.4,5 Thus, TNFR1 signaling is
bifurcated into two opposing pathways; one activating
pro-inflammatory and mitogenic or survival responses
while the other initiates programmed cell death.

In the liver, endotoxin (lipopolysaccharide)-mediated
release of TNF triggers the up-regulation as well as down-
regulation of acute phase response genes.6 In addition to
its role in inflammatory responses, TNF has other impor-
tant effects in the liver. Recent studies from this and other
laboratories7,8 established that TNF is involved in the
initiation of liver regeneration after partial hepatectomy or
chemical injury through TNFR1 signaling.9,10 In contrast,
this cytokine acts as a cytotoxic agent in different types of
liver injury such as in transplantation rejection and alco-
hol-induced hepatic disease,11 although the precise
mechanisms of TNF effects in these complex conditions
are not entirely understood.12 It has been reported that
TNF by itself does not cause hepatocyte cell death.13
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However, sensitization to TNF cytotoxicity can be caused
by drugs that directly block gene transcription or RNA
translation or by less specific drugs that also inhibit gene
transcription such as galactosamine and a-amanitine.14

Despite the extensive studies of TNF-mediated apo-
ptosis in lymphocytes and other cells, there is relatively
little specific information regarding the cell-death path-
ways activated by TNFR1 in hepatocytes. TNF causes
cell death by necrosis or apoptosis depending on the
intensity and duration of the stimulus and the overall
metabolic status.15 In cultured hepatocytes infected with
an adenovirus expressing a dominant NFkB repressor,
TNF-induced apoptosis and necrosis was preceded by
the opening of high-conductance mitochondrial pores.16

Although mitochondrial alterations may have been pro-
duced by reactive oxygen species (ROS), it remains
controversial what role alterations in redox potential and
cell antioxidant defenses may play in TNF-induced cell
death. In L929 cells,17,18 TNF toxicity was associated with
ROS production while glutathione (g-glutamylcysteinyl-
glycine, GSH) acted as the main agent capable of reduc-
ing ROS levels. In contrast with these findings, Leist et
al13 reported that both oxidative stress and decreases in
GSH occurred after morphological changes of apoptosis
that were evident in hepatocytes exposed to TNF. Fur-
thermore, Xu et al19 also concluded that oxidative stress
played no role in TNF-induced hepatocyte apoptosis be-
cause prevention of the up-regulation of antioxidant re-
sponses did not sensitize hepatocytes to TNF-induced
cell death.

The interpretations of experiments to test the role of
oxidant stress in TNF-mediated hepatocyte apoptosis are
complicated by several factors. First, TNF may be capa-
ble of triggering apoptosis by more than one signaling
pathway depending on variables such as the metabolic
state of the cell and oxidative phosphorylation cou-
pling.20 For instance in HeLa cells, TNF given in combi-
nation with the protein synthesis inhibitor, emeline, acti-
vated two distinct apoptotic pathways, only one of which
depended on the early release of mitochondrial ROS.21 In
addition, the intensity of the stimulus may determine the
nature of the cellular response as excessive oxidative
stress can block caspase activity by a direct effect on
these proteases. Nonhepatic cells exposed to high con-
centrations of H2O2, as well as hepatocytes depleted of
GSH, were resistant to apoptosis and had no detectable
caspase-3 activity after treatment with agonist Fas anti-
bodies.22 Lastly, hepatocytes may differ from other cell
types in their response to oxidative injury because they
contain very high GSH levels.23,24 It is likely that modu-
lations of the cellular GSH content would have major
effects on cell survival. All of these observations are
consistent with a general model for mammalian cell ap-
optosis25,26 that proposes that there are two main exe-
cution pathways: one involving mitochondrial damage
(type II cells) and the other, a mitochondrial-independent
pathway in which early caspase-8 activation is a major
initiating event (type I cells). We hypothesized that be-
cause of the abundance of mitochondria, high oxidative
phosphorylation rates, and the high levels of GSH in
hepatocytes, TNF-induced apoptosis in these cells may

be highly dependent on mitochondrial functional and
structural integrity.

In this report, we focused our analysis of the mecha-
nisms mediating TNF-induced apoptosis in hepatocytes
on the role of oxidative stress, antioxidant defenses, and
mitochondrial damage. The studies were conducted in
cultured AML12 hepatocytes, which, as is the case for
murine hepatocytes in vivo,13 are not sensitive to cell
killing by TNF, but die by apoptosis when exposed to TNF
and in the presence of a small dose of actinomycin D (Act
D). The results obtained indicate that the balance be-
tween mitochondrial oxidant stress and endogenous an-
tioxidant defense mechanisms involving GSH plays a
determinant role in TNF-induced apoptosis in hepato-
cytes.

Materials and Methods

Tissue Culture

AML12 hepatocytes, a well-differentiated, nontrans-
formed murine hepatocyte cell line derived from trans-
forming growth factor-a (TGF-a) transgenic mice were
used for all experiments.27 In brief, AML12 cells were
maintained in Dulbecco’s minimal essential medium/F12
(Life Technologies Inc., Grand Island, NY) with 10% fetal
bovine serum (Hyclone, Logan, UT), 5 mg/ml insulin, 5
mg/ml transferrin, 5 ng/ml selenium (ITS Premix, Collab-
orative Biomedical Products (Bedford, MA)), 50 mg/ml
gentamicin, and 0.1 mmol/L dexamethasone. Cultures
were grown at 37°C in a humidified 6% CO2 atmosphere,
fed approximately every 72 hours, and passaged at ;80
to 90% confluence.

Chemicals and Reagents

Act D, buthionine sulfoximine (BSO), diethyl maleate (DEM),
dexamethasome, and menadione (MEN) were purchased
through Sigma Chemical Co. (St. Louis, MO). Acetyl-
Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-aminomethylcoumarin
(DEVD-AMC), acetyl- Ilu(OMe)-Glu(OMe)-Thr-Asp(OMe)-
aminomethylcoumarin (IETD-AMC), and acetyl-Leu(OMe)-
Glu(OMe)-His-Asp(OMe)-aminomethylcoumarin (LEHD-AMC)
were purchased from Biomol (Plymouth Meeting, PA)
whereas benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluorom-
ethylketone (zVAD-FMK) and a-lipoic (a-LA) acid were
obtained from Bachem (Torrance, CA) or Calbiochem (La
Jolla, CA), respectively. Mitotracker green (MTG), chlo-
romethyl-x-rosamine (CMX), nonyl acridine orange
(NAO), monochlorobimane (MCB), and monobromobi-
mane were purchased from Molecular Probes (Eugene,
OR). Recombinant murine TNF was purchased from R&D
Systems (Minneapolis, MN). Antibodies to p65 (sc-372-
G), and caspase-8 (Mch 5, sc-6134) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA),
whereas anti-caspase-3 antibodies (C76920) were pur-
chased from Pharmingen (San Diego, CA). Horseradish
peroxidase-conjugated anti-mouse secondary antibody
was purchased from Amersham Pharmacia Biotech (NA
931; Piscataway, NJ) and the horseradish peroxidase-
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conjugated anti-goat secondary antibody was purchased
from Santa Cruz (sc-2020).

Induction of Apoptosis with TNF1Act D

AML12 cells were trypsinized, plated, and allowed to
adhere and grow overnight. At 90 to 95% confluence, the
cells were pretreated with either 200 nmol/L (250 ng/ml)
Act D or phosphate-buffered saline (PBS) in fresh me-
dium for 30 minutes followed by either 20 ng/ml TNF
(dissolved in PBS containing 1.0% bovine serum albu-
min, fraction V, to a stock concentration of 2.0 mg/ml) or
PBS control. Treatment of cells plated at lower densities
resulted in much more rapid kinetics of apoptosis than
cultures plated at 90 to 95% confluency. In vivo induction
of hepatocyte apoptosis was done as described by Leist
et al.13 For these experiments C57BL/6 mice received
either TNF (3.3 mg/kg) or Act D (800 mg/kg) alone or in
combination. The Act D injection was given 15 minutes
before the TNF injection and the mice were killed 3 to 6
hours after the TNF injection. Livers were harvested, fixed
in 10% buffered formalin, processed, and stained with
hematoxylin and eosin. Apoptosis was assessed mor-
phologically.

Pharmacological Activation and Inhibition of AML12
Apoptosis

AML12 cells were pretreated with 100 mmol/L zVAD-
FMK (3 hours pretreatment) or 1 mmol/L a-LA acid (60
minutes pretreatment) followed by treatment with Act D
and then TNF as described above. To alter intracellular
GSH content, AML12 cells were pretreated with BSO (1
mmol/L dissolved in AML12 media) for 60 minutes to
block de novo GSH synthesis then 0.8 mmol/L DEM
(made fresh in AML12 media) to acutely deplete GSH.
For experiments with menadione, AML12 cells were pre-
treated for 3 hours at a concentration of 100 mmol/L,
followed by treatment with Act D or Act D with a-LA (1
mmol/L) for 9 hours.

Electrophoretic Mobility Shift Assay (EMSA)

AML12 cells were lysed and nuclei were extracted as
reported previously.28 In brief, 5 mg of nuclear protein
were incubated at room temperature for 30 minutes with
0.2 ng of 32P-end-labeled double-stranded oligonucleo-
tide (NFkB binding site from the class 1 major histocom-
patibility enhancer element H2K), followed by electro-
phoresis through a 5% polyacrylamide Tris-glycine-
ethylenediaminetetraacetic acid (EDTA) gel. Gels were
dried under a vacuum and exposed overnight to Kodak
X-AR film (Eastman Kodak Co., Rochester, NY) at 280°C
with an intensifying screen.

Immunoblot Analysis

AML12 cells were rinsed in PBS and lysed in a 1% Triton
X-100 buffer containing 50 mmol/L Tris-HCl, pH 7.4, 50

mmol/L b-glycerophosphate, 150 mmol/L NaCl, 2 mmol/L
EDTA, 1 mmol/L Na3VO4, 1 mmol/L benzamidine, 1
mmol/L dithiothreitol, 10 mg/ml leupeptin, 10 mg/ml pep-
statin A, 10 mg/ml aprotinin, 0.5 mmol/L 4-(2-aminoethyl)-
benzenesulfonyl fluoride hydrochlorine (ICN Biomedi-
cals, Irvine, CA), and 10% glycerol. Protein quantitation
was performed using Bradford reagent (Bio-Rad, Her-
cules, CA) and 50 mg of total protein lysate was sub-
jected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluo-
ride (Millipore, Bedford, MA). Immunoblot analysis of nu-
clear protein was performed using 10 mg of protein iso-
lated as described above. Release of cytochrome C into
the cytosol was determined by immunoblot as described
by Ghibelli et al29 using a mouse monoclonal anti-cyto-
chrome C antibody (PharMingen, La Jolla, CA). Mem-
branes were blocked in Tris-buffered saline with 0.1%
Tween 20 containing 5% milk (blotting grade; BioRad,
Hercules, CA) at 4°C and incubated with primary anti-
bodies at the following dilutions: p65, 1:2,000; Mch5,
1:1,000; caspase-3, 1:1,000; and cytochrome C, 1:1,000,
in 0.5% milk in Tris-buffered saline with 0.1% Tween 20
for 1 to 2 hours. The appropriate secondary antibodies
were added for 2 to 3 hours in 0.5% milk in Tris-buffered
saline with 0.1% Tween 20 and antigen-antibody com-
plexes were detected with enhanced chemiluminescent
reagents purchased from either Dupont-New England
Nuclear (Boston, MA) or Pierce (Rockford, IL).

Transient Transfections and Luciferase Assays

AML12 cells were co-transfected with a 43 NFkB lucif-
erase reporter gene30 and a CMV b-galactosidase gene
using lipofectamine (Life Technologies, Inc.) following the
manufacturer’s protocol in a 2:1 ratio (1.5 mg total DNA).
The transfection medium containing DNA/lipofectamine
was removed after 5 hours and cells were treated imme-
diately. Cells were harvested 14 hours after transfection
and processed for luciferase and b-galactosidase as-
says using the Dual Light System (Tropix, Bedford, MA),
according to the manufacturer’s instructions. This system
allows for sequential determinations of luciferase and
b-galactosidase on the same experimental sample.

Flow Cytometric Detection of Cellular Redox
State and Mitochondrial Alterations

Flow cytometry was performed on a Coulter Epics Elite
(Coulter Electronics, Hialeah, FL) using time-resolved
dual laser excitation: 15 mW 488 argon (nondelayed) and
20 mW UV argon (delayed, 40 mS). Fluorescence mea-
surements were done with the following dyes as previ-
ously described:31–33 MCB and monobromobimane to
measure GSH and reduced cellular thiols, respectively;
CMX to measure mitochondrial membrane potential;
MTG to measure mitochondrial mass; NAO to measure
cardiolipin content; and dichloromethyl-x-rosamine (H2-
CMXROS), a mitochondrial selective dye that becomes
fluorescent when oxidized, to measure mitochondrial
ROS. UV excited blue autofluorescence was used to
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measure reduced NAD, designated NADPH to represent
contributions by both NADH and NADPH. For each sam-
ple, 488-nm forward light scatter to determine cell size
and UV laser right-angle light scatter were measured.
Fluorescent intensity was displayed on a logarithmic
scale.

AML12 cells were cultured in 6-well tissue culture
plates. The culture supernatant was pooled with the at-
tached cells, which were harvested with trypsin/EDTA
(Life Technologies, Inc.). An aliquot of cells was added to
a tube containing an equal volume of 23 solution of the
indicated dyes in cell culture medium and incubated with
occasional mixing for 30 minutes in the tissue culture
incubator. The cells were then placed on ice in the dark
and run on the flow cytometer. At least 15,000 events
were recorded per sample.

Analysis of flow cytometric experiments was per-
formed using the software package MPLUS (Phoenix
Flow Systems, San Diego, CA). To help eliminate debris,
a UV-side scatter versus 488-forward scatter gate deter-
mined by analysis of the untreated control samples was
applied. Analytic (nonexclusionary) gates drawn around
the entire population or distinct subpopulations were
used to determine the median fluorescence values and
percentage of cells associated with those groups. Iden-
tical gates were used for all comparisons.

DAPI Fluorescence

Trypsinized cells were fixed in 70% ETOH, centrifuged at
50 to 80 3 g for 5 minutes and resuspended in a solution
containing 0.5% Nonidet P-40 and 10 mg/ml DAPI. Apo-
ptotic nuclear morphology was assessed as described
by Hotz et al34 on 200 cells per experimental point and
each point was determined in triplicate.

Confocal Laser Microscopy

AML12 cells were cultured on 2-well coverslip chambers
(Nunc Inc., Bountiful, UT) and after treatment, the cul-
tures were stained with CMXROS and MTG for 15 minutes
at 37°C. Cells were scanned with an ACAS Ultima Con-
focal Laser Cytometer (Meridian Instruments, Okemos,
MI) and confocal images were acquired using a 603 oil
objective (NA 5 1.3). Fields were first scanned for fluo-
rescence from the mitochondrial stains, and then the
NAD(P)H fluorescence images were collected from the
same field. Images are displayed as composite images
(red, green, blue) using Adobe Photoshop (Adobe Sys-
tems, Inc., San Jose, CA).

Transmission Electron Microscopy

Cells harvested by trypsinization were fixed at room
temperature overnight in one-half strength Karnovsky’s
fixative. Cells were then rinsed in 0.1 mol/L phosphate
buffer, postfixed in a 2% buffered osmium tetroxide
solution, followed by dehydration through a graded
series of ethanol solutions. Cells were rinsed with pro-
pylene oxide and infiltrated with 1:1 mix of PolyBed

(Polysciences, Warrington, PA)/propylene oxide fol-
lowed by 100% PolyBed. Cells were then embedded in
PolyBed and polymerized at 60°C overnight. Sections
(70 to 90 nm) were stained with saturated solutions of
uranyl acetate and lead tartrate and micrographs were
taken on a Philips 410 transmission electron micro-
scope (FEI Co., Hillsboro, OR).

Detection of Caspase Activity

Caspase-8, caspase-9, and caspase-3 activities were mea-
sured using the substrates, IETD-AMC, LEHD-AMC, and
DEVD-AMC (Biomol), respectively. Cells were harvested
and lysed in the Triton X-100 lysis buffer described above.
Protein lysate (50 mg) was incubated for 30 minutes at 37°C
in a caspase assay buffer (50 mmol/L Hepes, pH 7.4, 100
mmol/L NaCl, 2 mmol/L EDTA, 10% sucrose, 0.1% CHAPS,
(3-[(3-cholamidopropyl)dimethyl ammonio]-1-propanesul-
fonate (Meriden, CN) 10 mmol/L dithiothreitol) containing 10
mmol/L of each peptide-aminomethylcoumarin substrate.
Enzymatic assays and aminomethylcoumarin standard
curves were carried out in duplicates using a fluorescent
plate reader (Packard Instruments, Meriden, CT) with exci-
tation and emission wavelengths of 360 nm and 460 nm,
respectively. Fluorescence of the substrate blank was sub-
tracted as background in each assay. Data analysis was
performed using Packard’s I-Smart software.

Statistical Analysis

Statview 4.5 (Abacus Concepts, Berkeley, CA) was used
to perform the statistical analyses. For comparisons be-
tween means of multiple groups multifactorial analysis of
variance with a Fischer’s least significant difference was
used. To assess the interaction between variables, 2-fac-
tor analysis of variance was used. The degree of corre-
lation between flow cytometric parameters was assessed
using a simple regression analysis. For all tests, P , 0.05
was accepted as significant.

Results

To study TNF-induced apoptosis in murine hepatocytes,
we first determined whether TNF alone or in conjunction
with Act D would cause apoptosis of mouse hepatocytes
in vivo. In agreement with the data of Leist et al,13 histo-
logical analysis of the liver of mice showed that neither
TNF nor Act D by themselves caused cell death but the
combination of TNF1Act D was highly apoptotic (data
not shown). In livers of mice injected with TNF1Act D
there were large numbers of apoptotic hepatocytes
showing typical chromatin condensation in the nuclear
periphery as well as the presence of apoptotic bodies
and destruction of hepatic cords.

Similar to murine hepatocytes in vivo, AML12 hepato-
cytes in cultures were also insensitive to TNF-induced
killing but died by apoptosis after exposure to TNF1Act
D. AML12 cells were divided into four groups: 1) pre-
treated with Act D (200 mmol/L) for 30 minutes followed
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by addition of 20 ng/ml of TNF; 2) treated with TNF only;
3) treated with Act D only; and 4) left untreated for the
duration of the experiment. Apoptosis was assessed be-
tween 3 and 24 hours by various procedures: light and
electron microscopy, DAPI staining, detection of a subG1
peak by flow cytometry, and terminal dUTP nick-end
labeling assays. The results obtained by these various
methods were consistent and only electron microscopy
and DAPI fluorescence analysis are presented (Figure 1,
A and B). Untreated cells or cells treated with either TNF
or Act D alone exhibited no morphological signs of apo-
ptosis when analyzed by electron microscopy. In marked
contrast, cells treated with TNF1Act D showed typical
chromatin condensation (Figure 1A) as well as apoptotic
bodies, in a pattern similar to that observed in livers of
mice injected with the same drug combination. Micro-
scopic analysis by DAPI fluorescence showed that
changes in nuclear morphology characteristic of apopto-
sis were negligible (,1%) in cells exposed to TNF alone
or left untreated. In cells exposed to TNF1Act D there
was no detectable effect on DAPI fluorescence within the

first 6 hours after exposure. However, after 24 hours of
exposure ;80% of the cells were dead with characteris-
tic morphological changes of apoptosis (Figure 1B). Ap-
proximately 50% of the cells exposed to TNF1Act D were
apoptotic by 18 hours whereas only 5% of the cells
showed morphological changes after 18 hours of expo-
sure to Act D alone.

NFkB Binding and Transactivation Activity after
TNF1Act D Treatment

In hepatocytes and other cell types, inhibition of NFkB
activation sensitizes cells to TNF-induced apopto-
sis.16,35–39 Microinjection of IkB protein or p65(rel A)
antibodies into AML12 cells as well as transfection of the
cells with an IkB superrepressor gene, conditions in
which NFkB is made functionally inactive, sensitizes
AML12 hepatocytes to apoptosis after TNF treat-
ment.40,41 To determine whether Act D sensitizes AML12
cells to TNF-induced apoptosis by inhibiting NFkB activ-
ity, p65 translocation to the nucleus and NFkB DNA bind-
ing activity were analyzed by immunoblot and EMSA,
respectively. TNF activation of NFkB is generally accom-
panied by a transient increase of NFkB (p65/p50) in the
nucleus.42 Western blot analysis presented in Figure 2A
shows an increase of nuclear p65 levels in cells treated
for 30 minutes with either TNF alone or TNF1Act D. After
2 hours there was still no difference in nuclear p65 levels
between these two treatment groups (data not shown). To
determine whether TNF1Act D treatment blocked NFkB
binding, nuclear extracts were prepared from cells
treated with Act D or TNF alone or together. NFkB DNA
binding determined by EMSA was increased in cells
treated with TNF for 30 minutes. The apoptosis-inducing
combination of TNF1Act D did not inhibit NFkB binding
measured after 30 minutes (Figure 2B) or 2 hours (data
not shown) of TNF treatment. Signal transducers and
activators of transcription 3 (STAT3) binding also in-
creased after TNF treatment in AML12 cells and this
binding was not inhibited by Act D pretreatment (data not
shown). Activation of STAT3 is linked to NFkB activity
through interleukin-6, a NFkB target gene and a potent
transactivator of STAT3.43–45

NFkB EMSA analysis measures the translocation of the
heterodimer to the nucleus and its binding to DNA. How-
ever, DNA binding may not accurately reflect NFkB trans-
activation activity. To determine whether NFkB transacti-
vation capacity was decreased in cells pretreated with
Act D, cells transiently transfected with a NFkB-luciferase
reporter construct were pretreated for 30 minutes with
Act D followed by a 9-hour exposure to TNF. NFkB tran-
scriptional activity was unaltered in cells exposed to Act
D alone whereas TNF treatment alone caused a seven-
fold to eightfold increase in reporter gene activity relative
to the activity of untreated cells (Figure 2C). This increase
was not blocked in cells pretreated with Act D and sub-
sequently exposed to TNF. Cells were cotransfected with
a CMV driven b-galactosidase gene to serve as a control
in these experiments. b-galactosidase activity was in-
creased by 50 to 70% in all treatment groups relative to

Figure 1. Apoptosis in AML12 cells exposed to TNF1Act D. Cells were
pretreated with Act D (200 nmol/L) or saline (control) for 30 minutes and
then TNF (20ng/ml) or PBS was added for the indicated times. A: After 15
hours of the indicated treatment, the cells were fixed and prepared for
transmission electron microscopy as described in Materials and Methods (left
panel, TNF treated; right panel, TNF1Act D). B: Cells were fixed in 70%
ETOH at the indicated time points and apoptotic nuclear morphology was
visualized by DAPI fluorescence. The percentage of apoptotic cells was
measured in four treatment groups: saline and PBS (squares), Act D alone
(circles), TNF alone (triangles), or TNF1Act D (diamonds). Each point
was determined in triplicate and the error bars represent SEM. The results are
representative of at least five independent experiments.
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untreated cells. Together, these results show that expo-
sure of cells to the apoptotic-inducing combination of
TNF1Act D did not block NFkB nuclear translocation or
DNA binding or transactivation capacity. However, the
luciferase transactivation assay may overestimate biolog-
ically relevant NFkB transcriptional activity and not ac-
count for the possible inhibition of transactivation of indi-
vidual genes. Indeed, IkBa mRNA, the product of a gene
transactivated by NFkB, was decreased after 6 hours of
exposure to TNF 1 Act D compared to TNF alone (data
not shown).

Caspase Activation during TNF-Induced
Apoptosis

Caspase activation is a characteristic feature of the ap-
optotic process. To determine the kinetics of caspase
activation during TNF1Act D-induced apoptosis,
caspase-3, -8, and -9 activities were measured using
fluorogenic substrates after exposure of AML12 cells to
TNF1Act D. No significant activation of caspase-8 and -9
measured, respectively, as IETD and LEHD cleavage
activities was detected before 6 hours of treatment of
TNF1Act D (Figure 3A). Caspase-3 activity (DEVD), on
the other hand, was detectable between 3 and 6 hours.
To directly investigate the activation of the caspases,
immunoblot analysis was performed to detect the active,
cleaved forms of caspase-8 (inset in Figure 3A) and
caspase-3 (inset in Figure 3B). The caspase-8 cleavage
product was not detectable until 16 hours after TNF1Act
D treatment and was greatly increased by 24 hours. The

Figure 2. Analysis of NFkB activation and transcriptional activity. A and B:
Cells were pretreated for 30 minutes with Act D (200 nmol/L) or saline
followed by TNF (20 ng/ml). Nuclear extracts were prepared as described in
Materials and Methods. A: Nuclear accumulation of p65 was assessed by
immunoblot analysis. Duplicate samples of nuclear extracts (10 mg) were
analyzed for p65 protein after 30 minutes of TNF treatment. Molecular weight
markers indicated on the left. B: EMSA for NFkB after 30 minutes of exposure
to TNF were carried out as described in Materials and Methods. The upper
band (NFkB) consists of the p65/p50 heterodimer; the lower band is the
p50/p50 homodimer. Duplicate samples are shown. These results are repre-
sentative of three independent experiments. C: NFkB activation after
TNF1Act D treatment was analyzed by a luciferase reporter gene. Cells were
cotransfected with CMV b-galactosidase and NFkB-driven luciferase reporter
constructs using lipofectamine, as described in Materials and Methods. After
5 hours, TNF1Act D was added for 9 hours as described in Materials and
Methods. Cells were harvested and aliquots of protein lysate were assayed
sequentially for both luciferase (black bars) and b-galactosidase activity
(stippled bars). The bars depict SEM from six independent samples relative
to untreated cells (UNTX).

Figure 3. Activation of caspase-3, -8, and -9 in AML12 cells treated with
TNF1Act D. Cells were pretreated for 30 minutes with Act D (200 nmol/L)
followed by stimulation with TNF (20 ng/ml). Cellular extracts were pre-
pared and protein concentrations were determined as described in Materials
and Methods. A: Caspase-8 and caspase-9 activities were determined on
protein lysates using IETD-AMC (filled triangles) and LEHD-AMC (open
circles), respectively. Inset: Immunoblot analysis on the appearance of the
cleaved, active form of caspase-8 at the indicated times after treatment of
TNF1Act D. B: Caspase-3 activity was determined on protein lysates using
DEVD-AMC. Inset: Immunoblot analysis on the appearance of the cleaved,
active form of caspase-3 at the indicated times after treatment with TNF1Act
D. Each data point represents the average of duplicate samples. These data
are representative of three independent experiments.
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cleaved, active form of caspase-3 was detected by 9
hours and was maximal by 15 to 18 hours. Cells exposed
to TNF or Act D as single agents had no increase in the
activity of caspases-3, -8, and -9 (data not shown). These
data indicate that TNF-induced caspase activation in
hepatocytes is not a direct effect of the cytokine but is
detected during apoptosis caused by treatment of cells
with TNF in conjunction with Act D.

NAD(P)H and GSH Levels Decrease in
Hepatocytes Treated with TNF1Act D

TNF has been shown to induce mitochondrial ROS pro-
duction in cultured hepatocytes as well as in the liver in
vivo.24 NADH and NADPH are major sources of cellular
reducing equivalents which are, in part, components of
antioxidant defense mechanisms that prevent damage
from oxidative stress. The liver is the main producer of
GSH, a tripeptide thiol, which, among other functions,
scavenges free radicals and helps to maintain protein
thiol redox status.23,46 To determine whether treatment of
AML12 cells with TNF1Act D causes a change in reduc-
ing equivalents, NAD(P)H and GSH were measured by
flow cytometry in cells at various times after treatment.
Figure 4A shows a NAD(P)H histogram comparing un-
treated cells to cells exposed to TNF1Act D for 12 hours.
It is clear from the histogram that the treatment caused a
dramatic decrease in the number of cells containing nor-
mal levels of NAD(P)H. Quantification of these changes is
shown in Figure 4B. This figure was constructed from
histograms similar to that shown in Figure 4A for cells
exposed to TNF1Act D for 3 to 15 hours. A reduction in
NAD(P)H levels was first detected at 3 hours and by 6
hours there was a statistically significant difference in
NAD(P)H between untreated cells and cells exposed to
TNF1Act D. By 15 hours of treatment, NAD(P)H levels
had decreased by 50% (Figure 4B) and only 25% of the
cells retained normal NAD(P)H levels (data not shown).
Cellular GSH levels also decreased with kinetics similar
to that of NAD(P)H in response to the TNF1Act D treat-
ment (Figure 4B). Measurements of total reduced thiols in
these cells by flow cytometry using monobromobimane
fluorescence (not shown) demonstrated that total re-
duced thiols also decreased after TNF1Act D treatment
in a manner similar to that of GSH. This is to be expected
because GSH is present in large amounts in hepatocytes
and is the main component of the total reduced thiol
fraction of these cells.

Mitochondrial Alterations in TNF-Induced
Apoptosis

To determine whether the decrease in reducing equiva-
lents caused by TNF1Act D treatment involves loss of
mitochondrial function or damage to mitochondrial struc-
ture, mitochondrial transmembrane potential (Dcm) was
measured by flow cytometry using the fluorescent dye
CMX. A bivariate plot of the transmembrane potential and
NAD(P)H shows that a large proportion of cells exposed

to TNF1Act D for 12 hours had reduced transmembrane
potential and lower NAD(P)H levels compared to un-
treated cells (Figure 5A). The relationship between these
parameters is linear; simple regression analysis (not
shown) demonstrated that there is a highly significant
correlation (R2 5 0.72; P , 0.0001) between the de-
crease in DCm and NAD(P)H loss. A reduction in DCm
was detectable between 3 and 6 hours after exposure of
cells to TNF1Act D and steadily declined over time,
dropping to ;65% of control after 15 hours of treatment
(Figure 5C).

Cardiolipin is a mitochondrial inner membrane phos-
pholipid which plays a major role in maintenance of mem-
brane proteins including cytochrome C.47,48 Structural
defects of cardiolipin-containing mitochondrial mem-

Figure 4. Loss of NAD(P)H and GSH levels in cells undergoing apoptosis.
Cells were treated with TNF1Act D or saline (UNTX) and harvested for flow
cytometry as described in Materials and Methods. A: Univariant NAD(P)H
histogram for UNTX cells and cells treated for 12 hours with TNF1Act D.
Total cellular reduced NAD (labeled as NAD(P)H to reflect contributions of
from both NADH and NADPH) was measured as UV-excited blue autofluo-
rescence (450 nm). Note that median fluorescence as well as the percent of
the cells that remain within normal range can be derived from these curves.
B: Time course of the coordinate loss of NAD(P)H and GSH is shown.
NAD(P)H was determined by UV-excited blue fluorescence at 450 nm. GSH
was measured by staining with MCB. Data points represent the percentage of
cells that retain normal NAD(P)H (open triangles) or GSH (open dia-
monds) levels relative to the corresponding values obtained for the un-
treated samples (open squares). Error bars represent SEM from three inde-
pendent samples. These data are representative of at least three independent
experiments.

TNF Apoptosis in Hepatocytes 227
AJP July 2000, Vol. 157, No. 1



Figure 5. Loss of mitochondrial membrane potential and mitochondrial cardiolipin in cells undergoing apoptosis. Cells were treated with TNF1Act D and
harvested for flow cytometry analysis as described in Materials and Methods. A: Bivariate dot-plots of membrane potential (DCm, measured by CMX staining) and
NAD(P)H from untreated (UNTX) cultures and cultures treated for 12 hours with TNF1Act D. B: Bivariate dot-plots of cardiolipin content (NAO staining) and
NAD(P)H from untreated (UNTX) cultures and cultures treated for 12 hours with TNF1Act D. C and D: Time course of the progressive loss of mitochondrial
membrane potential (C) and cardiolipin content (D) after TNF1Act D exposure. The exposure time is indicated on the abscissa. Data points represent the mean
of the percent of cells that retain normal mitochondrial membrane potential (C) or cardiolipin content (D). Levels were calculated relative to untreated samples
(open squares). Error bars represent SEM from three independent samples. These data are representative of at least three independent experiments.
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branes caused by lipid peroxidation49–51 can be as-
sessed by staining with the fluorescent dye NAO. To
determine whether cardiolipin staining was altered in
TNF-induced apoptosis, cells were exposed to TNF1Act
D for 12 hours and analyzed by flow cytometry for cardi-
olipin and NAD(P)H (Figure 5B). A bivariate plot of car-
diolipin (NAO fluorescence) and NAD(P)H demonstrated
that TNF1Act D exposure increased the proportion of
cells with reduced cardiolipin and lower NAD(P)H con-
tent. There was a high degree of correlation between
these changes (R2 5 0.88; P . 0.0001). Loss of NAO
fluorescence indicative of mitochondrial membrane dam-
age progressively increased in cells exposed to
TNF1Act D over time (Figure 5D) in a similar way as the
changes in Dcm.

Mancini et al52 reported that apoptosis of human colon
carcinoma cells was associated with proliferation of con-
densed mitochondria with diminished transmembrane
potential. These mitochondrial changes followed cell cy-
cle arrest and preceded apoptosis. Electron microscopy
and flow cytometry were used to determine whether sim-
ilar changes occurred in AML12 cells during TNF1Act D
inducing apoptosis. AML12 hepatocytes treated for 12
hours with TNF1Act D showed a decrease in mitochon-
drial volume, increased electron density, and an obscur-
ing of cristae structure (Figure 6A). These mitochondria
resembled mitochondrial condensation during apoptosis
in other systems variably referred to as condensation,
hypercondensation, or ultracondensation.52–54 Com-
pared to untreated cells, TNF1Act D did not cause a
readily demonstrable mitochondrial swelling (typical of
necrosis or the later stages of apoptosis) or an increase
in mitochondrial number.

The dye MTG can be used to quantitate total cellular
mitochondrial mass.55 A bivariate plot of MTG fluores-
cence and NAD(P)H in untreated cells and in cells ex-
posed to TNF1Act D is shown in Figure 6B. Most of the
untreated cells fit into a population with high NAD(P)H
content and variable MTG fluorescence. However in cells
treated with TNF1Act D, a small proportion of the cells
had lower NAD(P)H levels and high MTG fluorescence.
This population of cells increased by twofold to threefold
after 12 hours of treatment. A vertical line in Figure 6B
was drawn as a point of reference defining the lower limit
of NAD(P)H levels in the main population of untreated
cells. The electron micrographs taken together with the
increase in MTG staining suggest that after TNF1Act D
exposure, the mass of individual mitochondria increased,
without apparent change to the total number of mitochon-
dria.

We next determined whether TNF1Act D stimulated
the release of cytochrome C into the cytosolic fraction of
AML12 cells. In untreated cells, very little cytosolic cyto-
chrome C was detected by immunoblot (Figure 6C). After
6 hours of TNF1Act D treatment, cytochrome C was
detected in the cytosol and increased up to 18 hours. The
release of mitochondrial cytochrome C was also detected
by immunofluorescent staining of treated and fixed
AML12 cells with an anti-cytochrome C antibody (data
not shown). The time course of cytochrome C release
from mitochondria is consistent with the timing of

caspase-9 activation (Figure 3A), thought to be depen-
dent on release of cytochrome C.

Confocal imaging of NAD(P)H (Figure 7A), Dcm (Fig-
ure 7B) and mitochondrial mass (Figure 7C) of living cells
corroborated the flow cytometric data shown above. A
single field is displayed in Figure 7, A–C, and the three
fields are merged in Figure 7D, to illustrate cells in the
various stages of apoptosis after TNF1Act D treatment
for 12 hours. Nonapoptotic cells are indicated by a star.
Early apoptotic cells (reduced mitochondrial Dcm but no
apparent morphological changes) are indicated by ar-
rows. The arrowheads point to two cells with morpholog-
ical changes of apoptosis. Nonapoptotic cells (star), re-
tained high levels of reducing equivalents (purple, Figure
7A) and high mitochondrial membrane potential (orange,
Figure 7B) with no change in mitochondrial mass (Figure
7C) resulting in magenta-colored cells in the merged
image (Figure 7D). Three early apoptotic cells, indicated
by arrows, had low NAD(P)H (Figure 7A) and low Dcm
(Figure 7B) but no detectable increase in mitochondrial
mass (Figure 7C). In the merged image these cells are
seen as orange (Figure 7D). Frankly apoptotic cells are
bright green in the merged image (Figure 7D) which
reflects the loss of NAD(P)H (Figure 7A), low Dcm (Figure
7B), and increased in mitochondrial mass (Figure 7C).
The increased mitochondrial mass coincided with known
morphological changes, such as membrane blebbing,
which is seen in the green cell in the lower right hand
corner.

GSH Depletion Increases ROS Accumulation
and Sensitizes Hepatocytes to TNF-Induced
Apoptosis

The results shown so far suggest that either increases in
mitochondrial generated oxidant stress or loss of cellular
antioxidant defense mechanisms (or both) plays a key
role in hepatocyte apoptosis. To determine whether ROS
were detectable in TNF-treated cells, we used flow cyto-
metric assessment of H2CMX, a nonfluorescent com-
pound which becomes fluorescent when oxidized. In
AML12 cells exposed to TNF, no changes in ROS levels
were detected (Figure 8A). If, however, cells were pre-
treated with DEM to acutely deplete cellular GSH levels
and then exposed to TNF, the combined treatment re-
sulted in a 70% decrease in GSH levels and a 55%
increase in ROS levels (Figure 8A). DEM treatment alone
decreased GSH by more than 50% with no increase in
ROS. The data demonstrate that ROS accumulate in TNF-
treated hepatocytes only after partial depletion of GSH.

Given these results, we examined whether TNF as a
single agent would have an apoptotic effect in cells with
low levels of cellular GSH. For these experiments AML12
hepatocytes were treated with DEM to acutely deplete
GSH as well as with BSO, an inhibitor of g-glutamyl cys-
teine synthetase (g-GCS) activity, to block de novo GSH
synthesis.56 As expected, exposure of the cells to TNF
alone caused no apoptosis. In contrast, ;45% of cells
were apoptotic after combined exposure to TNF, BSO,
and DEM (Figure 8B) demonstrating that TNF, which
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does not normally cause cell death in hepatocytes, is an
apoptotic agent for hepatocytes with low GSH content.
Treatment of cells with both BSO and DEM in the ab-
sence of TNF also increased apoptosis in AML12 cells
(Figure 8B), demonstrating that a basal level of oxidative

stress may be present in these cells which becomes
apparent if GSH is depleted.

a-LA is a potent antioxidant capable of protecting GSH
levels in injured cells.57 a-LA functions through multiple
activities including direct reduction of oxidized glutathi-

Figure 6. Changes in mitochondrial mass and release of cytochrome C in cells undergoing apoptosis. Cells were treated with TNF1Act D and harvested at 12
hours for transmission electron microscopy, flow cytometry, and immunoblot analysis as described in Materials and Methods. A: Mitochondrial condensation as
detected by transmission electron microscopy. Electron micrographs from UNTX- and TNF1Act D-treated cells (312,000). The arrow indicates normal
mitochondria with visible cristae and normal matrix density in UNTX samples. In the treated samples, the arrow indicates condensed mitochondria with increased
electron density that obscures the cristae structure. B: Bivariate dot-plots of mitochondrial protein (MTG staining) and NAD(P)H from untreated (UNTX) cultures
or cultures exposed to TNF1Act D. C: Time course of the release of cytosolic cytochrome C after treatment with TNF1Act D. Molecular weight markers are
indicated on the left.
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Figure 7. Confocal imaging of AML12 cells undergoing apoptosis. Cells were grown on coverslips and NAD(P)H fluorescence (A), mitochondrial membrane
potential (CMX staining) (B), and mitochondrial mass (MTG) (C) were examined as described in Materials and Methods. A single field is shown in A–C and the
images were merged in (D). The field displayed represents the spectrum of changes observed from early to late apoptosis: apparently normal cells (star); cells
with decrease NAD(P)H but normal DCm (arrows); frankly apoptotic cells (arrowheads).
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one, scavenging ROS, chelating metals, reducing oxi-
dized vitamin E and C, as well as stimulating de novo
synthesis of GSH by maximizing cysteine flow to maintain
optimal activity of gGCS, the rate limiting enzymatic step
in GSH biosynthesis.58,59 Figure 9A shows that a-LA not
only prevented the decrease in GSH caused by TNF1Act
D treatment, but actually increased the GSH content of

these cells. These results indicate a-LA may be effective
in blocking cell injury caused by a known oxidative agent.
MEN is an oxidant that acts by generating mitochondrial
ROS.60 Mitochondrial injury (as assessed by flow cyto-
metric determination of cardiolipin) was detected in cells
pretreated with Act D and exposed to MEN for 3 hours.

Figure 8. ROS detection and TNF-induced apoptosis in cells with low GSH
content. A: TNF-induced production of ROS in hepatocytes with low GSH.
Cultures were untreated, treated with DEM (0.8 mmol/L), TNF (20 ng/ml), or
both DEM and TNF. DEM exposure was for 60 minutes before TNF addition.
Cells were harvested 18 hours later for flow cytometry using MCB staining
(for GSH) and H2-CMXROS (for measuring ROS). The data are expressed
relative to values of untreated samples (UNTX). Error bars represent SEM of
triplicate samples. B: TNF promotes apoptosis in cells with low GSH. Cul-
tures were left untreated (UNTX) or were treated with TNF (20 ng/ml), BSO
(1 mmol/L) 1 DEM (0.8 mmol/L), or with a combination of
BSO1DEM1TNF. Exposure to BSO and DEM started 60 minutes and 30
minutes, respectively, before TNF treatment. Cells were harvested 19 hours
later, fixed in 70% ethanol after trypsinization, and stained with DAPI for
fluorescence microscopy analysis. Error bars represent SEM from triplicate
samples. Data shown are representative of at least three independent exper-
iments.

Figure 9. a-Lipoic acid increases GSH levels and prevents injury from oxi-
dative agents. A: a-LA blocks the loss of GSH induced by TNF1Act D. Cells
were treated with TNF, TNF1Act D, or pretreated with 1 mmol/L a-LA for 60
minutes before the addition of TNF (20 ng/ml) plus Act D (200 nmol/L). After
a 12-hour incubation, cells were harvested and cellular GSH content was
assessed by flow cytometry using MCB staining as described in Materials and
Methods. Error bars represent SEM from triplicate samples. B: Act D poten-
tiates cardiolipin loss. Cells were pretreated with Act D (200 nmol/L) alone or
together with a-LA (1 mmol/L) for 9 hours. MEN (100 mmol/L) was then
added for 3 hours. Cells were harvested and mitochondrial cardiolipin was
assessed by flow cytometry using NAO staining as described in Materials and
Methods. The error bars represent SEM of triplicate samples relative to
menadione-treated cells. MEN treatment resulted in minimal loss of cardio-
lipin. Data shown are representative of at least three independent experi-
ments.
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These cells had cardiolipin levels that were ;25% lower
than those cells exposed to MEN alone (Figure 9B) but
treatment of cultures with a-LA completely prevented this
decrease. These results demonstrate that a-LA can block
the damaging effects caused by mitochondrial-gener-
ated ROS. Moreover, they imply that injury may result
from blockage by Act D of cellular antioxidant defenses
involving GSH homeostasis in cells pretreated with Act D
and then exposed to either TNF or MEN.

a-LA Acid and a Caspase Inhibitor Prevent
Mitochondrial Damage and TNF-Induced
Apoptosis

Data presented above demonstrated that a-LA maintains
GSH levels in cells treated with TNF1Act D and prevents
mitochondrial damage caused by the oxidizing drug
MEN. We then determined whether a-LA would prevent
apoptosis in AML12 cells exposed to TNF1Act D. The
general caspase inhibitor, zVAD-FMK that has previously
been shown to inhibit apoptosis in many cell types, was
used for comparison. Although 60% of cells were apo-
ptotic as measured by DAPI staining after 15 hours of
exposure to TNF1Act D, apoptosis was detectable in
only 5% of cells pretreated with zVAD-FMK (Figure 10A).
Remarkably, a-LA was as effective as the caspase inhib-
itor in blocking apoptosis in cells treated with TNF1Act D
(Figure 10A). Both zVAD and a-LA also prevented the
loss of cardiolipin in cells treated with TNF1Act D (Figure
10B). Moreover, a-LA inhibited the activation of
caspase-3 activity (Figure 10C). Caspase-8 and -9 activ-
ities were also inhibited by a-LA 12 hours after treatment
with TNF1Act D (data not shown). The inset in Figure 10C
shows that a-LA inhibited the release of cytochrome C to
the cytosol. Thus the antioxidant a-LA prevents mitochon-
drial damage, caspase activation, and apoptosis in
hepatocytes exposed to TNF1Act D reinforcing the no-
tion that oxidative stress is essential for the development
of apoptosis in this system. It is of interest to note that
a-LA inhibits TNF-induced NFkB activation57 and on the
basis of this effect might have been expected to enhance
rather than prevent apoptosis.

Discussion

TNF can initiate apoptosis, cell proliferation, and the
acute phase response in the liver. The goal of this work
was to investigate the mechanisms by which TNF causes
apoptosis in hepatocytes. AML12 hepatocytes are resis-
tant to TNF-induced cell death, but can be sensitized to
undergo apoptosis if exposed to TNF in conjunction with
Act D, as is the case for murine hepatocytes in vivo.
Treatment with TNF1Act D caused oxidative stress as
demonstrated by a decrease in NAD(P)H and GSH. The
extent of apoptosis in AML12 hepatocytes was exquis-
itely sensitive to GSH levels as depletion of cellular GSH
sensitized cells to TNF-induced apoptosis in the absence
of a transcriptional blocking agent. TNF1Act D also in-
duced mitochondrial damage, as shown by decreased

transmembrane potential, by losses in cardiolipin con-
tent, and by increased mitochondrial condensation and
mass.

A salient aspect of this work is the demonstration that
TNF by itself can cause apoptosis in GSH-depleted
AML12 hepatocytes, a finding that highlights two impor-
tant observations regarding the mechanisms of TNF-in-
duced apoptosis in hepatocytes. First, oxidative stress
and mitochondrial damage play prominent roles in this
process and, second, the apoptotic effects of TNF can to
a large extent be modulated by the thiol content of the
cells. Hepatocytes differ from other cell types such as
fibroblasts and lymphocytes, which have been used in
many studies on the mechanisms mediating TNF-in-
duced apoptosis, by their very high GSH content, the
capacity of the liver to systemically export GSH as well as

Figure 10. a-LA and a caspase inhibitor block TNF-induced mitochondrial
injury and apoptosis. Cells were pretreated with zVAD-FMK (100 mmol/L) for
3 hours or a-LA (1 mmol/L) for 1 hour before the addition of TNF1Act D as
described in Materials and Methods. A: Both a-LA and zVAD-FMK block
apoptosis induced by TNF1Act D treatment. Cells were harvested 18 hours
after the addition of TNF, fixed in 70% ETOH, and stained with DAPI as
described in Materials and Methods. Error bars represent SEM of triplicate
plates. UNTX, black bars and TNF1Act D treated, stippled bars. B: Both
a-LA and zVAD-FMK block loss of cardiolipin induced by TNF1Act D
treatment. Cells were harvested 12 hours after the addition of TNF and
analyzed by flow cytometry using NAO staining as described in Materials and
Methods. Error bars represent SEM of triplicate plates. UNTX, black bars and
TNF1Act D treated, stippled bars. Values are normalized to UNTX samples.
C: Both a-LA and zVAD-FMK block caspase-3 activity induced by TNF1Act
D treatment. Cells were harvested 15 hours after the addition of TNF and
analyzed for caspase-3 activity as described in Materials and Methods. Error
bars represent SEM of triplicate plates. Values are normalized to untreated
samples. Data shown are representative of at least three independent exper-
iments. Inset: TNF1Act D-induced cytosolic cytochrome C release is
blocked by a-LA. Cells were harvested 12 hours after the addition of TNF and
release of cytosolic cytochrome C was detected by immunoblot analysis as
described in Materials and Methods. Protein from untreated cells, cells treated
with TNF1Act D for 12 hours, and cells pretreated with a-LA and then treated
with TNF1Act D for 12 hours are shown in lanes 1, 2, and 3, respectively.
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the activity of catalase.23,24 These systems provide hepa-
tocytes with the ability to rapidly and efficiently neutralize
the increased ROS produced by TNF. Given the role of
GSH as an antioxidant in hepatocytes, it is not entirely
surprising that a decrease in the levels of GSH would
have a profound effect on apoptosis initiated by oxidant
stress. Nevertheless this issue is controversial because
some ROS scavenging agents do not effectively block
TNF-induced apoptosis in certain cell systems. Free rad-
ical scavengers may vary in their protective effect on
ROS presumably because of the inability of some agents
to partition into the hydrophobic area in which ROS are
produced.2

The involvement of oxidative stress in mediating TNF-
induced apoptosis is further highlighted by the ability of
the potent antioxidant, a-LA, to prevent the loss of GSH in
cells exposed to TNF1Act D and to completely block
caspase activation, mitochondrial damage, cytochrome
C release, and apoptosis. Conversely, GSH depletion
and inhibition of its de novo GSH synthesis sensitized the
cells to the cytotoxic effects of TNF given as a single
agent. In some cells in culture, increased efflux of GSH
has been shown to alter the redox state of the cell without
primary involvement of ROS.61,62 In AML12 hepatocytes,
however, the protective effect of a-LA acid suggests that
increased ROS drives the consumption of multiple reduc-
ing species (NAD(P)H, total cellular thiols, and GSH). Act
D sensitization to TNF-mediated cytotoxicity was not spe-
cific for this cytokine because Act D also sensitized
AML12 cells to the mitochondrial damage caused by the
redox cycling agent MEN. Thus, one mechanism by
which Act D may sensitize hepatocytes to apoptosis is
the blocking of transcription of genes involved in oxidant
defenses. A potential target of this effect is gGCS tran-
scription, which in preliminary experiments seems to be
decreased after TNF1Act D treatment (data not shown).
Glutathione decrease has been considered to be a con-
tributing factor in TNF-induced cell death.63–65 Mehlen et
al63 showed that proteins such as heat shock protein 27
(hsp27) and alphaB-crystallin provide protection against
TNF-induced cell death by raising intracellular GSH.
More recently Manna et al66 demonstrated that overex-
pression of gGCS protects H4–11E hepatoma cells from
TNF-induced cytotoxicity.

Condensed mitochondria with increased folding of the
inner membrane and low energy states have been de-
tected at an early stage of mitochondrial injury during
apoptosis.53,54,67 In Colo-205 human colon carcinoma
cells, herbimycin-induced apoptosis resulted in con-
densed mitochondria in which the inner and outer mem-
brane are closely associated and increase in number
possibly as a compensatory mechanism.52 However,
these condensed mitochondria have low membrane po-
tential, thus, their proliferation actually contributes to in-
jury. The morphology of condensed mitochondria in
AML12 cells was similar to that described in Colo-205
apoptosis induced by herbimycin.52

TNF binding to its receptors results in the recruitment
of adapter molecules including TRADD and FADD. En-
gagement of FADD with the receptor complex leads to
caspase-8 activation.1,5 In apoptotic pathways that pri-

marily depend on mitochondrial damage and cyto-
chrome-C release (type II cells), there is a weak, early
activation of caspase-8, as well as a late activation be-
lieved to be a consequence of caspase-3 and -9 activi-
ty.25,26 The latter condition was observed in our experi-
ments, emphasizing the important role of mitochondria in
TNF-induced hepatocyte apoptosis. However, it is diffi-
cult to establish a precise sequence of events in AML12
hepatocyte apoptosis because cell death occurred as a
nonsynchronized process within a given cell population.
Mitochondrial permeability transition, a good marker for
apoptotic events, occurs gradually in TNF-induced apo-
ptosis, taking several hours to affect all mitochondria of a
single hepatocyte.16 Although our data suggest that de-
creased NAD(P)H precedes caspase-3 activation, it is
possible that some activation of caspase-3 and -8 may
occur before the detection of mitochondrial damage. This
is suggested by experiments in which caspase inhibitors
blocked not only apoptosis but also the loss of cardiolipin
in cells exposed to TNF1Act D. These results imply that
early caspase activity during apoptosis in this system
may indirectly alter redox homeostatic mechanisms by
damaging antioxidant defenses. On the other hand,
Bradham et al16 reported that in rat hepatocytes infected
with an adenovirus expressing an IkBa superrepressor,
mitochondrial permeability transition in TNF-induced ap-
optosis is upstream of caspase-3 but downstream of
FADD. However, activation of other caspases was not
examined in these studies.

It is well known that blockage of NFkB transcriptional
activity sensitizes cells to apoptosis induced by TNF.14

Likewise, it has been suggested that Act D sensitizes
cells to TNF-induced apoptosis by inhibiting the expres-
sion of anti-apoptotic genes including those regulated by
NFkB.19 However, in AML12 hepatocytes Act D had no
effect on TNF-induced NFkB nuclear translocation, DNA
EMSA, or transcriptional activity determined by reporter
gene assay. However, transcripts of several NFkB target
genes were decreased after Act D treatment, such as
IkBa and gGCS (data not shown). The possible contribu-
tion of NFkB dependent and independent genes to the
apoptotic process in AML12 cells is under study.

In summary, we demonstrated that oxidative stress
induced by TNF does not produce injury in normal hepa-
tocytes, but causes apoptosis in hepatocytes in which
antioxidant defenses are compromised, by Act D or GSH
deficiency. Conversely, the antioxidant, a-LA, which pre-
vented the GSH decrease after exposure of cells to
TNF1Act D, blocked mitochondrial injury and apoptosis.
We conclude that in TNF-induced hepatocyte apoptosis,
mitochondrial oxidative injury is a major determinant of
cell injury.
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