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Tumor necrosis factor receptor 1 (TNFR1) activa-
tion in hepatocytes can trigger apoptotic or inflam-
matory signaling. The factors that determine which
signaling pathway dominates are not clear and are
thought to relate to the efficiency of death-inducing
signaling complex (DISC) formation. However, the
steps involved in DISC formation in hepatocytes are
poorly understood. In characterizing DISC forma-
tion within cultured hepatocytes, we demonstrated
that TNF-� exposure leads to the rapid formation of
a DISC involving TNF-�, the TNFR-associated death
domain adaptor molecule (TRADD), the Fas-associ-
ated death domain adaptor molecule (FADD),
caspase-8, TNFR-associated factor 2 (TRAF2), and
receptor-interacting protein (RIP). The inclusion of
the sensitizing agent actinomycin D both acceler-
ated and amplified the appearance of the DISC. No-
tably, TNFR1 along with some DISC components
also appeared within mitochondria within 30 min-
utes. Whereas TNFR1 consistently co-localized with
the TRADD, FADD, the caspase-8, and TRAF2 in the
cytosolic fraction, TNFR1 in the mitochondria was
associated only with caspase-8 after TNF-� expo-
sure. Similar observations were made in vivo using
TNF-� with D-galactosamine. Actinomycin D alone
also enhanced the appearance of DISC components
in both cytosol and the mitochondria. Thus the
DISC that includes TNFR1 forms in the cytosol of
hepatocytes under both survival and pro-apoptotic
conditions. The observations also suggest that TNF-�–
mediated signaling includes the translocation of TNFR1
to mitochondria. (Am J Pathol 2011, 179:1221–1229; DOI:
10.1016/j.ajpath.2011.05.046)
Tumor necrosis factor (TNF)-� is a key cytokine that can
induce apoptosis in many transformed and non-trans-
formed cell types. In the liver, TNF-� has been implicated
in the excessive hepatocyte apoptosis seen in many con-
ditions associated with liver damage.1–3

Paradoxically, TNF-� signaling through the TNF-� re-
ceptor 1 (TNFR1) can activate concurrent signaling path-
ways leading either to cell survival or cell death in the liver
and other tissues.4 However, the molecular mechanism
that determines which of these two opposing signaling
pathway is preferentially activated in hepatocytes is un-
clear.5,6 Based on studies in HT1080 and 293T cell lines,
Micheau and Tschopp7 proposed distinct signaling com-
plexes. The prosurvival pathway or complex I is thought
to rapidly assemble on the cytosolic death domain of
TNFR1 and to be composed of the TNFR-associated
death domain (TRADD) adaptor molecule, protein kinase
receptor-interacting protein 1 (RIP1), and the TNFR-as-
sociated factor 2 (TRAF2) signal transducer. This com-
plex promotes cell survival through the activation of
NF-��. In this paradigm, once the receptor complex is
internalized, TRADD, RIP, and TRAF2 dissociate from
TNFR1. According to Schneider et al, 8 TRADD and RIP
then bind to the Fas-associated death domain (FADD)
adaptor molecule, resulting in caspase-8 recruitment in
the cytosol (complex II). This complex lacks TNFR1 but
contains the proapoptotic molecules. The interaction be-
tween FADD and pro-caspase-8 leads to apoptosis
through protein cleavage and activation of the down-
stream caspase cascade, as well as the cleavage and
activation of pro-apoptotic targets. It is thought that the
activation of NF-�� through complex I can antagonize
apoptotic signaling through the expression of genes that
prevent the pro-death potential of complex II. In the ab-
sence of a signal from complex I, complex II formation
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can dominate and lead to death.9 It is important to stress
that the paradigm detailed above was described mostly
in transformed cell lines. Whether these events pertain to
hepatocytes is uncertain.

TNF-�–induced apoptosis in cultured hepatocytes re-
quires the addition of a sensitizing agent such as actino-
mycin D (Act D) or cycloheximide, suggesting that the
NF-�� survival pathway predominates in hepatocytes.10

However, the molecular mechanisms that account for the
shift toward apoptosis following sensitization are not
known. It is known that the induction of apoptosis by the
TNF-�/TNFR1 system involves the mitochondrial amplifi-
cation pathway in hepatocytes. This process is initiated
by the cleavage of Bid by caspase-8, followed by the
translocation of truncated Bid to the mitochondria. This
process in turn induces the release of pro-apoptotic
molecules to the cytoplasm, which results in effective
induction of apoptosis. Although deletion of Bid leads
to nearly complete blockage of Fas-mediated hepato-
cyte apoptosis and liver injury,11,12 deletion of Bid only
delays and does not block TNF-�–mediated hepatocyte
apoptosis and liver injury or the induction of mitochon-
drial changes.11–14

Traditionally, TNFR1 is regarded as a cell surface re-
ceptor, although studies in endothelial cells have shown
that TNFR1 is predominantly expressed in the trans Golgi
network, with only low levels being detected at the
plasma membrane.15,16 However, the localization of
TNFR1 based on studies in cell lines is a controversial
subject in the literature. Cottin et al17 have reported that
TNFR1 was predominantly localized to the lipid raft. Fur-
thermore, there is no information in hepatocytes on the
distribution of the TNFR1 either at baseline or under
stress conditions. Given the importance of the mitochon-
dria in TNF-� signaling of hepatocytes, we assessed the
relationship between death-inducing signaling complex
(DISC) components and the mitochondria in hepatocytes
in the resting state and following either TNF-� or TNF-� in
combination with Act D. Several unexpected findings
were observed. First, the sensitizing agent alone [Act D
and D-galactosamine (D-gal)] induced DISC formation in
hepatocytes. Second, TNF-� with or without sensitizing
agent resulted in the translocation of TNFR1 to mitochon-
dria. Finally, TNFR1 within mitochondria associated only
with caspase-8. Other DISC components, including
TRADD, FADD, TRAF2, and RIP1, were not part of the
mitochondrial TNFR1-associated complex. Thus the he-
patocyte response to TNF-� exposure or stress includes
the translocation of TNFR1 to the mitochondria.

Materials and Methods

Williams E medium, penicillin, streptomycin, L-glutamine,
and HEPES were purchased from Invitrogen (Carlsbad,
CA). Insulin (Humulin) was purchased from Eli Lilly (Indi-
anapolis, IN), and calf serum was obtained from HyClone
Laboratories (Green Bay, WI). TNF-� was obtained from
R&D Systems (Minneapolis, MN). Unless indicated oth-
erwise, all other chemicals and proteins were purchased

from Sigma-Aldrich (St. Louis, MO).
Hepatocyte Isolation and Culture

All procedures involving animals were approved by the
Animal Care and Use Committee of the University of
Pittsburgh. Primary hepatocytes were harvested from
male Sprague-Dawley rats (Harlan, Indianapolis, IN) as
previously described in detail.18 The cells were washed
and further cultured in fresh medium containing 5% calf
serum in various treatments of reagents as specifically
indicated in the figure legends.

Mitochondria Isolation

Cells were collected and subcellular fractions were ob-
tained as previously described.19 Cells were collected in
buffer A (250 mmol/L mannitol, 70 mmol/L sucrose, 0.5
mmol/L EGTA, and 5 mmol/L HEPES-NaOH, pH 7.2) with
freshly added protease inhibitors spun at 400 � g for 10
minutes at 4°C, and the supernatant was discarded. The
cells were then resuspended in 1 mL buffer A with pro-
tease inhibitors and placed on ice for 10 minutes and
homogenized with a Teflon glass Dounce homogenizer
(25 strokes). Homogenates were centrifuged at 700 � g
for 10 minutes and the supernatant was separated into
two tubes. One of the tubes was used as whole cell
lysates. The other tube was spun (1000 � g for 30 min-
utes at 4°C) to obtain the heavy membrane pellet. The
supernatant from this tube was removed and spun in
an ultracentrifuge at 100,000 � g for 30 minutes and
represented the cytosolic fraction. The mitochondria
were purified from the heavy membrane pellet by stepwise
sucrose-density-gradient centrifugation. The heavy mem-
brane pellet was resuspended in 1 mL buffer A with
protease inhibitors and placed on the top of a 1.0, 12,
and 1.6 M sucrose buffer gradient before being centri-
fuged. Gradient samples were placed in a SW 50.1 rotor
(Beckman-Coulter, Brea, CA) and spun at 39,000 � g for
30 minutes with slow brake at 4°C. The brownish band
containing the mitochondria at the 1.2 M sucrose and 1.6
M sucrose interface was carefully removed (�200 �L)
and diluted 5� with buffer A. Samples were then spun at
10,000 � g for 10 minutes and the supernatant was
removed and resuspended in buffer B (250 mmol/L su-
crose, 10 mmol/L HEPES-NaOH, pH 7.5, 2 mmol/L
KH2PO4, 5 mmol/L sodium succinate, 25 �mol/L EGTA,
and 0.1 mmol/L phenylmethylsulfonyl fluoride). Contami-
nation assays were performed on fractions using an
equal number of cells. �-Actin, COX IV, calreticulin, TGN-
38, and lamin B antibodies were used for immunoblot
analysis.

Co-Immunoprecipitation and Immunoblotting

Whole cell lysates, cytosol, or mitochondrial fractions
were incubated overnight with rabbit anti-TNFR1 anti-
body. The immune complexes were then precipitated
with protein A/G-agarose beads for 6 hours and washed
extensively with radioimmunoprecipitation assay buffer.
Immunoprecipitated proteins were eluted with 2� SDS

loading buffer, separated by SDS gels, and transferred
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onto a nitrocellulose membrane, and immunoblot [West-
ern blot (WB)] was processed as described previously.18

Immunostaining and Confocal Microscopy

Primary hepatocytes were plated on collagen-1 coated
22 mm coverslips (BD Pharmingen, San Diego, CA) over-
night and treated the next day. Cells were fixed with 2%
(w/v) paraformaldehyde for 15 minutes and processed
as previously described20 with the exception of label-
ing cells with rabbit anti-TNFR1 and mouse anti-ATP
synthase at 4°C for 1 hour. Cells were viewed on an
Olympus Fluoview 1000 (Olympus America Inc., Cen-
ter Valley, PA).

Immunogold Labeling and Immunoelectron
Microscopy

Cells were fixed with 2% paraformaldehyde and in 0.1
mol/L phosphate buffer (pH 7.4) and processed as pre-
viously described20 with the exception of labeling sec-
tions with rabbit anti-TNFR1 for 1 hour. Sections were
observed on a JEM 1210 electron microscope (JEOL Ltd,
Akishima, Tokyo) at 80 kV.20

In Vivo Experiments

All procedures were performed according to the guide-
lines of the Council on Animal Care at the University of
Pittsburgh and the National Research Council’s Guide for
the Care and Use of Laboratory Animals.

Statistical Analysis

Hepatocyte viability is presented as the mean � SEM.
One-way analysis of variance followed by the Student–
Neuman–Keuls test was used to determine the signifi-
cance of the differences between the experimental
groups. A P value �0.05 was considered significant.

Results

Effects of TNF-�, TNF-�/Act D, and Act D on
Hepatocyte Cell Death

We first assessed the timing and extent of TNF-�–ind-
uced hepatocyte death in the absence and presence of
Act D. Cell viability was measured by crystal violet stain-
ing at 3, 6, 9, and 18 hours following treatment. As shown
in Figure 1, no significant cell death occurred in hepato-
cytes treated with TNF-� alone at any time point. Act D
alone caused some degree of cell death that was first
seen at 6 hours. However, the co-treatment of TNF-� with
Act D led to significant loss of viability by 6 hours after
treatment. Viability continued to decline in a time-depen-
dent manner (percentage of live cells at 18 hours, TNF-�
alone: 95.9 � 1.8%; TNF-� � Act D: 39.9 � 1.9%; and
Act D alone: 78.4 � 2.5%). The loss of cell viability was
associated with an increase in the percentage of TUNEL-

positive cells (data not shown).
TNFR1 Accumulates in the Mitochondria
Following TNF-�, TNF-�/Act D, or Act D
Stimulation in Hepatocytes

TNFR1 has been shown to localize to different subcellular
compartments but not to mitochondria in cell lines.15–17

Because TNF-� signaling includes mitochondria-depen-
dent steps, we sought to determine whether TNFR1 also
translocated to mitochondria following TNF-� stimulation.
At 0, 15, 30, and 60 minutes after stimulation, mitochon-
drial and cytosolic fractions were isolated using differen-
tial and density gradient centrifugation. To verify purity of
cell fractions, marker enzymes were evaluated by immu-
noblot analysis using antibodies that recognize �-actin,
COX IV, calreticulin, TGN-38, and lamin B (Figure 2A).
Immunoblotting confirmed the presence of TNFR1 in
whole cell lysates and in the cytosolic fraction over the
first 60 minutes following TNF-�, TNF-�/Act D, or Act D
exposure (Figure 2B). TNFR1 was absent at baseline in
mitochondria but became detectable by 30 minutes fol-
lowing TNF-� alone and TNF-�/Act D. Act D alone re-
sulted in the appearance of TNFR1 in the mitochondrial
fraction by 60 minutes. To further confirm the localization
of TNFR1 in the mitochondria, confocal microscopy was
performed following double-staining with anti-TNFR1 an-
tibody and anti-ATP synthase antibody as a mitochon-
drial marker. In untreated hepatocytes, an even distribu-
tion of TNFR1 in the cytoplasm was observed (Figure 3A).
At 60 minutes following TNF-� or TNF-�/Act D, a punctate
pattern appeared. Furthermore, co-localization of TNFR1
with mitochondria, as demonstrated by a yellow color,
could be easily detected following TNF-� or TNF-�/Act D
treatment and faintly detected with Act D alone. We then
performed electron microscopy with immune gold label-
ing of TNFR1 in hepatocytes at baseline and at 60 min-
utes following stimulation (Figure 3B). A few beads could
be seen in mitochondria at baseline (culture media with
no additive treatments). Stimulation with TNF-�, TNF-�/Act D,
or Act D alone led to a dramatic increase in the number
of gold beads associated with mitochondria (Figure 3B).
Interestingly, changes in mitochondrial membrane poten-

Figure 1. Effects of TNF-�, TNF-�/Act D, and Act D on hepatocyte cell
death. Primary rat hepatocytes were treated with TNF-� (2000 units/mL) �
Act D (200 ng/mL) for 3-, 6-, 9-, and 18-hour treatment(s). *P � 0.01, media
group; † P � 0.01, group treated with TNF-� alone.
tial, as measured with use of the fluorescent probe JC-1,
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decreased by 15 minutes in cells treated with TNF-� and
TNF-� � ActD (see Supplemental Figure S1 at http://
ajp.amjpathol.org). Furthermore, the reactive oxygen spe-
cies scavenger (N-acetylcysteine) but not the JNK inhib-
itor (SP600125) prevented the TNF-� � ActD–induced
translocation of TNFR1 to the mitochondria (see Supple-
mental Figure S2 at http://ajp.amjpathol.org). Taken to-
gether, these findings establish that TNFR1 translocates
to mitochondria by 30 minutes and following changes in
mitochondrial membrane potential in cultured cells ex-
posed to TNF-�.

TNFR1 Localizes to Liver Mitochondria
Following TNF-�, TNF-�/D-gal, or D-gal
Stimulation in Vivo

To determine whether TNFR1 associated with the mito-
chondria in intact liver, rats were treated with TNF-� alone
or with D-gal. Whole liver homogenates, as well as the
cytosolic and mitochondrial fractions, were subjected to
immunoblotting for TNFR1 for 60 minutes. As shown in
Figure 2C, TNFR1 levels did not change in liver homog-
enates or the cytosolic fractions. Low baseline levels
were seen in the mitochondrial fraction, which markedly
increased with TNF-� alone, TNF-�/D-gal, and D-gal
alone. The purity of the fractions was confirmed using the

Figure 2. TNFR1 accumulates in the mitochondria following TNF-�, TNF-
�/Act D, or Act D treatment in vitro and in vivo. Primary hepatocytes were
treated with TNF-� (2000 units/mL) � Act D (200 ng/mL). A: Fraction
purity was assessed using antibodies to �-actin, COX IV, calreticulin,
TGN-38, and lamin B. B: The level of TNFR1 protein in cytosolic or
mitochondrial was determined by immunoblot (N � 3). Livers were
harvested and separated into mitochondrial and cytosolic fractions from
rats injected with sterile TNF-� (10 �g/kg) � D-gal (750 mg/mL). C:
Contamination assays using equal amount of proteins measured �-actin,
COX IV, calreticulin, TGN-38, and lamin B by immunoblot analysis. D:
TNFR1 protein in cytosolic or mitochondrial fractions were determined by
immunoblot analysis.
appropriate markers (Figure 2D).
Different DISC Components Localize with TNFR1
in the Cytosolic and Mitochondrial Fractions

Immunoblotting confirmed the presence of DISC compo-
nents in hepatocytes including TRADD, FADD, RIP1,
TRAF2, and caspase-8 (Figures 4, 5, 6, 7, and 8). Levels
of these proteins changed minimally in the first 60 min-
utes. To define the composition of the DISC in hepato-
cytes, immunoprecipitation and immunoblot was per-
formed on whole cell lysates at 15-minute intervals
following stimulation. TNF-� alone or with Act D led to a
similar level of interaction of TNFR1 with TRADD (Figure
4), FADD (Figure 5), and TRAF2 (Figure 6). Both TNF-�
alone and TNF-� with Act D brought caspase-8 (Figure 7)
and RIP1 (Figure 8) into the DISC; however, the associ-
ation was enhanced with Act D or D-gal. Interestingly,
exposure to the sensitizing agents alone led to an inter-
action of all five DISC components with TNFR1, although
it was somewhat delayed and to a lesser extent than that
seen with TNF-�.

To determine whether these same DISC components
are present in the mitochondria before or after TNF-�

Figure 3. Immunofluorescent confocal microscopy and immunoelectron
microscopy confirmed localization of TNFR1 in TNF-�–stimulated primary
hepatocytes and isolated mitochondria. Primary rat hepatocytes were treated
with TNF-� (2000 units/mL) � Act D (200 ng/mL) for 1 hour. A: Fluorescent
labeling: TNFR1, red; ATP synthase, green; nucleus, gray. B: Sections were
labeled with rabbit anti-TNFR1 and then labeled with 10 nmol/L gold-con-
jugated second antibodies. Note the labeling of TNFR1 in basal level (media)

of TNFR1 in mitochondria and increased TNFR1 when treated with TNF-�,
TNF-�/Act D, or Act D. Arrows point to TNFR1 positive 10-nm gold beads.
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exposure, the mitochondrial and cytosolic fractions
were subjected to immunoblotting. Furthermore, to de-
termine whether these DISC members interaction with
TNFR1 in the mitochondria, the mitochondrial and cy-
tosolic fractions were subjected to immunoprecipita-
tion. This analysis was performed on both cultured
hepatocytes and liver isolated from TNF-�–treated rats.
TRADD was present in the cytosolic fraction at base-
line, and levels of TRADD in the cytosol did not change
after any treatment (Figure 4). As expected, TNFR1
was found to interact with TRADD in the cytosol follow-
ing TNF-� treatment with or without sensitization. How-
ever, TRADD could not be detected in the mitochon-
dria under any condition tested (Figure 4). Hence no
interaction between TNFR1 and TRADD was seen in
the mitochondria.

FADD association with TNFR1 could be detected in the
cytosolic fraction after TNF-�, TNF-�/Act D, or D-gal treat-
ment. Again, the sensitizing agent alone induced an in-
teraction between TNFR1 and FADD in the cytosol (Fig-
ure 5). FADD was found to co-immunoprecipitate with
TNFR1 in the mitochondria only with TNF-� � Act D or

Figure 4. TNFR1 complexes isolated from hepa-
tocytes treated with TNF-� � sensitizing agents
do not contain TRADD in the mitochondria. A:
Rat primary hepatocytes were collected and sub-
cellular populations were isolated following
treatment with TNF-� (2000 units/mL) � Act D
(200 ng/mL) for the indicated times. Each frac-
tion was analyzed by WB for TRADD. TNFR1
complex was isolated by immunoprecipitation
with TNFR1 antibody and then analyzed for the
presence of TRADD interaction with TNFR1 by
WB. B: TNF-� (10 �g/kg) or D-gal (750 mg/mL)
was injected into rats, and the livers were har-
vested 1 hour later. Cytosolic and mitochondrial
fractions were isolated from these livers, fol-
lowed by WB for TRADD. TNFR1 complex was
isolated by immunoprecipitation with TNFR1 an-
tibody and then analyzed for the presence of
TRADD interaction with TNFR1 by WB. IP, im-
munoprecipitated protein.

Figure 5. TNFR1 complexes isolated from hepa-
tocytes treated with TNF-� � Act D do not con-
tain FADD in the mitochondria. Rat primary
hepatocytes were treated with TNF-� (2000
units/mL) for the indicated times � Act D (200
ng/mL). A: Hepatocytes were then fractionated
into cytosolic and mitochondrial lysates and an-
alyzed by WB for FADD. TNFR1 complex was
isolated by immunoprecipitation with TNFR1 an-
tibody and then analyzed for the interaction with
TRADD with TNFR1 by WB. B: Livers were har-
vested 1 hour after injections with TNF-� (10
�g/kg) or D-gal (750 mg/mL); mitochondrial and
cytosolic fractions were obtained and analyzed
by WB for FADD. TNFR1 complex was isolated
by immunoprecipitation with TNFR1 antibody
and then analyzed for presence of FADD inter-
action with TNFR1 by WB. IP, immunopreci-
pitate.
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D-gal. Otherwise, FADD could not be detected in the
mitochondrial fraction.

Procaspase-8 was easily detectable in the cytosol and
mitochondria at both baseline and following the various
treatments both in vitro and in vivo (Figure 6). As would be
expected, caspase-8 strongly associated with TNFR1 in
the cytosol fraction following exposure to TNF-� with sen-
sitizing agent, but also to some extent with TNF-� alone
and with either Act D or D-gal alone. Caspase-8 was also
found to co-immunoprecipitate with TNFR1 in mitochon-
dria. This effect was most pronounced with TNF-� com-
bined with a sensitizing agent but also was seen with
TNF-� and the sensitizing agents alone (Figure 6). This
finding is consistent with previously published find-
ings.21–24

TRAF2 was detected at baseline in both the cytosol
and mitochondria in vitro and in vivo (Figure 7). As ex-
pected, TNF-� induced an association between TNFR1
and TRAF2 in the cytosol. Despite the presence of TRAF2
in the mitochondrial fraction, under no condition could we

Figure 6. TNFR1 complexes isolated from hepa-
tocytes treated with TNF-� � D-gal or Act D
contain caspase-8 in the mitochondria. Rat pri-
mary hepatocytes were collected following treat-
ment with TNF-� (2000 units/mL) for the indi-
cated times � Act D (200 ng/mL). A: Cytosolic
and mitochondrial hepatocyte fractions were an-
alyzed by WB for caspase-8. TNFR1 complex
was isolated by immunoprecipitation with
TNFR1 antibody and then analyzed by immuno-
blot for presence of caspase-8 interaction with
TNFR1. Livers from rats injected with TNF-� (10
�g/kg) or D-gal (750 mg/mL) were harvested
after 1 hour and fractionated into cytosol and
mitochondria. B: Each fraction was analyzed by
WB for caspase-8. TNFR1 complex was isolated
by immunoprecipitation with TNFR1 antibody
and then analyzed for presence of caspase-8 in-
teraction with TNFR1 by WB. IP, immunoprecipi-
tated protein.

Figure 7. TNFR1 complexes isolated from
TNF-� with or without hepatocytes treated with
a sensitizing agent do not contain TRAF2 in the
mitochondria. Rat primary hepatocytes were har-
vested following treatment with TNF-� (2000
units/mL) for the indicated times � Act D (200
ng/mL). A: Cytosolic and mitochondrial fractions
were analyzed by immunoblot for TRAF2. TNFR1
complex was isolated by immunoprecipitation
with TNFR1 antibody and then analyzed for pres-
ence of TRAF2 interaction with TNFR1 by WB. B:
Livers harvested from rats 1 hour after injection
with sterile TNF-� (10 �g/kg) or D-gal (750 mg/
mL) were separated into cytosolic and mitochon-
drial fractions and assayed by immunoblot for
TRAF2. TNFR1 complex was isolated by immu-
noprecipitation with TNFR1 antibody and then
analyzed for the presence of TRAF2 interaction
with TNFR1 by WB. IP, immunoprecipitated
protein.
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detect an interaction between TNFR1 and TRAF2 in the
mitochondria. RIP1 also was detected in both the cytosol
and the mitochondria. A strong interaction between RIP1
and TNFR1 in the cytosolic fraction was seen with TNF-�
and the sensitizing agent. Interestingly, RIP co-immuno-
precipitated with TNFR1 in the mitochondria in the whole
liver in vivo with TNF-�/D-gal but not in vitro with TNF-�/Act
D (Figure 8).

Discussion

This study was undertaken to gain a better understanding
of the initial signaling steps following TNF-�/TNFR1 inter-
action in hepatocytes under conditions leading to cell
survival or cell death. We found that a typical DISC rap-
idly forms in the cytoplasm of cells that undergo apopto-
sis (TNF-� with Act D or D-gal) but also in cells exposed
to TNF-� or the sensitizing agents alone. It also appears
that TNFR1 remains part of the signaling complex within
the cytoplasm of hepatocytes. Somewhat unexpected
was the observation that TNFR1 also appears within the
mitochondria where TNFR1 associates with caspase-8
but not other DISC components. Thus cytoplasmic DISC
formation involving TNFR1 forms under both cell survival
and death signaling and even after cell stress in the
absence of exogenous TNF-�. Translocation of TNFR1 to
the mitochondria also may contribute to cellular signaling
responses under the conditions studied. Our observa-
tions provide the basis for further studies to define the
pathways involved in TNFR1 translocation and function
within the mitochondria.

In cell lines sensitive to TNF-�–induced apoptosis, it
has been shown that two types of signaling complexes
form following TNF-� exposure.7,8 One (complex I) forms

at the cell surface and involves TNFR1 interaction with
TRADD, RIP1, and TRAF2, and a second (complex II) is
devoid of TNFR1 but engages FADD and caspase 8. It is
well known that the TNFR1-TRADD-RIP-TRAF2 complex
initiates a pathway leading to survival through NF-�B.25,26

Our results indicate that TNFR1 remains engaged with
TRADD, FADD, RIP1, and TRAF-2 in a cytoplasmic
signaling complex in hepatocytes. That this complex
forms in both cells that survive (TNF-� alone) and in
cells that go on to die (TNF-� � Act D) suggests that
pathways that determine cell survival are downstream
of the initial complex.

Act D amplified TNF-�–induced DISC formation and
even stimulated DISC formation when added alone. Our
work does not illuminate how this transcription inhibitor
induces DISC formation, but we also have observed this
action with other sensitizing agents, including protein
synthesis inhibitors (data not shown). Therefore cell
stress resulting from the suppression gene expression
could trigger DISC formation as a stress signaling re-
sponse. The inclusion of TNFR1 in the complex raises the
possibility that sensitizing agents trigger TNF-� produc-
tion. However, we have not detected TNF-� production
by hepatocytes, and anti-TNF-� antibodies do not pre-
vent Act D–induced DISC formation in cultured cells
(data not shown).

The appearance of TNFR1 in the mitochondria under
the same conditions associated with DISC formation sug-
gests that the receptor participates in mitochondrial
changes induced by TNF-� exposure. Changes in mito-
chondrial membrane potential occurred as early as 15
minutes following TNF-� exposure, whereas TNFR1 ac-
cumulation becomes prominent at 30 minutes. Whether
these two events are interrelated was not established by
our work. Whereas translocation of cytoplasmic proteins

Figure 8. TNFR1 complexes isolated from hepa-
tocytes treated with TNF-� � a sensitizing agent
contain RIP in the mitochondria. A: Rat primary
hepatocytes treated with TNF-� (2000 units/mL)
for the indicated times � Act D (200 ng/mL)
were fractionated into cytosolic and mitochon-
drial fractions to be analyzed for RIP content by
WB. TNFR1 complex was isolated by immuno-
precipitation with TNFR1 antibody and then
inmmunoblotted to measure TRAF2 interaction
with TNFR1. Livers were harvested from rats 1
hour after injection with sterile TNF-� (10 �g/kg)
or D-gal (750 mg/mL). B: Cytosolic and mito-
chondrial fractions were analyzed by WB for RIP.
TNFR1 complex was isolated by immunoprecipi-
tation with TNFR1 antibody and then analyzed
for presence of RIP interaction with TNFR1 by
WB. IP, immunoprecipitated protein.
to the mitochondria is well described in apoptotic signal-
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ing as a mechanism for signal amplification,27 the trans-
location of a receptor to the mitochondria during cytokine
signaling has not been reported. TNFR1 has been re-
ported on the cell surface28 and Golgi.29 The source of
the mitochondrial TNFR1 is uncertain and could include
TNFR1 from the cell surface or intracellular sources such
as the Golgi. The selective presence of DISC compo-
nents in the mitochondria and limited interactions be-
tween TNFR1 and DISC components suggest that the
DISC does not simply transfer to the mitochondria. The
suppression of TNFR1 translocation by a reactive oxygen
species scavenger suggests that mitochondria changes
may be required for the translocation to occur. Mitochon-
drial reactive oxygen species production is known to
occur following TNF-� exposure.30,31

Some DISC components have been shown to be local-
ized in the mitochondria following Fas stimulation.31 TRADD
and TRAF2 have been detected in the nucleus and cyto-
plasm32,33; however, these proteins have not been reported
to interact with the mitochondria. Although both TRADD and
TNFR1 are found in the Golgi in endothelial cells, they do
not appear to have an interaction.15 In this study we found
that TRAF2 is present in mitochondria under all conditions
studied. In contrast, TRADD could not be detected in the
mitochondria under any condition.

The presence of caspase-8 in the mitochondria has been
controversial, with conflicting reports in the literature.15,34,35

Temkin et al36 have determined that RIP1 protein is present
in the mitochondria at baseline and that RIP1 accumulates
in mitochondria following TNF-� exposure in THP-1 cells.
We also found that RIP1 and caspase-8 are present in the
mitochondria both in cultured hepatocytes and liver tissue
in the resting state and following either exposure to TNF-� or
TNF-� in combination with sensitizing agents. Furthermore,
our data show the interaction of RIP and caspase-8 with
TNFR1 in mitochondria with either TNF-� or D-gal alone;
however, the association was much stronger in the liver
treated with TNF-�/D-gal. The differences of DISC compo-
sition between cytosolic fraction and mitochondrial fraction
suggest that there may be a distinct complex that forms
involving TNFR1 in mitochondria. The function of the
TNFR1-associated complex in the mitochondria is uncertain
and is the subject of ongoing research.
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