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ABSTRACT 

Background: Activation of either the 55-kD tumor ne-
crosis factor receptor (TNF-RI) or CD95 (Pas/Apo-l) 
causes apoptosis of cells and liver failure in mice, and has 
been associated with human liver disorders. The aim of 
this study was first to clarify the association between 
CD95 activation, hepatocyte apoptosis, and fulminant 
liver failure. Next, we investigated whether TNF-RI and 
CD95 operate independently of each other in the induc-
tion of hepatocyte apoptosis. 
Materials and Methods: Using both mice and primary 
liver cell cultures deficient in either TNF-RI or functional 
CD95, the induction of apoptosis and hepatocyte death 
following activation of TNF-RI or CD95 were studied in 
vitro and in various in vivo models of acute liver failure. 

INTRODUCTION 
The cytokine receptors TNF-Rl (CDI21a) and 
CD95 (Fas[l], Apo-l [2]) belong to the nerve 
growth factor/tumor necrosis factor receptor 
(TNF-R) familiy (3). All members of this family 
share common structural features in their extra-
cellular regions, such as multiple cysteine-rich 
domains. Their cytoplasmic tails do not display 
significant homology except for an 80-amino 
acid motif expressed on TNF-Rl, CD95, and 
some less well characterized proteins which in-
teract with these two surface receptors (4). 

Since activation of both TNF-Rl and CD95 
by natural ligands and agonistic antibodies, re-
spectively, causes apoptosis (5-10) by signaling 
through this 80 -amino acid motif, it has been 
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Results: In vivo or in vitro stimulation of CD95 caused 
apoptosis of wild-type (wt) murine hepatocytes which 
had not been sensitized by blocking transcription. Time 
course studies showed that DNA fragmentation and 
chromatin condensation preceded, respectively, mem-
brane lysis in vitro and necrosis in vivo. Sinlilar results 
were obtained after CD95 activation in hepatocytes or 
livers lacking TNF-Rl. Conversely, hepatocytotoxicity 
due to endogenous or exogenous TNF was not affected 
in animals or liver cell cultures lacking the expression of 
functional CD95. 
Conclusions: TNF-RI and CD95 are independent and 
differentially regulated triggers of murine apoptotic liver 
failure. 

termed the "death domain" (11-14). Indeed, it 
has recently been shown that its overexpression 
is sufficient to mediate apoptotic cell death in 
cultured cell lines (15). 

In addition to the homology between 
TNF-Rl and CD95 (16), a highly conserved func-
tional homology seems to exists between their 
respective ligands, TNF and CD95L (FasL). Both 
cytokines are expressed in a membrane bound 
form that is biologically active (10,17,18), form 
homotrimers in solution (19,20), and can trigger 
apoptosis in a large variety of target cells includ-
ing hepatocytes (21,22). A possible interaction 
between the signal transduction pathways that 
mediate apoptosis following TNF-Rl or CD95 ac-
tivation has been repeatedly discussed (23-28). 
Several recent in vitro investigations, however, 
suggested that these two related surface recep-
tors cause cytotoxicity independently of each 
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other with respect to activation kinetics (29), 
signal transduction pathways (30,31), and sus-
ceptibility to pharmacological intervention (32). 

The liver is one of the organs most affected 
by septic injury due to systemic inflammatory 
response syndrome (SIRS). It is generally agreed 
that during the initial stages of SIRS, high circu-
lating levels of TNF contribute to circulatory fail-
ure, organ damage, and lethality. In fact, high 
TNF release represents the final toxic mechanism 
common to several murine models of SIRS. Di-
rect injection (33) or induction of endogenous 
TNF by lipopolysaccharide (34), mitogens (35-
37), or superantigens (38-40) causes circulatory 
shock and liver failure. In these models, antibod-
ies directed against TNF completely prevented 
liver destruction. TNF-triggered liver cell death 
appears to occur by apoptosis during the early 
stages of organ damage and is followed by mas-
sive secondary necrosis (21,41,42). 

An alternate mechanism for triggering apopto-
sis in murine liver involves the activation of CD95. 
Injection of an agonistic anti-CD95 antibody (anti-
CD95) in mice causes lethality and fulminant hem-
orrhagic liver injury associated with morphological 
appearance of apoptotic hepatocytes (22). More-
over, it has recently been demonstrated that CD95 
expression is increased in livers of patients suf-
fering from viral infection (43) or fulminant hep-
atitis (44). However, from these in vivo studies it 
is not clear whether activation of CD95 on the 
surface of liver parenchymal cells leads directly 
to apoptosis. Alternatively, it is equally possible 
that triggering CD95 on nonparenchymal cells 
initiates the release of a variety of secondary 
hepatocytotoxic mediators including TNF. 

To determine whether CD95-induced hepa-
tocyte apoptosis has a causal role in liver failure, 
the temporal sequence of events leading to liver 
cell lysis was determined. In addition, we com-
pared the effect of the transcriptional inhibitor 
D-galactosamine (GaIN) on TNF- or anti-CD95-
induced hepatocytotoxicity in primary liver cell 
cultures and in mice. In order to test the exis-
tence of a functional relationship or cooperation 
between the TNF and the CD95 pathways, we 
used primary murine hepatocyte cultures from 
mouse strains deficient in TNF-R1 (45) or CD95. 
These cultures were challenged with either ago-
nistic anti-CD95 Ab or with TNF. In addition to 
these in vitro experiments, we used three differ-
ent models of in vivo hepatic failure in order to 
compare anti-CD95 or TNF effects in mice defi-
cient for expression of either TNF-R1 or func-
tional CD95. 

MATERIALS AND METHODS 
Materials 
Recombinant TNF-a was generously provided by 
Dr. G. R. Adolf, Bender & Co. (Vienna, Austria) 
and rhuIL-l{3 was from Ciba Geigy (Basel, Swit-
zerland). D-galactosamine was purchased from 
Roth Chemicals (Karlsruhe, Germany). Salmo-
nella abortus equi endotoxin (LPS) was pur-
chased from Sebak (Aidenbach, Germany). The 
n X 123 bp molecular weight marker was from 
Gibco (Eggenstein, Germany). An IgG fraction of 
ovine anti-murine TNF-a antiserum was pre-
pared as described (8). The agonistic anti-CD95 
antibody (22) Jo-2 was from Pharmingen (Ham-
burg, Germany). Unless further specified, all 
other reagents were purchased from Sigma 
(Deisenhofen, Germany). 

Animals 
Specific pathogen-free male BALB/c or C57BLl6 
mice (25 g) were from the internal animal breed-
ing house, University of Konstanz. A breeding 
stock of 55-kD TNF-R (CD121a)-deficient mice 
(45) and the corresponding wild-type mice 
(C57BLl6 X 129/Sv) was provided by Hoffmann 
LaRoche (Basel, Switzerland). Male MRLlMpJ 
wild-type as well as lymphoproliferative disorder 
(lpr) mice (10 weeks old; 25 g), C3H/HeJ (LPS-
resistant) and C3H/HeN (LPS-sensitive) mice 
were purchased from Harlan (Austerlitz, The 
Netherlands). Animals were housed at a constant 
day/night cycle of 12 hr at 22°C and 55% hu-
midity. They were starved overnight for the in 
vivo experiments and were allowed free access to 
food and water for the cell preparations. Exper-
iments were generally started at 8 AM. All ani-
mals received humane care in adherence to the 
NIH guidelines as well as to the legal require-
ments in Germany. 

In Vivo Experiments 
The sensitizing agents ActD (800 fLg/kg) or GaIN 
(700 mg/kg) were injected intraperitoneally in 
300 fLI of saline. Concanavalin A (25 mg/kg) was 
injected intravenously without sensitizer, and 
TNF or anti-CD95 were given intravenously in a 
300-fLl volume of saline (containing 0.1 % hu-
man serum albumin) 1 min after GaIN or ActD. 
Anti-TNF IgG (sufficient to neutralize TNF serum 
concentrations of 100 ng/ml) was given in a 
volume of 200 fLI intravenously 15 min before 
anti-CD95 and rhuIL-l{3 was given intrave-
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nously 4 hr before the anti-CD95 challenge. 
Blood was sampled from the tail vein 90 min 
after LPS-administration for TNF determinations 
with the WEHI 164 bioassay according to Espe-
vik and Nissen -Meyer (46). All other samples 
were obtained after lethal anesthesia of mice by 
intravenous injection of 150 mg/kg pentobarbital 
plus 0.8 mg/kg heparin. After midline lapa-
ratomy and opening of the chest, blood was 
withdrawn by cardiac puncture and immediately 
centrifuged for 2 min at 4°C at 13,000 X 9 
to obtain the plasma. Livers were perfused for 
10 sec with cold perfusion buffer (PB) (50 mM 
phosphate, 120 mM NaCI, 10 mM EDTA, pH 7.4), 
and subsequently excised. A slice of the large 
anterior lobe was immediately immersed in 4% 
buffered formalin solution as a fixation for his-
tological studies. The remaining parts of the liver 
were disintegrated with three strokes of an Elveh-
jem type homogenizer. The 20% homogenate 
(in PB) was centrifuged at 13,000 X 9 for 20 min. 
The supernatant was diluted 270-fold and used 
directly in an ELISA designed to detect DNA frag-
mentation. Alternatively, DNA was precipitated 
from 450 pJ of supernatant by addition of 1 ml of 
ethanol (-20°C) plus 50 p,l of sodium chloride 
(5 M) or sodium acetate (3 M) and stored at 
- 20°C for further analysis on agarose gels. 

Hepatocyte Cultures 
Hepatocytes were isolated by the two-step colla-
genase perfusion method of Seglen (47) with a 
viability exceeding 80% according to the trypan 
blue exclusion method. Cells were plated in 
200 p,l of RPM! 1640 medium containing 10% 
newborn calf serum in 24-well plates at a num-
ber of 8 X 104 hepatocytes per well. They were 
allowed to adhere to culture plates for 5 hr be-
fore the medium was exchanged for RPM! 1640 
medium without serum. TNF or anti-CD95 was 
added 30 min after the medium change. GaIN 
(5 mM) or ActD (333 nM) was added directly 
after the medium change. Unless otherwise in-
dicated experiments were carried out for the 
times indicated at 37°C in an atmosphere com-
posed of 5% CO2 /40% O2 /55% N2 . 

DNA Fragmentation and Cytotoxicity 
Lactate dehydrogenase (48) was determined in 
culture supernatants (S), and in the remaining 
cell monolayer (C) after lysis with 0.1 % Triton 
X-lOO. The percentage of lactate dehydrogenase 
release was calculated from the ratio of S/ (S + 
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C). Alternatively, the capacity to produce for-
mazan from MTT was measured according to the 
method of Mosmann (49) essentially as de-
scribed recently (8). Routinely, cytotoxicity was 
measured in parallel assays using lactate dehy-
drogenase (LDH) release and MTT reduction as 
readouts. The correlation of the two methods 
was 97%. In Results below only one representa-
tive set of data from either method is presented. 
Hepatocytolysis in vivo was determined by mea-
suring the plasma activities of ALT, aspartate-
aminotransferase, and sorbitol dehydrogenase 
(48). DNA fragmentation in hepatocyte cultures 
or in murine livers was quantitated by measuring 
cytosolic oligonucleosome-bound DNA using an 
ELISA-kit (Boehringer, Mannheim, Germany) as 
described (8). As antigen source we employed 
either the cytosolic fraction (13000 X 9 superna-
tant) of about 150 cultured hepatocytes or the 
cytosolic fraction from about 75 p,g of liver tissue. 
DNA fragmentation was also analyzed semi-
quantitatively after extraction of low molecular 
weight DNA from the 13000 X 9 supernatant of 
about 50 mg of liver tissue or 2 X 105 cultured 
hepatocytes by the phenol/chloroform method, 
precipitation by ethanol and electrophoresis on 
1.0% agarose gels (50). 

Morphology 
Livers were fixed for histological examination 
with 4% formaldehyde and imbedded in para-
plast. Sections (3-5 p,m) were stained with he-
matoxylin/eosin and photographed at 1008-fold 
magnification. Liver cell cultures were either 
stained directly with 8 p,g/ml H-33258 or 
5 p,g/ml propidium iodide for 3 min, or they 
were fixed with 80% methanol (-20°C) and 
then stained. Apoptotic nuclei were quantitated 
under the fluorescence microscope. 

Statistics 
Data are expressed as means ± SD. All cell cul-
ture experiments were repeated in at least three 
different cell preparations. For comparative ex-
periments (wt hepatocytes versus hepatocytes 
from genetically altered animals) cells from two 
mice from different strains were prepared within 
1 hr and incubated simultaneously. Statistical 
differences were determined by an unpaired t 
test if applicable or with the unpaired Welch test 
(in the case of inhomogeneous variances). 



Il2 

RESULTS 
Hepatocytotoxicity and DNA 
Fragmentation Caused by Anti-CD95 
or TNF in Liver Cell Cultures from 
Wild-Type Mice 
Hepatocyte cultures derived from BALB/c mice 
were used to determine whether the activation 
of either CD95 or TNF-Rl was sufficient to in-
duce apoptotic cell death. In agreement with our 
previous study (8), TNF initiated early DNA frag-
mentation followed several hours later by cell 
lysis, provided that transcription had been ar-
rested with ActD (Fig. 1). Exposure of mouse 
hepatocytes to anti-CD95, however, caused 
hepatocytotoxicity in the absence of transcrip-
tional inhibitors. The type of cell death caused by 
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FIG. 1. Time course of DNA fragmentation 
and cell lysis in murine hepatocytesexposed to 
anti-CD95 or TNF in the presence or'absence 
of ActO 
Hepatocytes from BALB/c mice were incubated in 
RPMI1640 without further additions, or with 
333 nM ActD, 100 ng/ml TNF, 100 ng/m! anti-
CD95, or combinations of ActD and TNF or anti-
CD95. After the indicated time periods, LDH release 
(A) and DNA fragmentation (B) were determined. 
DNA fragmentation is given as the original absor-
bance minus the average absorbance of untreated 
control cells. Data are means of triplicate determina-
tions ± SD. 

CD95 stimulation was apoptotic, as determined 
by morphological criteria. The time course for 
LDH release, formation of nuclei with condensed 
chromatin, and DNA fragmentation in hepato-
cyte cultures exposed to anti-CD95 revealed that 
apoptosis and oligonucleosomal DNA cleavage 
occurred before loss of membrane integrity. The 
onset of DNA fragmentation in the presence of 
anti-CD95 was more rapid than in TNF-chal-
lenged cells and clearly preceded cell lysis. These 
findings suggested that agonist binding to CD95 
on hepatocytes is sufficient to directly cause ap-
optosis in this cell type. 

Next, the concentration-dependence of 
CD95-mediated hepatocyte killing and its mod-
ulation by various culture conditions were ex-
amined (Fig. 2). The presence of transcriptional 
inhibitors such as GaIN or ActD significantly in-
creased the extent of cell damage caused by anti-
CD95 without causing a significant shift of the 
concentration response curve to the left. Simul-
taneous administration of TNF and anti-CD95 to 
hepatocyte cultures sensitized with ActD caused 
additive toxicity rather than a synergistic effect 
(Fig. 2 Band D). The median cytotoxic concen-
tration (LCso) of anti-CD95 was in the range of 
8-25 ng/ml, irrespective of the amount of TNF-a 
present. Varying between individual cell prepa-
rations, maximum toxicity was obtained using 
50-300 ng/ml anti-CD95. 

The difference in sensitivity to the enhanced 
toxicity caused by transcriptional inhibitors (i.e., 
more than lOOO-fold sensitization for TNF com-
pared with a maximum 2-fold sensitization for 
anti-CD95) suggests that different intracellular 
mechanisms are involved in the initiation of cell 
death by CD95 stimulation and by TNF-Rl acti-
vation. This notion is further substantiated by 
the finding that the two pathways leading to 
hepatocytotoxicity were differentially influenced 
by the oxygen tension to which the cells were 
exposed (Fig. 2 A and C). Culturing hepatocytes 
under our standard conditions of 400 hPa oxy-
gen in the incubator resulted in a significantly 
higher TNF toxicity compared with that in cul-
tures incubated under a 200-hPa oxygen atmo-
sphere. In anti-CD95-challenged hepatocytes 
we did not observe a significant influence by the 
oxygen tension on toxicity, whether or not tran-
scriptional inhibitors were present. Thus, mech-
anisms of cell death in these two models have 
a different dependence on the availability of 
oxygen. 
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FIG. 9. Two possible independent pathways 
triggering hepatic apoptosis 

ical or physiological conditions would involve 
either one of these pathways; it would thus seem 
mandatory to examine simultaneously the in-
volvement or activation of both pathways in de-
scriptive and analytical studies. 

The common link between the T cell- depen-
dent models, such as using Con A as a polyclonal 
stimulator, and models involving macrophage 
activation by immunostimulants such as LPS, is 
the systemic release and the distal toxic action of 
TNF. The role of CD95L in these models is poorly 
characterized. It has, however, been shown by 
experimental intervention using either neutral-
izing anti -TNF antibodies or by deletion of 
TNF-Rl that hepatotoxicity in these models is 
explained by the activation of the TNF pathway 
alone (8,35,38,45,52-54). It remains to be estab-
lished whether "the CD95 death factor" (3) rep-
resents an additional or alternative mechanism 
of liver dysfunction during a complex event such 
as shock. Based on the present experimental 
knowledge, several possibilities for the patho-
physiological role of the CD95 system may be 
envisaged (Fig. 9): (i) Hepatocytes may be killed 
by soluble systemic CD95L. For instance an in-
creased release of this CD95 agonist from lym-
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phocytes has been shown during infection with 
human immunodeficiency virus (HIV) or follow-
ing incubation with the HIV -encoded tat protein 
(55). (ii) Hepatocytes may be killed by cell sur-
face CD95L on T cells (56). Since CD95 expres-
sion has been associated with human viral hep-
atitis and fulminant liver failure (43,44), this 
may represent an endogenous mechanism for 
the control of viral infection in the liver. (iii) The 
CD95 pathway may be involved in the control of 
adaptational liver growth and homeostasis to-
gether with TGF-f3 (57) and the activin system 
(58). Although purely hypothetical, the consti-
tutive presence of functional CD95 on hepato-
cytes makes such a role of the CD95 receptor 
ligand system feasible. 

TNF and other products from liver non-
parenchymal cells have been associated with 
many different liver diseases and liver toxicity 
(59,60). The reticuloendothelial system of the 
liver and especially TNF have been suggested to 
be involved in liver failure due to xenograft re-
jection (61), alcohol-induced liver disease (62), 
viral infection (63), and chemical insult (64-68). 
The role of CD95, which we have shown to be a 
potent inducer of apoptosis in nonsensitized 
hepatocytes in vivo or in vitro, has not been 
evaluated in this large variety of liver disorders. 
Since the CD95 system acts independently from 
TNF and its receptors on hepatocytes, and the 
activation of the CD95 death pathway seems to 
follow mechanisms different from those of the 
TNF system, further investigation of the individ-
ual roles of these two apoptosis-mediating sys-
tems in liver pathogenesis is warranted. 
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TABLE 2. Modulation of liver damage in mice treated with 2 Itg/mouse anti-CD95 

Mouse Strain 

C3HIHeN 
C3HIHeJ 
BALB/c 
BALB/c 

Pretreatment 

IL-1 b 

ALT (utI ± SD)a 

11780 ± 4570 
10350 ± 2060 
19810 ± 1380 
11800 ± 1075 

DNA Fragmentation 
(% of control ± SDt 

1730 ± 160 
720 ± 60 
430 ± 25 
407 ± 20 

aDNA fragmentation and plasma ALT were measured 8 hr after the challenge. Data are means ± SD; n = 3 (C3H) or 6 
(BALB/c). 
b(10 J.Lg/kg) Recombinant human 1L-1/3 was given Lv. 4 hr before the challenge. 

death. Second, sensitization of cells was not a 
prerequisite for killing by anti-CD95, while it 
was a necessary metabolic condition for TNF-
induced hepatocyte apoptosis (21). Preincuba-
tion of hepatocytes with ActD had a significant 
influence neither on the concentration depen-
dency nor on the time course of anti-CD95-
induced cell lysis or DNA fragmentation. The 
only parameter affected by ActD was the relative 
size of the population of hepatocytes killed by 
anti-CD95 treatment, since the maximum ob-
tainable cytotoxicity was increased from 60-70% 
in cell cultures stimulated with anti-CD95 only 
to 80-95% in cells incubated with anti-CD95 
plus ActD. Third, anti-CD95- and TNF-induced 
hepatocyte apoptosis were modulated differently 
by the ambient oxygen concentration. Switching 
oxygen partial pressure from 400 to 200 hPa 
reduced TNF toxicity, but did not influence anti-
CD95 toxicity. From these observations, we con-
clude that the nature of the mechanisms that 
finally result in cell death of anti-CD95- or TNF-
challenged hepatocytes is different. 

In addition to the characterization of the 
types and modalities of cell death due to TNF-Rl 
or CD95 stimulation, the hepatocyte culture sys-
tem was used for the examination of putative 
interactions of TNF-Rl and CD95. For this pur-
pose, we used hepatocytes from wt mice stimu-
lated with a combination of TNF and anti-CD95 
and hepatocytes from mice lacking either 
TNF-Rl or functional CD95. Although it has 
been noted before that lpr mice are protected 
against anti-CD95 toxicity (22), it has also been 
shown that CD95 expression in these mice may 
not be completely absent (51) . We demonstrated 
that liver cells derived from such mice are com-
pletely resistant towards agonist stimulation of 

CD95, even after sensitization with ActD. We 
therefore assume that in lpr mice CD95 expres-
sion is either absent or does not exert its normal 
function in liver tissue. Using these lpr mice, we 
showed that TNF toxicity is not modulated by 
CD95. In a complementary experiment, utilizing 
hepatocyte cultures from tnt-rI° mice, we found 
that anti-CD95 toxicity is not modulated by TNF-
RI. In an additional set of experiments, we in-
vestigated whether stimulation of either one of 
the two cell death transmitting receptors may 
influence the toxicity due to stimulation of the 
other. We did not find any evidence for this and 
concluded that stimulation of either anti-CD95 
or TNF-Rl in hepatocytes represents one of two 
independent pathways for inducing apoptosis. 

The key findings in our in vitro experiments 
were subsequently shown to also apply to the in 
vivo situation. As hepatic DNA fragmentation 
was caused by anti-CD95 or TNF stimulation of 
hepatocytes in vivo and in vitro, and DNA cleav-
age preceded cell lysis and subsequent liver fail-
ure in both models, it was concluded that hepa-
tocyte apoptosis is an early pathological event 
that is causally involved in subsequent fulminant 
liver failure. By utilizing lpr and tnfr-P mutant 
mice with different genetic backgrounds, we 
were able to show in three different experimen-
tal models of inflammation (generated by injec-
tion of Con A and anti-CD95 in nonsensitized 
mice and by TNF injection in ActD-sensitized 
mice) that CD95 and TNF-Rl cause hepatic fail-
ure independently of each other. 

Two independent pathways regulating hep-
atocyte apoptosis via the stimulation of two dif-
ferent members of the TNF-R/nerve growth fac-
tor receptor family seem to exist (Fig. 9). 
Hepatocyte apoptosis occurring under patholog-
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FIG. 2. Comparison of the concentration dependence of the toxicity of combinations of anti-CD95 and 
TNF under different culture conditions 
Hepatocytes from BALB/c mice were left to adhere to culture plates for 6 hr in a 400-hPa athmosphere. Then me-
dium was substituted for by pure RPMIl640 containing 333 nM ActD and various concentrations of murine TNF-a 
or human TNF-f3 (A), 333 nM ActD and various concentrations of anti-CD95 with murine TNF-a (B), anti-CD95 
in combination with 5 mM GaIN or 333 nM ActD (C), or 333 nM ActD and murine TNF-a in combination with 
various concentrations of anti-CD95 (D). Incubations were continued at 400 hPa oxygen for 20 hr (B and D), or 
parallel incubations were continued at 200 and 400 hPa oxygen (A and C) for 20 hr, before cytotoxicity was de-
termined by the measurement of LDH release. Data are means ± SD, n = 3. 

The Interrelationship between CD95 
Expression and TNF-Induced Hepatocyte 
Apoptosis in Vitro 
In order to determine whether TNF would still 
cause apoptosis in hepatocytes lacking functional 
CD95, hepatocytes isolated from lpr mice were 

used. These hepatocyte cultures were incubated 
with anti-CD95, with or without ActD, to ensure 
that there was no leaky expression of funqional 
CD95. lpr hepatocytes were completely resistant 
to an anti-CD95 concentration that was highly 
toxic to control cells (Fig. 3A). They proved, 
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however, to be sensitive to incubation with a 
combination of TNF and ActD. There was no 
significant difference in the sensitivity towards 
TNF-induced killing over a large range of con-
centrations for cell preparations derived from ei-
ther wt or lpr mice (Fig. 3B). In addition, cytoso-
lic DNA extracted from ActD/TNF-treated 
hepatocytes derived from either substrain 
showed a typical DNA ladder pattern suggestive 
of apoptotic DNA fragmentation (Fig. 3C). Incu-
bation of lpr hepatocytes with anti-CD95 caused 
neither any detectable DNA fragmentation nor 
significant cytotoxicity. We conclude, therefore, 
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FIG. 3. Toxicity and DNA fragmentation initi-
ated by TNF or anti-CD95 in hepatocyte cul-
tures from wt or lpr MRL/MpJ mice 
(A) Hepatocytes were incubated with or without 
333 nM ActD and with various concentrations of 
anti-CD95. Viability was measured after 20 hr by 
quantitation of formazan forming capacity. Neutral-
izing anti-TNF antibody (aTNF) was added at a dilu-
tion of 1:200. (B) Hepatocytes were incubated with 
333 nM ActD and various concentrations of TNF be-
fore toxicity was determined after 20 hr. All data are 
means ± SD, n = 3. (C) Hepatocytes were incubated 
for 10 hr before they were lysed for DNA extraction. 
DNA was analyzed on 1 % agarose gels and stained 
with ethidium bromide. (Lane 1) control-Ipr. (Lane 
2) control-wt. (Lane 3) ActD-Ipr. (Lane 4) ActD-wt. 
(Lane 5) ActD/TNF (100 ng/ml)-wt. (Lane 6) ActDl 
TNF-Ipr. M, n X 123 bp molecular weight marker. 

that the presence of functional CD95 on hepato-
cytes is not required for TNF-induced hepatocyte 
apoptosis. 

The Role of CD95 Expression in 
TNF-Induced Hepatic Failure in vivo 

Subsequent experiments examined whether the 
findings from the in vitro studies translated to 
the in vivo situation. First, we confirmed the 
findings by Ogasawara et a1. (22) that lpr mice 
are resistant to anti-CD95-induced liver failure. 
In agreement with our results in hepatocyte cul-
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FIG. 7. Comparison of apoptosis, DNA fragmentation, and cell lysis in livers from wt or tnf-rl" C57Bl/6 
mice 
(A) Six mice from each substrain were injected intravenously with 2 p,g/mouse anti-CD95. After 5 or 8 hr three 
animals from each substrain were terminally anesthesized. Blood was withdrawn into heparinized syringes for the 
determination of ALT and sorbitol dehydrogenase (SDH), and livers were excised for the determination of DNA 
fragmentation. Three untreated control mice were killed after the same time periods as a control for hepatic DNA 
fragmentation. They had normal levels of ALT (70 U/I) or SDH (15 U/I). (B) Histological evidence of apoptosis and 
severe hemorrhage 5 hr after the injection of anti-CD95. The specimen was stained with hematoxilin/eosin and 
photographed at an initial magnification of 400X. Numerous apoptotic bodies and cells with strongly marginated 
and condensed chromatin are seen. (C) Liver tissue 5 hr after injection of anti-CD95, photographed at an original 
magnification of 630X. Apoptotic hepatocyte death occurs in the absence of infiltrating inflammatory cells. 

administered simultaneously. This is in strong 
contrast to the 1,000- to 1O,000-fold sensitiza-
tion by GaIN observed in the TNF-mediated 
models. This lack of sensitization by GaIN is also 
a strong argument against a possible endotoxin 
contamination of the anti-CD95 preparation as a 
cause for its hepatotoxicity. Such contamination 
is a major problem in investigations of inflam-
mogens in vivo, since even trace amounts of 
endotoxin strongly enhance TNF toxicity. We 
therefore addressed this problem by comparing 
the hepatotoxicity of anti-CD95 in LPS-sensitive 
C3HIHeN and LPS-resistant C3H/HeJ mice. We 
found no significant difference between the 
sensitivity of these two strains to anti-CD95 
(Table 2). and anti-CD95 injection did not cause 
systemic TNF release. 

Finally, we examined whether pre-treat-
ment of mice with IL-l, which is known to pre-
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FIG. 8. Dose-toxicity comparison in anti-
CD95-challenged BALB/c mice treated with or 
without GaiN 
Mice were injected intravenously with different 
doses of anti-CD95 with or without 700 mg/kg 
GaIN Lp. Plasma ALT was determined after 8 hr. 
Data are means ± SD, n = 3. 

vent completely TNF-induced toxicity and DNA 
fragmentation via the induction of tolerance 
(41), had a similar effect in the anti-CD95 model. 
There was no significant reduction of liver dam-
age (Table 1), although IL-l was effective against 
TNF in parallel experiments (data not shown). 
This absence of a cross-tolerance induction by 
IL-l suggests that independent mechanisms are 
involved in hepatocyte apoptosis due to anti-
CD95 and TNF. 

DISCUSSION 
Agonist stimulation of CD95 plays an important 
role in cellular immunity (3). In addition, CD95 
activation has been suggested to have patholog-
ical relevance for liver disease, since agonistic 
anti-CD95 Ab treatment caused fulminant liver 
failure in mice (22) and apoptotic murine hepa-
tocyte death in vitro (6). In these earlier studies, 
temporal and quantitative relationships between 
cell lysis and apoptotic markers such as DNA 
fragmentation were not examined. Also, the in-
terrelationships among TNF and its receptors and 
CD95-signared hepatocytotoxicity remained open . 
Finally, anti-CD95 toxicity in the absence of ad-
ditional sensitization of cells by ActD had not 
been demonstrated in the previous study by Ni et 
a1. (6). 

Here we presented direct evidence that CD95 
stimulation on isolated liver cells is sufficient to 
induce apoptotic cell death; in other words, that 
nonsensitized hepatocytes are the immediate tar-
get affected by the CD95 system. In similar fash-
ion to TNF-induced hepatocyte death, activation 
of CD95 caused DNA fragmentation which pre-
ceded cell lysis by several hours. There were, 
however, marked differences between TNF- and 
anti-CD95-induced toxicity: first, CD95-medi-
ated cell death was faster than TNF-induced cell 
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FIG. 4. Hepatotoxicity of Con A or ActD/TNF 
in wt or lpr MRL/MpJ mice 
Animals were injected intravenously with 25 mg/kg 
Con A or saline or a combination of 3.3 JLg/kg TNF 
Lv. with 800 JLg/kg ActD Lp. Hepatotoxicity was de-
termined after 8 hr by the measurement of plasma 
ALT in blood obtained by cardiac puncture. Data are 
means ± SD, n = 3. 

tures, we found that both lpr mice and wt ani-
mals sensitized with ActD developed liver failure 
following TNF injection (Fig. 4). These results 
were confirmed using an alternative TNF-depen-
dent model of inflammatory liver failure that 
uses T-cell activation by concanavalin A (Con A) 
as an initiating stimulus and does not require 
additional transcriptional sensitizers (35,36). In-
travenous injection of the T-cell mitogen Con A 
caused a systemic release of similar amounts of 
TNF in both wt and lprmice (340 ± 85 pg TNF/ml 
and 275 ± 45 pg TNF/rnl, respectively). The ex-
tent of liver damage observed was not signifi-
cantly different between mice from the two sub-
strains (Fig. 4). Passive immunization of wt or lpr 
mice against TNF completely inhibited any Con 
A-induced ALT release (data not shown). These 
findings support the conclusion that the suscep-
tibility of CD95-deficient mice to TNF-dependent 
inflammatory liver failure is unaltered. From 
these observations we conclude that in vivo and 
in vitro TNF-induced hepatocyte apoptosis is a 
pathological event independent of CD95 expres-
sion. 

The Role of TNF-RI in CD95-Induced 
Hepatocyte Apoptosis in Vitro 
In order to determine whether TNF-Rl played a 
role in hepatocyte killing by CD95 activation, we 
isolated hepatocytes from TNF-Rl-deficient 
(tnf-rP) mice (45). These mice were completely 
resistant to TNF-induced apoptosis, with or with-

U5 

out sensitization by ActD (this study and Ref. 8). 
Hepatocytes isolated from these mice allowed us 
to study the independent effects of CD95 activa-
tion on programmed cell death in hepatocytes. 

We first checked whether TNF would modify 
anti-CD95 toxicity in nonsensitized hepatocytes 
from wt C57Bli6 mice. Different concentrations 
of anti-CD95 induced cell death to different lev-
els, which were, however, not influenced by the 
presence of TNF over a wide range of concentra-
tion (Fig. 5A). The concentration-response curve 
of anti-CD95 in hepatocytes from wt mice was 
similar to that in cells from tnf-rlO mice. In addi-
tion, the toxicity of anti-CD95 was influenced 
neither by the presence of high concentrations of 
TNF nor by the simultaneous addition of neutral-
izing anti-TNF antibodies (Fig. 5B). Finally, we 
studied anti-CD95 toxicity in hepatocytes from 
both substrains when transcriptional inhibitors 
were present. As described previously (8), ActD 
alone had a higher basal toxicity in wt hepato-
cytes as compared to tnf-rP cells. This could be 
due to endogenously released TNF, since this 
basal toxicity was reduced by cotreatment with 
neutralizing anti-TNF antibodies. Although the 
maximum damage induced by anti-CD95 was 
similar in wt and tnf-rl° hepatocytes with or 
without transcriptional inhibitors, a small but 
consistent difference in sensitivity to toxicity was 
observed (Fig. 5C). wt hepatocytes exhibited a 
seemingly 2-fold lower LC 50 to anti-CD95 when 
sensitized with ActD or GaIN. This may be due to 
a different basal viability and therefore a higher 
susceptibility to damage by additional stimuli of 
these cells, which are highly sensitive even to 
trace concentrations of TNF, rather than due to a 
direct interaction of anti-CD95 with TNF-Rl. 

In order to verify the apoptotic nature of 
CD95-induced cell death in tnf-rlo-deficient 
hepatocytes, we measured DNA fragmentation 6 
hr after incubation with anti-CD95, at a time 
when no significant cell lysis had occurred. We 
observed typical oligonucleosomal DNA-frag-
mentation in both wt and tnf-rlo hepatocytes 
(Table 1). Taken together, these data suggest that 
neither is TNF-Rl activation required as a co-
stimulatory signal nor is it directly involved in 
CD95-induced hepatocyte apoptosis. 

CD95-Induced Hepatocyte Apoptosis 
in Vivo and Its Relation to 
TNF-RI Expression 
In TNF-dependent models of inflammatory liver 
failure, DNA-fragmentation and morphological 



116 

antl-C095 (300 ng/ml) - wt 
80 1- -.-.-. __ 1 __ .-.-. 

5' X 
(/) 
fl 60 

~ 
~ 40 
<D 
~ 
± 20 
Cl 
...J 

A 

5' 
(/) 
fl 

o 

90 

~60 

51 
<IS 
<D 
~ ±3O 
Cl 
...J 

o 

c 

anti-C095 (10 ng/ml) - wt 

i- -.-i-I-."""'-i_.-i 
sa'lrne - wt 1= =1-1-1-1-1-1-1 
saline - tnfr-1 ° 

o 0.05 0.2 3 12 50 

recombinant murine TNF-a [ng/ml] 

o ActD -wt 
• ActD - tnfr-1° 

==1 1.1._-

A ActD - aTNF - wt 
.. ActO - aTNF - tnfr-1° 

o 0.4 1 3 11 33 100 300 
anti - C095 [ng/ml] 

appearance of apoptosis preceded hepatocyte ly-
sis. We thus determined whether this was also 
true following challenge of mice with anti-CD95. 
Time course analysis of DNA fragmentation and 
ALT release (a parameter of cell lysis) showed 
that in the CD95 model there also was an early 
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FIG. 5. Toxicity initiated by combinations of 
TNF and anti-CD95 jp hepatocyte cultures 
from wt or tnf-rJO C57Bl/6 mice 
(A) Hepatocytes were incubated for 20 hr with dif-
ferent combinations of TNF and anti-CD95. (B) 
Hepatocytes were incubated for 20 hr with anti-
CD95 alone or in combination with 2 J-Lg/ml TNF or 
1:200 neutralizing anti-TNF antibody (anti-TNF). (C) 
Hepatocytes were sensitized with 5 mM GaIN or 333 
nM ActD and then incubated with anti-CD95 for 20 
hI. Neutralizing anti-TNF antibody (aTNF) was used 
at a 1:200 dilution. All data are means ± SD from 
triplicate determinations. 

increase of DNA fragmentation followed later by 
cell lysis (Fig. 6A). Fragmented DNA was con-
firmed to consist of the typical oligonucleosomal 
pattern by agarose gel electrophoresis (Fig. 6B). 
In this respect, the findings are similar to the 
TNF-dependent model, however no sensitization 

TABLE 1. Anti-CD95-induced DNA fragmentation in hepatocytes from wt or tnf-rl ° C57Bl/6 mice 

Mouse Substrain 

wt mice 
tnf-rI o mice 

Hepatocyte DNA-Fragmentation (% of saline-treated control ± SDr 

No Pretreatment 

Saline 

100 ± 27 
100 ± 16 

Anti-CD95 

330 ± 23 
570 ± 34 

Pretreatment with 5 mM GaIN 

Saline 

117 ± 21 
95 ± 2 

Anti-CD95 

340 ± 29 
540 ± 19 

aEighty thousand hepatocytes plated in 24-well plates in 200 J-LI of medium were pretreated with 5 mM GaIN or saline for 30 
min, before they were challenged with 100 ng/rnl anti-CD95 or solvent control. After 6 hr, cells were lysed. Low molecular 
weight DNA was prepared by centrifugation and subsequently analysed in an ELISA determining the amount of cytosolic oligo-
nucleosomal DNA. 
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FIG. 6. Time course of hepatic DNA fragmentation and ALT release from livers of BALB/c mice 
treated with anti-CD95 
Mice were injected intravenously with 2 J-Lg anti-CD95. At the time points indicated, blood was withdrawn by 
cardiac puncture for the determination of plasma ALT (A) and the livers were homogenized for the preparation of 
DNA for the ELISA (A) and for agarose gel electrophoresis (B). Data are means ± SD, n = 3. The superscripts to 
the lanes on the gel stand for the time period following anti-CD95 injection after which hepatic low molecular 
weight DNA was prepared. 

by transcriptional block was required and passive 
immunization of mice against TNF did not mod-
ify the toxicity of anti-CD95 in vivo (data not 
shown). 

In order to confirm the in vitro findings ob-
tained using tnf-rl° hepatocytes, the sensitivities 
of wt and tnf-rl° mice to CD95 activation and to 
the TNF-inducing inflammogen Con A were de-
termined. Con A injection (25 mg/kg) caused 
systemic TNF release (wt: 187 ± 34 pg/ml; 
tnf-rP: 328 ± 160 pg/ml) in both mouse sub-
strains. Significant (p < 0.05, n = 7) hepatotox-
icity was, however, only induced in wt mice 
(ALT: 1853 ± 85~ U/l), whereas tnf-rl° mice 
were not affected (ALT: 99 ± 22U/l). In contrast, 
following challenge with anti-CD95 there were 
no significant differences between the two sub-
strains with resp~ct to time course and to the 
extent of DNA fragmentation and cell lysis 
(Fig. 7 A). In addition, histological examination 
showed that eady hepatocyte apoptosis was 
present in livers from either mouse substrain 
(Fig. 7 B and C). Only 5 hr after anti-CD95 
injection, there was a massive increase in DNA-
containing intracellular and extracellular apop-

totic bodies and hyperchromatic marginated 
chromatin in hepatocyte nuclei (20% of all 
hepatocytes). These histological signs of apopto-
sis were even more pronounced than those 
found after TNF injection into GaIN -sensitized wt 
mice (41). There was no significant infiltration of 
leukocytes, but a strong intra- and extra-sinu-
soidal accumulation of erythrocytes. These re-
sults are consistent with the in vitro experiments 
described above and in agreement with the data 
published by Ogasawara et al. (22). The findings 
strongly suggest that CD95 activation or TNF-R1 
stimulation represent two independent path-
ways resulting in liver cell apoptosis. 

Different Modulation of 
Anti-CD95-induced Liver Injury 
Compared with That Observed 
in TNF-Dependent Models 
The induction of anti-CD95-induced hepatotox-
icity did not require pretreatment of mice with 
ActD or GaIN. However, as shown in Fig. 8, the 
dose-response curve was shifted to the left by 
approximately a factor of two when GaIN was 
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