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Intrinsic resistance to TNF-a-induced hepatocyte
apoptosis in ICR mice correlates with expression
of a short form of c-FLIP

Shinji Takai', Masahito Nagaki', Motohiro Imao', Kiminori Kimura', Osamu Kozawa?® and Hisataka Moriwaki'

The administration of tumor necrosis factor-a (TNF-o) or the anti-Fas antibody (Jo-2) to mice causes acute liver failure,
which is lethal within hours as a result of the induction of apoptosis in hepatocytes. It was recently reported that
nonobese diabetic (NOD) mice are less sensitive to TNF-a/D-galactosamine (GalN)-induced liver failure than C57BL/6J (B6)
mice, whereas both NOD and B6 mice were sensitive to the lethal effect of Jo-2. In the present study, we investigated the
differences between the apoptotic liver cell death induced by TNF-o/GalN and that induced by Jo-2. B6, NOD, and Jcl-
Imperial Cancer Research (ICR) mice were injected intravenously with TNF-o/GalN or Jo-2. ICR mice were less sensitive to
TNF-a/GalN-induced liver failure than NOD and B6 mice (P<0.0001). In contrast, ICR mice were more sensitive to Jo-2-
induced liver failure than B6 mice (P = 0.0003). The liver caspase-3, -8 activity, serum transaminase levels, and the number
of apoptotic liver nuclei all decreased in ICR in comparison to B6 mice treated with TNF-o/GalN. The mRNA expression of
TNFR-associated death domain, Fas associated protein with death domain, and Bcl family and nuclear factor-xB activation
induced by TNF-o/GalN were similar in both mice. Interestingly, the short form of cellular FLICE/caspase-8-inhibitory
protein (c-FLIPs) was constitutively upregulated in ICR mice. In conclusion, these results suggest that ICR mice have an
intrinsic resistance to TNF-a-induced hepatocyte apoptosis, and that c-FLIPs may play a role in TNF-o/GalN-induced liver

failure, but not in Fas-induced liver failure.
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Tumor necrosis factor-oo (TNF-o) and the Fas ligand are cell-
death mediators that act by binding to their responsive re-
ceptors, two TNF receptors (TNFR1 and TNFR2), and Fas
respectively, and induce apoptosis in a variety of cell types.
Both TNFRI and Fas share a related C-terminal intracellular
domain referred to as the ‘death domain’ and use similar
types of associated molecules in the signal transduction
pathway leading to apoptosis."” The administration of
TNF-o or the anti-Fas antibody (Jo-2) to mice causes acute
liver failure that is lethal within hours as a result of the in-
duction of apoptosis in hepatocytes.*® Unlike Fas related
apoptosis, TNFR-mediated apoptosis requires hepatocyte
sensitization by D-galactosamine (GalN).”® The increased
susceptibility of rodents to TNF-z-induced death after pre-
treatment with GalN is mainly caused by relatively selective
liver failure. It was demonstrated that transcriptional in-
hibition by GalN in the mouse liver increases the sensitivity

to the lethal effects of TNF-u thousands-fold.” GalN may
selectively block transcription in hepatocytes by depleting
uridine nucleotides necessary for the production of mRNA
transcripts.'® Tumor cells and cell lines display varied sensi-
tivity to TNF; some cell lines are readily lysed by low con-
centrations, whereas others appear to be resistant even at
high TNF concentrations. Moreover, some human cell lines
are sensitive to Fas-mediated cytotoxicity but not to that
induced by TNF-¢, although they express both Fas and
TNFR1.>'" Therefore, whether they trigger cell death along
the same or distinct pathway in liver injury is still unclear.
The interaction of TNF-o and its receptor leads in almost all
cell types to activation of caspase-8, c-jun N-terminal kinase
(JNK), and/or nuclear factor-xB (NF-xB).'* NF-«B pro-
motes survival, whereas caspase-8 and JNK enhance cell
death. NF-xB regulates the expression of anti-apoptotic gene
products, including cellular FLICE/caspase-8-inhibitory
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protein (c-FLIP), the inhibitor of apoptosis proteins, Bcl-2,
and Bcl-XL.">™"® Thus, NF-kB may negatively regulate
TNF-o-induced  apoptosis  through  regulation  of
c-FLIP levels, and its activation serves as a check point that
determines whether TNFR will signal cell death or not.

c-FLIP is a human homolog of viral FLIP, which is a
component of c-herpes viruses and has anti-apoptotic ac-
tivity.'® c-FLIP molecules have several alternative splicing
variants at transcriptional level, but at protein level two
isoforms, long form of c-FLIP (c-FLIPy) and short form of
¢-FLIP (c-FLIPs), exist.!”™'° The isoforms commonly contain
two death effecter domains (DED), which resemble the N-
terminal half of caspase-8 and serve as the binding motif for
interaction with Fas associated protein with death domain
(FADD).'”'*?° Owing to its structural homology with cas-
pase-8, c-FLIP interferes with the activation of caspase-8 at
the level of the death inducing signaling complex (DISC).
c-FLIPg act as dominant-negative inhibitors of caspase-8 by
preventing the processing and release of active caspase-8 from
the receptor.”’

A recent study by Bahjat et al’' demonstrated that the
nonobese diabetic (NOD) mice are resistant to doses of TNF-
o and GalN (TNF-0/GalN) that uniformly cause lethality in
C57BL/6] (B6) mice, in contrast, no differences were seen
between NOD and B6 mice in responsiveness to Jo-2. NOD
mouse is a well-known inbred (genetically homogeneous)
animal model of autoimmune type I diabetes derived from a
closed colony (genetically heterogeneous) of Jcl-Imperial
Cancer Research (ICR) mice.?? In addition, ICR mouse is
closed colony mouse, which is originated from albino Swiss
mouse. Japan SLC brought them from Charles River of USA
in 1965, since then they have bred and provided in Japan.
ICR mouse is usually used in the pharmacological test of the
drug safety and effectiveness. Bahjat et al*' compared the
lethality and liver cell death between NOD mice and B6 mice,
not ICR mice, whereas the underlying mechanisms on the
differential susceptibility of mice to TNF-a and GalN-medi-
ated hepatocellular apoptosis remain unresolved.

In the present study, we demonstrated that ICR mice were
resistant to the lethality induced by TNF-0/GalN, whereas
neither B6 nor NOD mice showed such resistance. These
findings led us to hypothesize that genetic determinants of
TNF-a-induced hepatocyte apoptosis and lethality may be
present in ICR mice, but not in NOD mice. We further
showed that resistance to the hepatocyte apoptosis signaling
pathway induced by TNF-u correlates with constitutive high
expression of c-FLIPg, an inhibitor of caspase-8.

MATERIALS AND METHODS

Mice

Female B6, NOD, ICR, C3H/He, and BALB/c mice between 6
and 8 weeks of age were purchased from Japan SLC (Shi-
zuoka, Japan). They were kept for at least 1 week under
environmentally controlled conditions, with free access to
food and water.
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Reagents

GalIN hydrochloride was purchased from Nacalai Tesque
(Tokyo, Japan). Recombinant mouse TNF-o (rmTNF-o) was
obtained from Genzyme (Cambrigde, MA, USA). Mono-
clonal hamster Jo-2 was purchased from Pharmingen (San
Diego, CA, USA). For administration in mice, all materials
were dissolved in pyrogen-free phosphate-buffered saline
(PBS) (Gibco Invitrogen Corporation, Carlsbad, CA, USA).
Antibodies against procaspases-3, -8, Bid, FLIP;,;, FADD,
and actin were from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Antibodies against JNK and phospho-specific-
JNK were from Cell Signaling Inc. (Beverly, MA, USA). The
anti-rabbit IgG horseradish peroxidase-coupled secondary
antibody and ECL Western blot detection system were ob-
tained from Amersham-Pharmatica Biotech (Buckingham-
shire, UK).

Experimental Treatment

The experiments were conducted in accordance with the
institutional guidelines by Gifu University School of Medi-
cine. GalN was dissolved in PBS and was administered to
mice intravenously (0.38 mg/g BW (bodyweight). rmTNF-«
(24ng/g BW) and Jo-2 (0.3 ug/g BW) was diluted with PBS
to the required concentrations and injected to mice in-
travenously. The mice were killed at indicated time points,
their livers were perfused via inferior vena cava with 10 ml of
PBS and they were harvested for histological and chemical
analyses, or they were snap-frozen in liquid nitrogen and
stored at —80°C for subsequent molecular analyses.

Biochemical Analysis
Serum alanine transaminase (ALT) was measured using a
standard clinical automatic analyzer.

Histologic Studies and Terminal Deoxynucleotidyl
Transferase (TdT) Nick End-Labeling Assay

The liver was excised, fixed with 10% buffered formalin,
sectioned at a thickness of 5um, and stained with hema-
toxylin and eosin for light-microscopic examination. Apop-
totic cells were estimated using the terminal transferase dUTP
nick end labeling (TUNEL) assay, which relies on in-
corporation of labeled dUTP at sites of DNA breaks. For the
TUNEL procedure, all reagents, including buffers, were parts
of a kit (Apop Tag; Oncor, Gaithersburg, MD, USA). All
procedures were carried out according to the manufacturer’s
instructions. Apoptosis was examined in 5-um-thick sections
of the liver obtained from mice at indicated time points after
TNF-0./GalN injection.

Caspase Activity

Frozen liver tissue was homogenized in 10 mmol/l HEPES
buffer (pH 7.4) containing 2mmol/l ethylenediaminete-
traacetic acid, 0.1% 3-((3-cholamidopropyl) dimethy-
lammonio)-1-propanesulfonate, 5mmol/l dithiothreitol,
1 mmol/l phenylmethylsulfonyl fluoride, 10 ug/ml pepstatin
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A, 10 ug/ml aprotinin, and 20 pug/ml leupeptin. After cen-
trifugation at 14 000 r.p.m. at 4°C for 20 min, the supernatant
(80 ug protein) was assayed for caspase activity using syn-
thetic substrates: Ac-DEVD-pNA  (Ac-Asp-Glu-Val-Asp-
p-Nitroanilide) (Alexis, San Diego, CA, USA) for caspase-3
and Ac-IETD-pNA (Ac-Ile-Glu-Thr-Asp-pNa) (Oncogene
Research Products, Cambridge, MA, USA) for caspase-8 at
concentrations of 200 umol/l. The kinetics of the proteolytic
cleavage of the substrates was monitored in a micro-
platemeter (NJ-2300, System Instruments, Tokyo, Japan)
using a 412-nm wavelength.

Western Blot Analysis

Frozen liver tissue specimens were homogenized in 1 ml ice-
cold lysis buffer (50 mmol/l Tris-HCl, pH 7.4, 5mmol/l
EGTA, 1 mmol/l EDTA, 0.3 mmol/l PMSF, 30 ug/ml E64) by
20 strokes of a Potter-type homogenizer. The same volume of
RIPA buffer (50 mmol/l Tris-HCI, pH 8.8, 150 mmol/l NaCl,
10 mmol/l EGTA, 1% Triton-X, 0.1% sodium dodecyl sulfate
(SDS), 1% deoxycholic acid, and 0.3 mmol/l PMSE, 30 ug/ml
E64) was added to the homogenate and the samples were
then sonicated. Extracted proteins (50 ug) from frozen tissues
were separated by SDS-polyacrylamide gel electrophoresis
(PAGE) and were electrophoretically transferred onto poly-
vinylidene difluoride (PVDF) membranes. The membranes
were probed with the antibodies against procaspases-3, -8,
Bid, FLIPy,5, FADD, JNK, phospho-specific-JNK, or actin,
and then incubated with the anti-rabbit IgG horseradish
peroxidase-coupled secondary antibody. Peroxidase activity
on the PVDF membranes was visualized on X-ray film by
means of the ECL Western blotting detection system. The
density of each band was quantified by image analyzer using
NIH Image ] 1.34s software on a Macintosh computer
system.

RNA Extraction and Ribonuclease Protection Assay

For the ribonuclease protection assay (RPA), the frozen liver
was homogenized in ISOGEN (Nippongene, Tokyo, Japan),
and total RNA was isolated as described previously.”” RPA
was performed with the RiboQuant Multi-Probe Rnase
Protection Assay System (Pharmingen) according to the
manufacturer’s instructions. Total RNA was hybridized with
*P_labeled probes including cytokine genes synthesized by
mAPO-2 and mAPO-3 Multi-Probe Template sets (Phar-
mingen). After hybridization, the samples were treated with
ribonuclease and then were electrophoresed on 5% poly-
acrylamide gels with 0.5 x Tris-borate-ethylenediaminete-
traacetic acid buffer.

Nuclear Extracts and Electrophoretic Mobility Shift
Assay

Nuclear extract of the livers were prepared as described
previously.”* Nuclear extracts were frozen and stored at
—80°C until use. Protein concentrations were measured by
Bradford method. A double-stranded NF-xB consensus oli-

574

gonucleotide probe (5'-TAGTTGAGGGGACTTTCCCAGG
CA-3') was labeled with [¢->*P] deoxycytidine 5'-tripho-
sphate (ICN Biomedical, Costa Mesa, CA, USA) using Kle-
now DNA polymerase. Protein—-DNA binding reactions were
performed for 30 min at room temperature using 20 ug of
nuclear protein and 2.5ng of **P-labeled double-stranded
oligonucleotide probe. For competition reactions, unlabeled
oligonucleotide was added 10 min before the addition of the
radiolabeled probe. The mixture was electrophoresed
through 4% polyacrylamide Tris-borate-ethylenediaminete-
traacetic acid gels.

Statistical Analysis

The differences in survival between ICR, NOD, B6, C3H, and
BALB/c mice were determined by Kaplan—Meier analyses or
*-test. The Kaplan—Meier curves were statistically compared
by the log-rank-test. All values in the figures are expressed as
the mean+s.e. The significance of differences among mean
values was evaluated according to the Mann—Whitney U-test.

RESULTS

TNF-«/GalN-Induced Lethality in NOD, B6, and ICR Mice
NOD, B6, and ICR mice were injected intravenously with
TNF-0/GalN. The mice were monitored for up to 12h, and
the percent survival was determined. B6 mice started to die
within 4h after TNF-o/GalN injection, and the final mor-
tality was 100%. NOD mice started to die within 5h after
TNF-o/GalN injection and the mortality at 12 h was 50%. In
contrast, all ICR mice survived, indicating their resistance to
TNF-0/GalN-induced liver failure (Figure 1a) (P<0.0001 for
overall comparison). Although NOD was less sensitive to
TNE-/GalN than B6 (P<0.0001) as reported previously,’
its genetic background ICR was more resistant (P <0.0001 as
compared to B6) (Figure la). According to these results, we
decided to compare B6 and ICR mice to investigate their
intrinsic sensitivity to TNF-o/GalN-induced liver failure.

Jo-2-Induced Lethality in B6 and ICR Mice

Because the TNFR1 shares with Fas an intracellular signaling
pathway that converges at the level of FADD and caspase-8,
we next examined the responsiveness of ICR mice to a Fas
agonist. ICR and B6 mice were injected intravenously with
Jo-2. The mice were monitored for up to 4h, and percent
survival was determined. Although ICR mice were more
sensitive to Jo-2-induced liver failure than B6 mice
(P=10.0003), both strains died within 4 h (Figure 1b).

Liver Injury and Apoptosis in TNF-2/GalN-Treated B6
and ICR Mice

The mice treated with TNF-o/GalN were killed at the in-
dicated time points as shown in Figure 2a. Serum ALT ac-
tivities rose in B6 mice from 3 h after TNF-o/GalN injection
up to 6 h. On the other hand, no elevation in the serum ALT,
activities was observed in the ICR mice (Figure 2a, P<0.001
as compared to B6). TUNEL assay revealed that hepatocyte
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Figure 1 Lethality in TNF-o/GalN or Fas agonist treated mice. (a) Kaplan-
Meier survival curves in TNF-a/GalN treated B6, NOD, and ICR mice. Mice
were challenged intravenously with GalN (0.38 mg/g BW) and rmTNF-«
(0.024 1g/g BW). The mice were monitored for up to 12 h, and the percent
survival was determined. The overall difference in the survival among ICR,
NOD, and B6 mice were highly significant (P<0.0001 by the log-rank test).
(b) Kaplan-Meier survival curves in Fas agonist (Jo-2) treated B6 and ICR
mice. Mice were challenged with Jo-2 (0.3 ug/g BW). The mice were
monitored for up to 4 h, and percent survival was determined. The
difference in the survival between ICR and B6 mice were highly significant
(P=0.0003 by the log-rank test).

apoptosis was suppressed in the ICR mice in comparison to
B6 (Figure 3).

To assess whether caspases are involved in the apoptotic
process induced by TNF-o/GalN injection, the cleavage of
pro-caspases-3, -8, and Bid was examined by a Western blot
analysis (Figure 4a). The active form of caspase-8 is generated
upon proteolytic cleavage of pro-caspase-8 by DISC and is
able to cleave and activate downstream caspases such as
caspase-3. The pro-capase-8 level decreased at 4h after ad-
ministration, and thereafter it continued to decrease until 6 h
in B6 mice. Pro-caspase-3, which ultimately elicits the mor-
phological hallmark of apoptosis such as DNA fragmentation
and cell shrinkage, decreased at 4 h after administration, and
also continued to decrease until 6 h in B6 mice. On the other
hand, pro-caspase-8 and pro-caspase-3 did not decrease until
6 h after administration in ICR mice. The active form of bid
is generated after proteolytic cleavage by caspase-8 and then
it is translocated to the mitochondria where it induces
cytochrome ¢ release and mitochondria damage.*” Bid also
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Figure 2 Liver injury in TNF-o/ GalN or Fas agonist treated mice. (a) Three
mice per group were challenged intravenously with GalN (0.38 mg/g BW)
and rmTNF-« (0.024 ug/g BW). The mean sALT activity measured at the time
of autopsy is indicated for each group and is expressed as international
units per liter (mean+s.e.). (b) Three mice per group were injected
intravenously with Jo-2 (0.3 ug/g BW). The mean sALT activity measured at
the time of autopsy is indicated for each group and expressed as
international units per liter (mean +s.e.). *P<0.05, **P<0.01 in comparison
to the value at the same indicated time point of ICR mice.

decreased in B6 mice although its level in the liver of ICR
mice did not change. Consistent with a Western blot analysis,
elevations in the caspase-8-like activity and capsase-3-like
activity were observed in B6 mice from 2 to 6 h after TNF-o/
GalN injection (Figure 4b. Fivefold increases, and 17-fold
increases over the control level, respectively). Although both
caspase-8-like activity and caspase-3-like activity increased in
ICR mice, these levels were significantly lower than those in
the livers from B6 mice (Figure 4b, P<0.05).

Liver Injury and Apoptosis in Jo-2-Treated B6 and ICR
Mice

Liver injury as assessed by serum ALT activities was observed
in ICR mice 1h after Jo-2 injection, and reached its peak at
2h. Although serum ALT activities of B6 mice at 2h after
injection were significantly lower than those of ICR mice
(Figure 2b, P<0.05), the peak serum ALT activities of B6
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B6

ICR

Figure 3 Induction of apoptosis in the liver of TNF-o/GalN treated mice. B6 mice (a and ¢) and ICR mice (b and d) were challenged intravenously with GalN
(0.38 mg/g BW) and rmTNF-o (0.024 ug/g BW) and killed 2h (a and b) and 4 h (c and d) after injection. Liver specimen was subjected to an in situ TUNEL

assay to detect apoptotic cells (original magnification, x 100).

mice at 3 h were similar to those of ICR mice at 2 h after Jo-2
injection. The levels of pro-caspase-8 and pro-caspase-3
comparably decreased in the ICR mice and B6 mice after Jo-2
injection (Figure 5a) although caspase-3-like activity of ICR
mice at 0.5 h was significantly higher than that of the B6 mice
(Figure 5b, P<0.05). On the basis of these results, we con-
sider that ICR mice are resistant only against TNFR-mediated
hepatocyte apoptosis but not against Fas-mediated apoptosis.

Involvement of JNK-Dependent Apoptotic Pathway in
TNF-a/GalN- or Jo-2-Treated B6 and ICR Mice

As it is recognized that the binding of TNF-a or Fas to its
receptor leads to activation of caspase-8 and/or JNK,'* we
examined the levels of JNK phosphorylation after TNF-o/
GalN or Jo-2 injection in B6 and ICR mice. As a result, JNK
phosphorylation was observed in B6 mice but not ICR mice
after TNF-0/GalN injection. In contrast, JNK phosphoryla-
tion was not observed either in B6 nor ICR mice after Jo-2
injection (data not shown). These results suggest that JNK-
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dependent apoptotic pathway is not involved in Jo-2-induced
liver failure in these mice.

mRNA and Protein Expression of Pro- and Anti-
Apoptotic Molecules

One possible explanation for the different response between
ICR and B6 mice may be the inability of rmTNF-« to bind to
the TNFRI receptor on ICR cells. We first performed RPA to
evaluate the TNFR1 mRNA expression in the liver. The
mRNA expressions of TNFR1 (TNFRp55) were similar in
ICR and B6 mice, and they did not change after TNF-o/GalN
injection. In addition, the expressions of FADD and TNFR-
associated death domain (TRADD) mRNA, which form the
DISC, were the same levels, and did not change after TNF-o/
GalN injection (Figure 6a). By a Western blot analysis, FADD
levels appeared to be consistent between both mice during
the time course examined (Figure 6b). As, caspase-3 like
activity after TNF-o/GalN injection was slightly elevated even
in ICR mice, another possible explanation for the different
response between ICR and B6 mice may be owing to an
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Figure 4 Activation of caspases and Bid after TNF-o/GalN injection. (a)
Total liver proteins were isolated from the livers of TNF-«/GalN treated mice
at the indicated time points. Proteins (50 ug) were subjected to SDS-PAGE,
and were probed with specific antibodies against procaspase-8, -3, Bid, and
actin. The results shown are representative of at least three independent
experiments. The histogram shows quantitative representations of the
levels of pro-caspase-8, Bid, and pro-caspase-3 obtained from laser
densitometric analysis. Data are the mean +s.e. from at least three
independent experiments. *P < 0.05 in comparison to the value at 0 h of B6
mice. (b) The caspase activities were monitored by the cleavage of peptide
substrates. For the measurement of caspase-3 (like) and -8 (like) protease
activities, the substrates Ac-DEVD-pNA and Ac-IETD-pNA were used,
respectively. The mean caspase activities measured at the time of autopsy
are indicated for each group and expressed by fold increase to those of
control (0h). The data are the mean +s.e. from at least three independent
experiments. *P<0.05 in comparison to the value at the same indicated
time point of B6 mice.
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Figure 5 Activation of caspases and Bid after Fas agonist injection. (a) Total
liver proteins were isolated from livers of Jo-2 treated mice at indicated
time points. Proteins (50 ug) were subjected to SDS-PAGE, and were probed
with specific antibodies against procaspase-8, -3, Bid, and actin. The results
shown are representative of at least three independent experiments. (b)
Caspase activities were monitored by the cleavage of peptide substrates.
For the measurement of caspase-3 (like) and -8 (like) protease activities, the
substrates Ac-DEVD-pNA and Ac-IETD-pNA were used, respectively. The
mean caspase activities measured at the time of autopsy are indicated for
each group and expressed by fold increase to those of control (0 h). Data
are the mean+s.e. from at least three independent experiments. *P<0.05
in comparison to the value at the same indicated time point of B6 mice.

upregulation of anti-apoptotic genes or downregulation of
pro-apoptotic genes in the liver of ICR mice. We performed
RPA to evaluate the Bcl family mRNA expression obtained
from the liver tissues after TNF-o/GalN injection. There was
no difference in mRNA expression levels of anti-apoptotic
genes such as Bcl-XL, Bfl-1 and Bcl-2, and pro-apoptotic
genes such as Bak, Bax, and Bad, between ICR and B6 mice 2
and 4 h after TNF-o/GalN injection (Figure 6c¢).

Activation of NF-xB

The cytotoxicity mediated by TNFR1 is regulated by two
kinds of opposing activities: induction of apoptosis and ac-
tivation of the transcription factor, NF-xkB which increase
‘survival genes’ and act as anti-apoptosis. We next in-
vestigated whether NF-«B activation can reveal any difference
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Figure 6 mRNA and protein expressions of DISC forming molecules, and
mRNA expressions of pro- and anti-apoptotic genes. (a) Total hepatic RNA
(20 ug) was isolated from livers of TNF-o/GalN treated mice at indicated

time points and analyzed for FADD, TRADD, and TNFRT mRNA expressions
by RPA. (b) Total proteins were isolated from livers of TNF-z/GalN treated
mice at indicated time points. Proteins (50 ug) were subjected to SDS-PAGE,
and were probed with specific antibodies against FADD and actin. The

results shown are representative of at least three independent experiments.
(c) Total hepatic RNA (20 ug) was isolated from the livers at the indicated
time points and then was analyzed for Bcl family mRNA expression by RPA.

after TNF-0/GalN injection in the liver between ICR mice
and B6 mice. Nuclear NF-«B activation was induced com-
parably in B6 and ICR mice (Figure 7). These results suggest
that survival signals through TNFR1-NF-xB pathway was
similar and functional in hepatocytes of ICR and B6 mice.
Taking these findings into account as a whole, the ability of
TNF-o to bind to the TNFRI1 receptor on hepatocytes of ICR
mice is thus considered to be similar to that of B6 mice.
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Figure 7 NF-xB DNA-binding activity in the liver after TNF-2/GalN
treatment in B6 and ICR mice. Nuclear extract was isolated from the livers at
the indicated time points and 20 pig of nuclear protein was analyzed by
electrophoretic mobility shift assay. The results shown are representative of
at least three independent experiments. NS; non-specific band.

Differential Expression of FLIPg

Next, we hypothesized that a difference in the susceptibility
to TNF-o/GalN-induced hepatocyte apoptosis may exist
upstream of the caspase-8 activation. We paid attention to
c-FLIP, an inhibitor of caspase-8. To assess whether c-FLIPy,
and c-FLIPg protein levels were upregulated in ICR mice, B6,
NOD, and ICR mice were killed and protein obtained from
liver tissue was analyzed by a Western blot analysis. The levels
of ¢-FLIP; showed no difference among these mice until 4h
after TNF-o/GalN injection. In contrast, the levels of c-FLIPg
in ICR mice were upregulated constitutively (see Figure 8a,
0h) and remained high after TNF-o/GalN injection as
compared to that in B6 mice (Figure 8a). In addition, the
expression levels of c-FLIPg in NOD mice were constitutively
higher than those of B6 mice, but lower than those of ICR
mice. Next, to clarify whether differential c-FLIPg expression
accounts for the strain difference, we examined the re-
lationship between the lethality of mice to TNF-o/GalN-in-
duced liver failure and the expression levels of c-FLIPg among
different strains of mice. In addition to B6 and ICR mice, the
levels of c-FLIPg in the livers and TNF-o/GalN-induced
lethality were determined also in NOD, C3H, and BALB/c
mice. As shown in Figure 8b, ICR, and BALB/c mice were
resistant to TNF-0/GalN-induced lethality, whose survival
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Figure 8 Differential expression of c-FLIPs. (a) Time course of the c-FLIP
expression after TNF-a/GalN injection in B6, NOD, and ICR mice. Total
proteins were isolated from the livers of the TNF-z/GalN treated mice at the
indicated time points. Proteins (50 ug) were subjected to SDS-PAGE, and
were probed with specific antibodies against c-FLIP, s and actin. The results
shown are representative of at least three independent experiments. (b)
The relationship between the lethality of mice to TNF-o/GalN-induced liver
failure and the expression levels of c-FLIP; among different strains of mice.
Mice were challenged intravenously with GalN (0.38 mg/g BW) and rmTNF-o
(0.024 11g/g BW; upper). The mice were monitored for up to 12h, and the
percent survival was determined. *P<0.05 and **P<0.0001 in comparison
to B6 mice by the y*test (middle). Total proteins were isolated from the
livers of TNF-o/GalN untreated mice from B6, ICR, C3H, NOD, and BALB/c
strain. Proteins (50 pg) were subjected to SDS-PAGE, and were probed with
specific antibodies against c-FLIP s and actin. The results shown are
representative of at least three independent experiments (lower). The
histogram shows quantitative representations of the levels of c-FLIPs
obtained from laser densitometric analysis. Data are the mean +s.e. from at
least three independent experiments. *P<0.05 in comparison to the value
of B6 mice.

rates were 100 and 70%, respectively. In contrast, all B6 and
C3H mice died after TNF-0/GalN were administrated. Con-
stitutive expression levels of c-FLIPs, but not c-FLIPy, in the
liver of ICR and BALB/c mice were significantly higher than
those in B6 and C3H mice (Figure 8b). These results suggest
that expression levels of c-FLIPg correlated with the survival
rates of mice treated with TNF-o/GalN.

DISCUSSION

Our results show that ICR mice are less sensitive to TNF-o/
GalN-induced hepatocyte apoptosis than B6 mice. This event
correlates with the finding that the ICR mice have con-
stitutively upregulated FLIPg expression in the liver, because
the constitutive expression levels for c-FLIPg in the liver were
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different among various mouse strains including B6, ICR,
NOD, C3H, and BALB/c mice, and these levels were asso-
ciated with the survival rates of mice treated with TNF-o/
GalN. We would propose a possible mechanism to explain
the resistance of ICR mice: (1) constitutive upregulation of
c-FLIPg in ICR mice, probably because of genetic background;
(2) inhibition of pro-caspase-8 cleavage by c-FLIPg in the
DISC; (3) reduced apoptotic signals leading to the activation
of pro-caspase-3; and (4) resistance to the lethal effect of
TNF-0/GalN injection.

Soluble or membrane-bound cytokines such as TNF-o or
Fas ligand play a prominent role in immunologic, in-
flammatory, and pathologic conditions in a variety of dis-
eases including hepatitis. Although the signaling pathway
through TNFRI is similar to that activated by Fas, TNFR1
signaling differs from Fas pathway in several steps as follows.
First, binding of FADD and RIP to the receptor complex
requires the adaptor protein TRADD.*® Second, binding of
Daxx to TNFRI has not yet been shown and the ASK1-JNK
apoptotic pathway is activated by ROS.>"~*°

In a series of studies, it has been demonstrated that there
are significant variations in lipoplysaccharide and GalN-in-
duced lethality among different strains of mice. The host
immune response, and particularly the degree of TNF-o
production, can modulate the liver injury, and transgenic
mice expressing null forms of TNF-o, TNFR1, or expressing
only a cell-associated forms of TNF-o exhibited no mortality
and only a modest degree of liver injury.”® However, there
have so far been few studies addressing that a resistance to
TNF-a-associated lethality and apoptosis is due to a post-
receptor step in TNFR1 signaling. Bahjat et al*' observed that
NOD mice were resistant to the lethal effects of TNF-o/GalN
but responsive to those of Jo-2. However, the defect seen in
the TNFR1 signaling pathway of NOD mice was only partly
elucidated although they suggested that the defect appeared
to be a post receptor event, because the binding of re-
combinant human TNF-« to NOD splenocytes appeared to
be normal. NOD mice have specific genetic host factors,
particularly those related to immune modulation that may be
important in determining the differential responses to injury
from ICR mice, thus resulting in the development of type I
diabetes whereas ICR mice did not.”" The present data in our
study clearly show that the defect seen in TNFR-mediated
apoptotic signaling pathway is not associated with the spe-
cific autoimmune predisposition of NOD mice, which may
cause type I diabetes, but is associated with genetic host
factor(s) of background ICR mice.

Consistent with Bahjat et al’s study, our data indicate that
NOD mice do not lack functional TNFR1 on their hepato-
cytes, because TNFR1 mRNA, TRADD mRNA, and FADD
mRNA, and FADD were comparably detected both in ICR
and B6 (Figure 6), and caspase-8 and -3 activities were
markedly reduced, but not absent in ICR mice. An alternative
explanation for the reduced apoptotic cell death in hepato-
cytes from ICR mice is that NF-xB activation is increased in
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ICR mice, because NF-xB plays a pivotal role in the cross-
roads between life and death in a variety of cells including
hepatocytes.”*?* However, NF-kB was similarly induced
either in ICR mice or B6 mice after TNF-o/GalN injection
(Figure 7), indicating that NF-xB-related anti-apoptotic
signaling is equally induced in both mice, as well as that
TNF-o induces NF-xB activation through TNFRI. It is well
known that the adapter protein TRADD binds to TNFR1 and
serves as anchor for the subsequent recruitment of other
proteins into the signaling complex that directly lead to cell
death or NF-xB induction. These results suggest that the
ability of TNFRI to form a signaling complex with TRADD
and FADD has no difference between ICR and B6 mice.
The studies on caspase activation appear to demonstrate
that the inhibitory effect observed in ICR mice on TNFR-
mediated hepatocyte apoptosis was upstream of caspase-8
activation, because TNF-z-induced caspase-8 activation in
the liver was inhibited in ICR mice compared with B6 mice
(Figure 4). These findings led us to determine anti-apoptotic
protein c-FLIP, an inhibitor of caspase-8. Both c-FLIPg and
c-FLIP; commonly contain two DED, which resemble the N-
terminal half of caspase-8 and serve as the binding motif for
interaction with FADD.'”** ¢-FLIP; additionally contains a
caspase-like domain at its C-terminal part that is deficient in
c-FLIPs. However, the functional differences between these
variants are still not fully understood. c-FLIPgs have been
reported to completely block the initial cleavage step of pro-
caspase-8 at DISC in its activation processing, whereas
c-FLIP; allows the initial cleavage step, thus generating the p10
subunit, but blocking any further processing.”® In addition,
the recruitment of ¢-FLIP; into FADD occurs later than that
of c-FLIPs>* In the present study, the expression levels of
c-FLIPg in ICR mice was constitutively upregulated, whereas
the expression levels of c-FLIPy until 2 h after TNF-o/GalN
injection was similar. Because the caspase-8-like activity was
significantly higher in B6 mice 2h after TNF-o/GalN injec-
tion, upregulated c-FLIPg in ICR mice may explain why ICR
mice are less sensitive to TNF-u/GalN-induced liver injury.
Although a number of studies that c-FLIPg plays a pivotal
role in the inhibition of caspase-8 dependent cell death in
vitro are reported,” there is only one report about in vivo
overexpression of c-FLIPg in thymocytes and in mature T
cells,®® in addition, c-FLIP-deficient animals have been re-
ported not to survive past day 10.5 of embryogenesis.”> These
situations make it difficult for us to confirm the role of
c-FLIPg in the resistance of hepatocyte apoptosis in ICR
mice. On the contrary, there are many reports about in vitro
models of c-FLIPg overexpression, which indicates the anti-
apoptotic property of c-FLIPs.'”** Moreover, we found the
correlation between the expression levels of c-FLIPg and the
survival rates of mice treated with TNF-o/GalN among dif-
ferent strains of mice. These findings support a role of
c-FLIPg in susceptibility to TNF-a-induced apoptosis. Akt is
well known to regulate FLIP expression.”” It has been
reported that c-FLIPg and c-FLIP| are differently regulated,’®
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although the difference in the regulatory mechanisms re-
mains unclear. Genetic host factors may be important in
determining differential expressions of c¢-FLIPg among var-
ious strains of mice. Further studies will be needed to elu-
cidate the differences.

The explanation for opposing lethality in ICR and B6 mice
treated with Jo-2 was not elucidated, as c-FLIPg have been
reported to inhibit not only TNF-ua-induced but also Fas-
induced FADD-mediated apoptosis in a variety of cell
types.'® In addition, some human cell lines have been re-
ported to be sensitive to Fas-mediated cytotoxicity but not to
that induced by TNF-¢, although they express both Fas and
TNFRIL.'" Fas-derived signals were also reported to have the
most rapid effect, killing most cells in a human melanoma
line within hours of stimulation, whereas TNFR1-associated
signals required 2—3 days after ligand binding for cell death to
occur.” These findings suggest that TNFR and Fas transduce
distinct signal(s), thus resulting in apoptosis. In addition, Fas
has been reported to bind Daxx and induce apoptosis by
activating the ASK1-JNK apoptotic pathway, although the
binding of Daxx to TNFR1 has not been shown.”’ > How-
ever, in the present study, the ASKI-JNK apoptotic pathway
was not involved in Jo-2-induced liver failure in both mice.
Taking together, unlike TNFR1-mediated hepatic apoptosis,
it is likely that the caspase-8 independent signaling pathway
leading to caspase-3 activation may be functional in Fas-
mediated liver cell death. Further investigation is required to
address such interesting and important question. Alter-
natively, as in type I cells (mitochondria-independent), death
receptors induce strong caspase-8 activation, which alone is
sufficient to lead to robust processing of effector caspases and
apoptosis induction, but in type II cells (mitochondria-de-
pendent), only low amounts of caspase are activated on DISC
formation,*° upregulation of c-FLIPg observed in the livers of
ICR mice may be insufficient to inhibit a strong caspase-8
activation in the mitochondria-independent apoptotic
pathway mediated by Fas. We have recently demonstrated
that the mitochondria-independent pathway can compensate
Fas-mediated hepatic apoptosis but not TNFR-mediated
hepatic apoptosis.*'

To the best of our knowledge, the present study is the first
to show that the expression level of c-FLIPg was different on
genetic background. Furthermore, our results suggest that
c-FLIPg may have a role in TNF-o/GalN-induced liver cell
injury. The observations that ICR mice are resistant to he-
patocyte injury and lethality associated with TNFR1 receptor
signaling and constitutive upregulation of c-FLIPg in ICR
provide significant implications for the mechanisms of TNF-
o and Fas ligand-induced apoptosis. Further studies are re-
quired to determine whether other types of cells from ICR
mice are also resistant to TNF-a¢-mediated apoptosis.
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