J c I The Journal of Clinical Investigation

Massive hepatic apoptosis associated with TGF-B1 activation
after Fas ligand treatment of IGF binding protein-1—deficient
mice

Julia I. Leu, ..., Mary Ann S. Crissey, Rebecca Taub

J Clin Invest. 2003;111(1):129-139. https://doi.org/10.1172/JCI16712.
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Acute liver failure caused by viral hepatitis or toxic damage involves both apoptotic and necrotic pathways. IGF binding
protein-1 (IGFBP-1), a hepatocyte-derived secreted protein, is required for normal liver regeneration. To determine
whether IGFBP-1 could prevent liver injury that entails direct stimulation of hepatocyte apoptosis, IGFBP-17~mice,
IGFBP-1** mice, and mice pretreated with Ab’s against IGFBP-1 were treated with a normally sublethal dose of Fas
agonist. IGFBP-1 deficiency was associated with massive hepatocyte apoptosis and caspase activation within 3 hours of
Fas agonist treatment, which could be corrected by pretreatment with IGFBP-1. IGFBP-1—deficient livers had enhanced
signaling via the integrin receptor at early times (0.5 to 1 hour) after Fas agonist treatment accompanied by elevated
activated matrix metalloproteinase-9 (MMP-9), a known target of fibronectin signaling and activator of TGF-B. Within 3
hours of Fas agonist treatment, elevated expression of active TGF-B1, a hepatocyte apoptogen, was observed in IGFBP-
1—deficient livers that correlated with the appearance of the apoptotic process. Both MMP-9 and TGF-B1 expression were
suppressed by IGFBP-1 treatment, supporting their role in the apoptotic process. IGFBP-17~mice also displayed
increased injury in a toxic hepatic injury model caused by CCly. These findings indicate that IGFBP-1 functions as a
critical hepatic survival factor in the liver by reducing the level of proapoptotic signals.
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Massive hepatic apoptosis associated with TGF-31
activation after Fas ligand treatment of IGF
binding protein-1-deficient mice

JuliaI. Leu, Mary Ann S. Crissey, and Rebecca Taub

Department of Genetics, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania, USA

Acute liver failure caused by viral hepatitis or toxic damage involves both apoptotic and necrotic path-
ways. IGF binding protein-1 (IGFBP-1), a hepatocyte-derived secreted protein, is required for normal
liver regeneration. To determine whether IGFBP-1 could prevent liver injury that entails direct stimu-
lation of hepatocyte apoptosis, IGFBP-17/~ mice, IGFBP-1"* mice, and mice pretreated with Ab’s against
IGFBP-1 were treated with a normally sublethal dose of Fas agonist. IGFBP-1 deficiency was associat-
ed with massive hepatocyte apoptosis and caspase activation within 3 hours of Fas agonist treatment,
which could be corrected by pretreatment with IGFBP-1. IGFBP-1-deficient livers had enhanced sig-
naling via the integrin receptor at early times (0.5 to 1 hour) after Fas agonist treatment accompanied
by elevated activated matrix metalloproteinase-9 (MMP-9), a known target of fibronectin signaling
and activator of TGF-f3. Within 3 hours of Fas agonist treatment, elevated expression of active TGF-f1,
a hepatocyte apoptogen, was observed in IGFBP-1-deficient livers that correlated with the appearance
of the apoptotic process. Both MMP-9 and TGF-31 expression were suppressed by IGFBP-1 treatment,
supporting their role in the apoptotic process. IGFBP-17/~ mice also displayed increased injury in a toxic
hepatic injury model caused by CCL,. These findings indicate that IGFBP-1 functions as a critical hepat-
ic survival factor in the liver by reducing the level of proapoptotic signals.

J. Clin. Invest. 111:129-139 (2003). doi:10.1172/JCI200316712.

Introduction

Massive hepatocyte apoptosis mediated by Fas or
TNF-0 pathway activation is observed in liver injury
mediated by hepatitis viruses and hepatotoxins (1).
Identification of hepatic survival factors is critical for
therapeutic intervention in liver failure. We have deter-
mined that IGF binding protein-1 (IGFBP-1) is
required for normal liver regeneration after partial
hepatectomy (2) and sought to determine whether
IGFBP-1 can also protect against liver injury. IGFBP-1
is a member of a group of structurally related soluble
proteins that specifically bind and modulate the
actions of IGF-1 and IGF-2 or act independently of
IGFs via interactions with integrin receptors (3).
Among the IGFBPs, IGFBP-1 is unique in that its
expression is dramatically altered by changes in the
metabolic state and increases in hepatocyte prolifera-
tion (4, 5), butits functional role has remained elusive.
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Liver is the primary source of serum IGFBP-1 (6), and
its production is localized to hepatocytes (7). Fasting
serum IGFBP-1 levels are elevated in patients with cir-
rhosis and in normal adults following ethanol inges-
tion (3), and greatly elevated levels of IGFBP-1 are
found in hepatic malignancies (8).

IGFBP-1 functions independently of the IGFs via its
internal Arg-Gly-Asp (RGD) consensus sequence for
cell attachment by specifically inhibiting fibronectin
binding to the 05031 integrin in trophoblasts, result-
ing in net suppression of trophoblast invasion (9, 10).
In human breast cancer cells, interaction of IGFBP-1
with a5P1 integrin induces focal adhesion kinase
(FAK) dephosphorylation in an IGF-independent fash-
ion, subsequently leading to cell detachment and
death by apoptosis (11).

The majority of the data suggest that IGFBPs are
potent inducers of the apoptotic cell death program, in
some cases acting via IGF-independent pathways
(11-17). However, it has been established that IGFBP-1
functions as a proregeneration factor in the liver (2, 5).
IGFBP-1 gene upregulation during liver regeneration is
mediated in part by IL-6 (2, 18), which functions as a
critical antiapoptotic factor in the liver by its ability to
establish and maintain an adequate level of FLICE
inhibitory proteins (FLIP) and downstream antiapop-
totic factors (19). IGFBP-1 appears to act independent-
ly of IL-6 in stimulating liver regeneration. IGFBP-1
acts as a proregeneration factor primarily by upregu-
lating the level of C/EBP[, a member of the CCAAT
enhancer binding protein family of basic leucine zipper
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Figure 1

Increased acute Fas-mediated injury of IGFBP-1~/~ livers following
0.15 pg/g body weight of the Fas agonist was prevented by treatment
with IGFBP-1. Hematoxylin and eosin staining of (a) /IGFBP-1** liver
at time 0, (b) IGFBP-1~/~ liver at time 0 and at (c) 3 hours, (d) 3
hours (higher magnification), (e) 5 hours, (f) 7 hours after Fas chal-
lenge, (g) 7 hours after IGFBP-1 treatment and Fas challenge, and
(h) IGFBP-1*/* liver at 7 hours after Fas challenge. Scale bars: 50 um
except in d, which is 10 um. BP-1, IGFBP-1.
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transcription factors (20, 21) that is also required for
liver regeneration. C/EBP3 deficiency in the liver con-
fers resistance to Fas-mediated apoptosis in the hepa-
tocytes, as shown by reduced activation of caspase-3
and increased expression of antiapoptotic protein Bcl-x.
in Fas-treated C/EBP[7~ livers (22).

We wondered if IGFBP-1 deficiency would result in
an apoptotic defect that was similar to that observed
with C/EBPP deficiency. On the contrary, we found
that abnormalities in C/EBP[ expression did not play
a prominent role in Fas-mediated hepatic injury sus-
tained in IGFBP-1/- livers. Instead, after Fas stimula-
tion, IGFBP-1 deficiency was associated with rapid
onset of massive hepatocyte apoptosis that could be
corrected by pretreatment with IGFBP-1. Fibronectin
signaling was elevated early in IGFBP-1-deficient liv-
ers and was associated with proteolytic activation of
matrix metalloproteinase-9 (MMP-9), enhanced acti-

vation of the proapoptotic TGF-f31, caspase-3 and cas-
pase-8 activation, and ultimately breakdown of
fibronectin. Treatment of IGFBP-17/- livers with
IGFBP-1 corrected these abnormalities and the associ-
ated morbidity and hepatic defects, establishing
IGFBP-1 as a critical hepatic survival factor.

Methods

Animal studies and generation of mutant mice. Generation of
IGFBP-17/- animals was described previously (2). Stud-
ies were performed on IGFBP-17/~ and IGFBP-1*/* mice
12-16 weeks of age in a B6.129 hybrid background. Lit-
termates and backcrossing were used to provide a uni-
form background. IGFBP-17~ phenotype was confirmed
by tail DNA biopsies followed by PCR as described (2).

The Fas injury model and immunobistochemistry. IGFBP-17~
and IGFBP-1** mice, 12-16 weeks old, were generated by
heterozygous crosses and verified by tail DNA biopsies
followed by PCR analyses. Mice were injected intraperi-
toneally with the Fas agonist mAb Jo-2 (PharMingen,
San Diego, California, USA) at a dosage of 0.15 lg per
gram body weight. For IGFBP-1-treated mice, animals
were injected intraperitoneally with IGFBP-1 at 0.3 ug/g
body weight at time 0 or 30 minutes before Fas chal-
lenge. IGFBP-1%* animals in a B6.129 hybrid back-
ground were treated with 0.3 pg/g body weight of
anti-IGFBP-1 Ab 30 minutes before Fas challenge. The
anterior two-thirds of the liver was processed for protein
analyses and the posterior one-third of the liver was
fixed in 10% neutral buffered formalin (Formalde-Fresh;
Fisher Scientific Co., Fairlawn, New Jersey, USA). The
formalin-fixed livers were then paraffin embedded and
the liver sections were analyzed by hematoxylin and
eosin staining and immunohistochemistry using the
following Ab’s: anti-caspase-8 (Novacastra Laboratories
Ltd., Burlingame, California, USA), anti-caspase-3
(R&D Systems Inc., Minneapolis, Minnesota, USA),
anti-TGF-f31 (Santa Cruz Biotechnology Inc., Santa
Cruz, California, USA), anti-fibronectin (reactive with
extracellular and matrix fibronectin) (Santa Cruz
Biotechnology Inc.), and anti-MMP-9 (Calbiochem-
Novabiochem Corp., San Diego, California, USA).

Western analyses and Ab’s. Whole-cell extracts were pre-
pared as previously described and subjected to Western
analyses (5). Primary Ab’s used were from Santa Cruz
Biotechnology Inc. and Calbiochem-Novabiochem
Corp. Secondary Ab’s were from Zymed Laboratories
Inc. (South San Francisco, California, USA). Images
were scanned densitometrically to quantitate protein
levels using Image Quant software (Molecular Dynam-
ics, Sunnyvale, California, USA) and NIH Image 1.62.
Statistical analyses were performed with StatWorks
(Apple Computer Inc., Cupertino, California, USA) and
the Student ¢ test.

IGFBP-1 Ab’s. IGFBP-1 Ab generated by our lab (23) and
anti-IGFBP-1 Ab’s from Santa Cruz Biotechnology Inc.
(sc-6000 and sc-6072) were tested. All three Ab’s showed
the same result 7 hours after Fas ligand treatment; the Ab
generated by Mohn et al. was used in the studies shown.
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The Ab’s from Santa Cruz Biotechnology Inc. were
dialyzed extensively against 1x PBS using the Micro-
dialyzer System 500 (Pierce Biotechnology Inc., Rock-
ford, Illinois, USA) and concentrated in an Amicon
Centricon centrifugal filter unit (Millipore Corp.,
Bedford, Massachusetts, USA).

We used the following Ab’s for Western analyses: Bcl-x.
(s¢c-8392 from Santa Cruz Biotechnology Inc. and 2762
from Cell Signaling Technology Inc., Beverly, Massa-
chusetts, USA); caspase-3 (AF835 from R&D Systems
Inc., sc-7148 from Santa Cruz Biotechnology Inc., and
9661 from Cell Signaling Technology Inc.); Bcl-2
(sc-7382 from Santa Cruz Biotechnology Inc. and Ab-2
from Calbiochem-Novabiochem Corp.); C/EBPf
(sc-150 from Santa Cruz Biotechnology Inc.); FAK
(sc-932 from Santa Cruz Biotechnology Inc.); integrin
B1 (sc-8979 from Santa Cruz Biotechnology Inc.); inte-
grin A5 (sc-10729 from Santa Cruz Biotechnology Inc.);
AKT 1/2 (sc-8312 from Santa Cruz Biotechnology Inc.);
p130cas (sc-9052 from Santa Cruz Biotechnology Inc.);
fibronectin (sc-8422 from Santa Cruz Biotechnology
Inc. and Ab-3 from Calbiochem-Novabiochem Corp.);
and phosphorylated FAK (pFAK) (Tyr 925, sc-11766
from Santa Cruz Biotechnology Inc.). Anti-FAK detects
the total amount of FAK as well as the cleavage product,
FAK-related non-kinase (FRNK). Anti-pFAK detects
only the phosphorylated form of FAK.

Acute CClyinjury and immunobistochemistry. Acute CCly
injury, BrdU immunohistochemistry, and TUNEL
staining were performed as described previously (24,
25). IGFBP-1** and IGFBP-17/~ mice were treated with
CCly and injected with BrdU 1 hour before sacrifice and
liver harvest. Livers were harvested at the indicated
times, fixed, sectioned, and stained with anti-BrdU
mADb. BrdU-positive hepatocytes for each sample were
quantitated by counting positively stained cells in three
to four high-power, randomly selected fields. The mean
for each timepoint was expressed as a percentage of the
mean number of BrdU-labeled cells at the peak time of
BrdU incorporation in IGFBP-1*/* mice (48 hours).

Quantification of damaged areas following CCl4 injec-
tion was performed on TUNEL-stained liver sections
videomicrographed at original magnification x40. NIH
image 1.61 software was used to map out dark staining
(damaged areas) in each videomicrograph field, which
was then calculated as a percentage of the total area of
the field. Three fields were counted for each animal. All
results are based on analysis of at least four IGFBP-1*
mice and four IGFBP-17~ mice.

Results

Increased hepatocellular apoptosis 3 bours after Fas agonist
injection in IGFBP-17/~ mice. To investigate whether
IGFBP-1 could function as an antiapoptotic factor pro-
tecting the hepatocytes from apoptosis, IGFBP-1"/* and
IGFBP-17/- mice were injected intraperitoneally with a
low dose (0.15 pg/g body weight) of the Fas agonist
Jo-2 mAb, which has been shown to directly stimulate
hepatocyte apoptosis only in livers sensitive to Fas ago-

nist; higher doses of 0.25 pg/g resulted in significant
mortality in wild-type strains as well as in IGFBP-1-
deficient strains (1, 19). Within 5 hours of intraperi-
toneal injection with the anti-Fas mAb, IGFBP-17/~ mice
(n = 11) displayed signs of clinical compromise, includ-
ing tachypnea, shallow breathing, prostration, and pro-
gressive deep hypothermia, consistent with massive
liver failure. No significant signs of clinical compro-
mise were observed in the wild-type littermates (n = 11,
data not shown). By 3 hours after Fas agonist injection,
prominent histologic features of apoptosis were pres-
ent in IGFBP-17~ mice, with evidence of hemorrhage
(Figure 1c) and hepatocyte apoptosis (Figure 1d) char-
acterized by condensation of chromatin at the nuclear
membrane and fragmentation of the cell into subcel-
lular bodies. At the 5-hour timepoint, the normal lob-
ular microarchitecture of the IGFBP-1/~ liver was main-
tained, but enhanced panlobular hepatocyte apoptosis
and sinusoidal congestion were observed (Figure 1le).
At 7 hours after anti-Fas injection, histologic examina-
tion of IGFBP-17/~ livers revealed multiple areas of focal
hemorrhage and necrosis and destruction of the
parenchymal architecture of the liver (Figure 1f). How-
ever, IGFBP-17/~ livers (n = 8) pretreated with an
intraperitoneal dose of 0.3 pg/g weight of IGFBP-1
prior to a lethal challenge of Fas agonist were protected

-
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Figure 2

A

Increased caspase-8 and caspase-3 activation in IGFBP-17/~ livers after
Fas mAb injection. (a-d) Immunobhistologic staining of IGFBP-1~/~
liver sections at time 0 (a) and 3 hours (c), and IGFBP-1** liver sec-
tions at 1 hour (b) and 3 hours (d) after Fas challenge using anti-cas-
pase-8 p10 Ab. (e and f) Immunobhistologic staining of IGFBP-1/~ liver
section at 3 hours (e) and IGFBP-1*/* liver section at 3 hours (f) using
anti-caspase-3 p17 Ab. Scale bars: 10 um (a-d) and 50 pm (e and f).
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against lethality and Fas-mediated apoptotic injury. At
7 hours after anti-Fas injection, no hemorrhage and
parenchymal collapse was observed in the IGFBP-17/~
livers pretreated with IGFBP-1 (Figure 1g). Similarly,
the normal lobular microarchitecture of the liver was
maintained in the IGFBP-1** livers at 7 hours after anti-
Fas injection (Figure 1h).

Enbanced caspase-8 and caspase-3 activation in IGFBP-17~
livers after Fas challenge. Caspase-8 is an initiator caspase,
and processing of procaspase-8 is the first detectable
event of Fas-mediated apoptosis (26, 27). To investigate
the release of active caspase-8 subunits p18 and p10
into the cytosol following Fas agonist injection, we per-
formed immunohistologic analyses using an Ab that
recognizes only the active 10-kDa caspase-8 cleavage
product. In IGFBP-17/~ livers, a low level of active cas-
pase-8 subunit was detectable in the hepatocytes of the

Figure 3

Low induction of C/EBPP and enhanced expression of the major
antiapoptotic proteins in IGFBP-17/~ livers after Fas agonist treat-
ment. (a) Western blot demonstrating kinetics of C/EBPPB, IGFBP-1,
Bcl-2, Bel-x., and AKT induction in Fas agonist-treated IGFBP-1-/~
and IGFBP-1*/* livers at the indicated timepoints. (b-e) Hematoxylin
and eosin stain of (b) IGFBP-1*/* liver 7 hours after treatment with
preimmune serum, (c) IGFBP-1*/* liver 7 hours after treatment with
anti-IGFBP-1 Ab, (d) IGFBP-1** liver 7 hours after treatment with
anti-SnoN Ab and Fas agonist, and (e) IGFBP-1*/* liver 7 hours after
treatment with anti-IGFBP-1 Ab and Fas agonist. Scale bars: 50 pm.
(f) Western blot analyses comparing induction of AKT, Bcl-2, and
caspase-3 processing in IGFBP-1"/* livers, IGFBP-1*/* and IGFBP-1~/~
livers pretreated with anti-IGFBP-1 Ab, and IGFBP-1-pretreated
IGFBP-1~/~ livers after Fas challenge at the indicated timepoints. (g)
Levels of IGFBP-1 detected in whole-cell liver extracts in the indicat-
ed animals. 0-SnoN, anti-SnoN.

quiescent liver (Figure 2a), suggesting that IGFBP-17-
hepatocytes had a preexisting defect in apoptotic path-
ways. In IGFBP-1"/* livers, active caspase-8 subunit was
detectable 1 hour after Fas injection (Figure 2b) but not
in the quiescent liver (data not shown). At 3 hours after
anti-Fas injection, an enhanced processing of procas-
pase-8 into the active 10-kDa caspase-8 subunit was
observed in the IGFBP-17/- livers (Figure 2c). No posi-
tive staining was found in the IGFBP-1"* livers 3 hours
after Fas challenge (Figure 2d).

Since active caspase-8 subunits may cause cleavage of
caspase-3 (19), we used an Ab that recognizes only the
active caspase-3 p17 subunit in immunohistochemical
analyses. Caspase-3 cleavage was detectable in IGFBP-17~
liver 3 hours after anti-Fas injection (Figure 2e) but not
in the wild-type lictermates (Figure 2f).

IGFBP-1 deficiency results in apoptotic pathway abnormal-
ities distinct from C/EBP and IL-6 deficiency that are not
related to a developmental defect in IGFBP-17/~ livers. In
IGFBP-17/~ livers, we found reduced expression of
C/EBPQ in the adult primary hepatocytes and reduced
induction of C/EBPf expression after hepatectomy (2).
C/EBP[ prevents caspase-8 activation in Fas-treated
hepatic stellate cells (28), and its deficiency in the liver
confers resistance to Fas-mediated apoptosis in the
hepatocytes, as shown by reduced activation of caspase-
3 and increased expression of the antiapoptotic protein
Bcl-x; in Fas-treated C/EBP37/~ livers (22). In contrast
to posthepatectomized livers, in which C/EBPp activa-
tion is robust (29, 30), kinetic studies revealed a less
than 1.5-fold increase in C/EBP[3 expression at 30 min-
utes and 1 hour after anti-Fas injection (Figure 3a), sug-
gesting that under these conditions C/EBPP has a min-
imal role in the apoptotic response. On the other hand,
a fivefold increase in IGFBP-1 expression was de-
tectable in the IGFBP-1*/* livers 1 hour after Fas agonist
injection (Figure 3a). Although the precise mechanistic
basis for IGFBP-1 activation following treatment with
Fas agonist is not known, its induction during the early
time period suggested that IGFBP-1 may be protective
against Fas-mediated apoptosis.
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In IL-6-deficient livers (19), the primary defect
appears to be a decrease in the level of the antiapoptot-
ic regulators FLIP, Bcl-2, and Bcl-x;.. However, no abnor-
malities in the basal expression of these proteins were
observed in IGFBP-1-deficient livers (FLIP not shown)
(Figure 3a). After the major apoptotic response had
already occurred (5-7 hours after anti-Fas injection), a
more than tenfold increase in Bcl-2 and Bcl-x;. expres-
sion was noted in IGFBP-17~ livers relative to IGFBP-1"/*
livers (Figure 3a), an apparent compensatory response
that was inadequate in preventing liver failure.

To further rule out the possibility that IGFBP-17/~
mice have an intrinsic developmental defect in the liver
that is primarily responsible for the apoptotic response,
IGFBP-1 deficiency was created in IGFBP-1** mice with
the use of neutralizing Ab’s against IGFBP-1. IGFBP-1*/*
animals were pretreated with 0.3 pg/g intraperitoneal
anti-IGFBP-1 Ab 30 minutes prior to a lethal challenge
of Fas agonist. Findings in these animals paralleled
those in IGFBP-17/~ animals treated with Fas agonist.
No sinusoidal congestion and collapse of the lobular
architecture of the liver was observed in IGFBP-1*/* ani-
mals 7 hours after injection with preimmune serum
(n = 6, Figure 3b), with anti-IGFBP-1 Ab (without Fas
ligand) for 7 hours (n = 6, Figure 3c), or with anti-SnoN
Ab (control Ab) in combination with the Fas agonist
(n = 6, Figure 3d). However, destruction of the
parenchymal architecture was evident in IGFBP-1** ani-
mals pretreated with anti-IGFBP-1 Ab followed by a
single 0.15 lg/g intraperitoneal dose of Fas agonist 7
hours after injection (n = 15, Figure 3e). Similar to
IGFBP-17/- livers, livers of wild-type littermates pre-
treated with anti-IGFBP-1 Ab demonstrated activation
of caspase-3 and late induction of Bcl-2 (Figure 3f). As
shown, injected IGFBP-1 was detected in hepatic
extracts from IGFBP-17- mice, indicating that it
reached the hepatic parenchyma (Figure 3g), albeit at
lower levels than was measured in corresponding
IGFBP-1%* livers at the same timepoint.

Increased fibronectin and integrin signaling in IGFBP-17~
livers. IGFBP-1 may elicit effects via either IGF-depend-
ent or -independent mechanisms. Previously it was
shown that the expression of IGF receptors is very low
in adult hepatocytes (23, 31). On the other hand, in an
IGF-independent mechanism, IGFBP-1 has been
shown to prevent fibronectin from binding to a5031
integrin (10), and fibronectin signaling is highly linked
to cell survival pathways (32). We examined the
fibronectin signaling axis in IGFBP-17/~ and IGFBP-1"/*
livers following Fas stimulation. Fibronectin is
expressed by and associated with multiple cell types in
the liver (33). It is known to enhance the apoptotic
effect of soluble CD95L (FasL) and the biological effi-
cacy of cytokines such as TGF-3 by its ability to retain
and increase their local concentrations (34). We there-
fore determined whether ECM fibronectin was
increased in IGFBP-17/~ livers. As shown in Figure 4, a-c,
fibronectin was readily detected in quiescent IGFBP-17/~
hepatocytes but not in IGFBP-1*/* hepatocytes. At 7

hours after Fas challenge, scattered and fragmented
fibronectin staining was detected in IGFBP-17/- livers
(Figure 4d), consistent with the hepatocellular injury
that had occurred. In contrast, prominent fibronectin
staining was seen in sinusoidal areas of IGFBP-1%* and
IGFBP-17/- livers pretreated with IGFBP-1 (Figure 4, e
and f) and no disorganization was observed.

Because the central cell-binding domain of fibro-
nectin (FN120) enhances the expression of matrix met-
alloproteinases and induces apoptosis (35), we next
examined the degradation of fibronectin by Western
blot analysis using whole-cell liver homogenates. A
prominent 120-kDa cleavage product was observed
only in IGFBP-17/~ livers 7 hours after Fas treatment
(Figure 4g), compatible with the level of massive apop-
tosis observed in the livers.

Increased integrin signaling in IGFBP-17" livers soon after
Fas agonist treatment. In the liver, fibronectin interacts
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Figure 4

Accumulation of fibronectin in the hepatocytes of IGFBP-1-/~ quies-
cent livers and breakdown of fibronectin in Fas-treated /IGFBP-1~/~
livers. (a-f) Immunohistochemical staining of IGFBP-1*/* quiescent
liver (a), IGFBP-1-/~ quiescent liver (b and c), IGFBP-1-/~ liver 7 hours
after Fas treatment (d), IGFBP-1-pretreated /GFBP-1~/~ liver 7 hours
after Fas treatment (e), and /IGFBP-1*/* liver 7 hours after Fas treat-
ment (f) sections stained using anti-fibronectin Ab. Scale bars: 50
HUm except in ¢, which is 10 Um. (g) Western blot analysis comparing
degradation of fibronectin in IGFBP-1*/*, IGFBP-1-/~, and IGFBP-1-

pretreated /IGFBP-1-/~ livers 7 hours after Fas challenge.
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primarily with a5B1 fibronectin receptors that are
expressed on several cell types within the liver and are
induced on hepatic stellate cells after liver injury (36).
IGFBP-1 interacts with fibronectin receptor a5f1 (10,
37). The expression of integrin subunit 005 and integrin
subunit $1 were 1.6-fold and 1.4-fold higher, respec-
tively, in the quiescent IGFBP-17/- livers than in the
wild-type quiescent livers (Figure 5a), not a significant
increase. Levels were unchanged after Fas agonist treat-
ment until massive apoptosis had occurred in IGFBP-1-
deficient livers, 7 hours after treatment.

We hypothesized that IGFBP-1 was exerting its effects
on apoptosis in the liver by modulating integrin a531

Figure 5

Persistent integrin signaling and progressive FAK degradation in
IGFBP-1~/~ livers after Fas agonist treatment. (a) Western analyses
comparing the expression of integrin 31, integrin a5, phosphorylat-
ed p125FAK, and p130cas, and degradation of FAK in Fas ago-
nist-treated /GFBP-1~/~ and IGFBP-1*/* livers at the indicated time-
points. (b and ¢) Kinetics study showing upregulation of p130cas,
FAK proteolysis, and downregulation of phosphorylated p125FAK
and integrin 31 in IGFBP-1** livers pretreated with anti-IGFBP-1 Ab
and in IGFBP-1~/~ livers after Fas challenge. Ab’s against phosphory-
lated p125FAK and FAK as indicated in Methods.

signaling. Depending on the context, integrin signal-
ing can either promote or reduce cellular apoptosis
(33-45). Integrin signaling proceeds via the pFAK path-
way and subsequently the p130cas pathway. A high
basal level of phosphorylated p125FAK was observed
in both IGFBP-1*/* and IGFBP-1-- livers, which is reflec-
tive of basal integrin signaling. However, it was not
known whether phosphorylated pFAK levels were gen-
erated via 00531 or other hepatic integrin signals. In
contrast to the wild-type livers, where pFAK rapidly
decreased after Fas agonist treatment, the expression of
phosphorylated p125FAK at 30 minutes was 3.2-fold
higher in the IGFBP-17- livers and remained elevated 1
hour after Fas ligand treatment, indicating enhanced
integrin signaling (Figure 5a). Activation of p130cas in
the IGFBP-1-/~ livers occurred at 3 hours after anti-Fas
mADb challenge (Figure 5a) and was thus dissociated
from the level of phosphorylated pFAK. p130cas sig-
naling may occur in response to a variety of signal
transduction pathways and is not necessarily linked to
integrin signaling (46).

Activation of p125FAK has been functionally linked
to the formation of integrin-mediated contact sites
between the cell surface and the ECM known as focal
adhesions (39). However, cleavage of FAK by caspase-3
generates a truncated isoform of FAK known as FRNK
(FAK-related non-kinase) (47), which acts as an
inhibitor of p125FAK by transiently blocking the for-
mation of focal adhesions on fibronectin and reduc-
ing tyrosine phosphorylation of p125FAK (48). To
ascertain whether cleavage of FAK by caspase-3 might
play a role in the execution of the suicide program and
thereby contribute to the disruption of the cytoarchi-
tecture, leading to eventual collapse of the hepatic lob-
ular architecture, we examined FAK proteolysis.
Enhanced expression of FRNK was seen only in the
IGFBP-17-livers at 5§ hours and 7 hours after Fas chal-
lenge (Figure 5a), consistent with massive apoptosis
observed at those times. Degradation of FAK, activa-
tion of p130cas, and downregulation of p125FAK and
integrin B1 at 7 hours after Fas challenge were pre-
vented by pretreatment of IGFBP-1-deficient livers
with IGFBP-1 (Figure 5, b and ).

Activation of MMP-9 activity in IGFBP-17/" livers after
anti-Fas challenge. We hypothesized that the elevated
integrin signaling observed in the IGFBP-1-deficient
livers immediately after Fas agonist treatment plays a
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role in the ensuing apoptotic response. In the liver,
TGF-f is a major hepatocyte apoptogen and can be
activated by MMP-9 (49). Fibronectin stimulates
MMP-9 secretion via the FAK/Ras signaling pathway
(50). Moreover, during monocyte differentiation,
fibronectin signaling via integrin 051 is required for
upregulation of MMP-9 (51).

We wondered whether expression of active MMP-9
would be elevated in IGFBP-1-deficient livers. As shown
by immunohistologic staining, active MMP-9 was
detected in nonparenchymal cells in IGFBP-17- livers as
early as 30 minutes after Fas challenge (Figure 6b), indi-
cating that MMP-9 expression is an immediate signal in
response to Fas agonist. Further upregulation of active
MMP-9 was seen in the IGFBP-17/- livers, but not in
IGFBP-1**livers, 3 hours after challenge (Figure 6, cand
d). Western analyses using whole-cell liver extracts also

Figure 7

Activation of TGF-B1 in IGFBP-1-/~ livers after Fas agonist treatment,
inhibited by IGFBP-1 treatment. (a-d) Immunohistochemical stain-
ing of liver sections using anti-TGF-1 Ab: IGFBP-1*/* (a), IGFBP-1-/~
(b), IGFBP-1*/* pretreated with anti-IGFBP-1 Ab (c), and IGFBP-1~/~
pretreated with IGFBP-1 (d) 3 hours after Fas treatment. Scale bars:
10 pm (aand b) and 50 um (c and d). Arrowheads indicate apoptotic
hepatocytes. (e) Western analysis showing TGF-B1 activation in
IGFBP-1*/* livers pretreated with anti-IGFBP-1 Ab and in IGFBP-1~/~
livers 7 hours after Fas challenge, but not in IGFBP-1-/~ livers pre-
treated with IGFBP-1 7 hours after Fas challenge.

Figure 6

Activation of MMP-9 and its inhibitor TIMP-1 in IGFBP-1~/~ livers after
Fas agonist-induced liver injury. (a-d) Immunohistochemical stain-
ing of (a) IGFBP-1*/* liver sections at 0.5 hour and (¢) 3 hours, and (b)
IGFBP-1~/~ liver sections at 0.5 hour and (d) 3 hours after Fas treat-
ment using anti-MMP-9 Ab. Scale bars: 50 um. Arrowheads indicate
positive MMP-9 staining. (e) Western analyses showing MMP-9 acti-
vation after a lethal injection of Fas in IGFBP-1~/~ livers and enhanced
upregulation of TIMP-1 in IGFBP-1-/~ livers at 5 hours and 7 hours
after Fas challenge. (f) Upregulation of TIMP-1 and activation of
MMP-9 in IGFBP-1*/* livers pretreated with anti-IGFBP-1 Ab and in
IGFBP-1~/~ livers at the indicated timepoints after Fas challenge.

revealed progressive conversion of pro-MMP-9 to active
MMP-9 in IGFBP-17/- livers from 30 minutes to 7 hours
after Fas challenge (Figure 6e) and in IGFBP-1"* livers
pretreated with anti-IGFBP-1 Ab (Figure 6f). A greater
than tenfold increase in the expression of the tissue
inhibitors of metalloproteinase-1 (TIMP-1), an in-
hibitor of MMP-9 activation (52), occurred in IGFBP-17/~
livers at 5 hours and 7 hours after anti-Fas injection,
more than 4 hours after MMP-9 induction and after ful-
minant apoptotic damage had already occurred (Figure
6e). Pretreatment of IGFBP-17/- livers with IGFBP-1
prior to a lethal challenge of anti-Fas mAb attenuated
the processing of pro-MMP-9 (Figure 6f). No differ-
ence in MMP-2 processing was observed between the
IGFBP-1** and IGFBP-17~ livers at different timepoints
after anti-Fas mAb challenge (data not shown).
Activation of TGF-31 in IGFBP-17/- livers after anti-Fas
challenge. MMP-9 is involved in the proteolytic activa-
tion of TGF-B1, a known hepatocyte apoptogen (49).
TGF-B1 is involved in the sequential activation of cas-
pase-8 and caspase-3 (53), effects that were found in
IGFBP-17~ livers (See Figure 2). We determined whether
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TGF-B1 was upregulated in IGFBP-1-deficient livers
after anti-Fas mAb challenge. Positive TGF-B1 staining
was readily detected within nonparenchymal cells in
IGFBP-17/~ livers (Figure 7b) and in wild-type livers
treated with anti-IGFBP-1 (Figure 7c¢) after Fas chal-
lenge, and was prevented by IGFBP-1 pretreatment
(Figure 7d). These nonparenchymal cells are presumed
to be hepatic stellate cells that produce TGF-31 under
pathophysiologic conditions. IGFBP-1 pretreatment
blocked the accumulation of active TGF-B1 (Figure 7e).
Increased hepatocellular injury and apoptosis after acute CCly
treatment in IGFBP-1/~ mice. Like Fas agonist, the hepa-
totoxin CCl, also induces acute liver injury. CCl, causes
necrosis and apoptosis in liver cells by altering perme-
ability of cellular, lysosomal, and mitochondrial mem-
branes (19, 54, 55). CCl, liver injury is associated with
high levels of TNF-0, which is felt to enhance injury and
promote hepatocyte apoptotic death (56). To determine
the role of IGFBP-1 in modulating CClsinduced
acute liver injury, IGFBP-17/~ mice and their wild-type
(IGFBP-1**) counterparts were injected intraperitoneal-
ly with a single 2 pl/g dose of a 50% solution of CCly in
mineral oil. Morbidity after CCl4 injection was minimal
and similar in IGFBP-1"/* and IGFBP-17/~ mice, and
included mild ataxia and mild lethargy for approxi-
mately 24 hours; there was no associated mortality.

Figure 8

Increased liver injury after acute CCl, treatment in /IGFBP-1-/~ livers.
(aand b) Hematoxylin and eosin stain of (a) IGFBP-1** liver and (b)
IGFBP-1~/~ liver 24 hours after CCl, injection. Scale bars: 50 um. (c
and d) Histologic TUNEL staining of IGFBP-1*/* (¢) and IGFBP-1~/~
(d) liver sections 24 hours after CCly injection indicates more necrot-
ic damage (dark brown staining areas) in IGFBP-1~/~ livers. (e and f)
Hematoxylin and eosin stain of (e) IGFBP-1"/* liver and (f) IGFBP-1/~
liver 168 hours after CCl; administration. Scale bars: 50 um. (g)
Aspartate aminotransferase (AST) levels in IGFBP-1*/* and IGFBP-1-/~
livers after CCly injection at indicated timepoints. /GFBP-17",
n =4 per timepoint. IGFBP-1~/~, n = 6-9 per timepoint. ¥*P < 0.05 vs.
IGFBP-1**. AST, aspartate aminotransferase, normal = 72-288 U/I.
(h) Delayed DNA synthetic response in IGFBP-17/~ hepatocytes after
CCly injury. BrdU incorporation profile for IGFBP-1*/* and IGFBP-1~/~
mice at various times after CCl, treatment. *P < 0.05 vs. IGFBP-1/*.
BrdU-positive hepatocytes for each sample were quantitated by
counting positively stained cells in three to four high-power, ran-
domly selected fields. The mean for each timepoint was expressed
as a percentage of the mean number of BrdU-labeled cells at the
peak time of BrdU incorporation in IGFBP-1*/* mice (48 hours). SDs
are shown for each timepoint. Statistical significance was calculat-
ed versus wild-type littermates.

IGFBP-17/- livers developed more rapid and severe
hepatocellular injury following acute CCly exposure
than did IGFBP-17* livers (Figure 8). At 24 hours after
CCly treatment, IGFBP-1** livers displayed a localized
and mild centrizonal steatosis (Figure 8a). IGFBP-17-
livers (Figure 8b) showed a diffuse pattern of injury
characterized by severe bridging central injury. The
severe panlobular steatosis and centrizonal injury
noted in IGFBP-17/~ liver parenchyma was associated
with congestion, mild inflammatory infiltrate, and
increased apoptotic/necrotic hepatocyte death. TUNEL
staining preferentially labels DNA strand breaks gen-
erated during apoptosis, which allows discrimination
of apoptosis from necrosis (57). However, in the CCly
model, apoptotic cells are frequently surrounded by a
mass of necrotic tissue, making them difficult to dif-
ferentiate. Therefore, TUNEL staining was used to
determine total liver cell damage in the CCl4; model
(25). Quantification of the damaged area based on
TUNEL analyses indicated that the mean area of injury
at 24 hours in the IGFBP-17/- livers was 54.4% + 6.4%
versus 32% + 5.2% in IGFBP-1"/" livers (P < 0.05) (Figure 8,
cand d). Liver injury persisted at 168 hours in IGFBP-17/~
livers but not IGFBP-1"* livers (Figure 8, e and f).
Increased liver damage was further substantiated by a
3.5-fold increase in aspartate aminotransferase levels
(P <0.05) (Figure 8g) at 24 hours after CCl4 adminis-
tration. Levels for total bilirubin, albumin, alkaline
phosphatase, creatinine, amylase, glucose, cholesterol,
and triglycerides were similar between the IGFBP-1"*
and IGFBP-17/- animals (data not shown). Taken
together, these data suggest that the presence of
IGFBP-1 may confer increased protection from liver
damage after CCly treatment. Moreover, as in the par-
tial hepatectomy model, in which DNA synthesis is
delayed and reduced in IGFBP-17/~ livers, DNA synthe-
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Table 1
Time course of events in IGFBP-1-/~ and IGFBP-1*/* livers after Fas
agonist treatment

H Fas IGFBP-1** liver IGFBP-1-/- liver

0 Accumulation of fibronectin
Caspase-8 cleavage (low level)
a5B1 integrin upregulation (low level)

0.5  C/EBPp upregulation MMP-9 proteolysis

(low level) pFAK upregulation
1 IGFBP-1 upregulation

Caspase-8 cleavage
3 No caspase-8 cleavage ~ TGF-B1

Upregulation of Bcl-2 Enhanced caspase-8 cleavage

Caspase-3 cleavage

FAK proteolysis

p130cas

S Upregulation of TIMP-1
Enhanced expression of Bcl-2
Enhanced expression of Bcl-x_

7 Degradation of fibronectin
Degradation of 5031
Downregulation of AKT

H Fas, hours after Fas treatment.

sis was delayed and reduced in IGFBP-17/~ livers after
CCly treatment despite the fact that the amount of
injury was less in the IGFBP-1*/* livers.

Discussion
Apoptosis mediated by Fas agonist (Jo-2 mAb) is
restricted to hepatocytes and is an excellent model sys-
tem for the study of fulminant hepatitis (1). The major-
ity of the data suggest that IGFBPs are potent inducers
of the apoptotic cell death program, in some cases act-
ing via IGF-independent effects (11-17). However, our
data suggest that IGFBP-1 may function as a critical
survival factor in the liver by suppressing the level and
activation of specific proapoptotic factors via its regu-
lation of integrin-mediated signaling. Moreover, this
hepatoprotective effect was not limited to Fas-mediat-
ed acute liver injury, but was also observed in acute
toxic damage mediated by CCls. Although not formal-
ly ruled out, IGFBP-1 is unlikely to be acting via mod-
ulation of IGF-1 signaling. IGFs have not been shown
to have a regulatory role in hepatocytes, which have vir-
tually undetectable IGF-I receptors (3, 6, 23, 31, 58).
After IGFBP-17/- mice were treated with anti-Fas
mADb, the mice rapidly developed acute fulminant hep-
atitis associated with hepatocyte apoptosis, hypother-
mia, sinusoidal congestion, and destruction of hepat-
ic lobular architecture. Apoptosis in IGFBP-1-
deficient livers was associated with elevated phospho-
rylated pFAK at 30 minutes to 1 hour, conversion of
pro-MMP-9 to its mature form by 30 minutes,
enhanced caspase-8 activation, and procaspase-3
cleavage concomitant with activation of TGF-f31 at 3
hours, simultaneous with the histologic appearance of
apoptotic hepatocytes (Figure 9). We hypothesize that
the full apoptotic response in IGFBP-1-deficient livers
required the combination of TGF-P signaling and Fas
pathway activation. Engagement of Fas by anti-Fas

mAD treatment leads to recruitment of Fas-associated
death domain protein (FADD) and procaspase-8 to the
plasma membrane, thereby leading to the formation
of the death-inducing signaling complex (DISC) and
subsequent self-proteolysis of procaspase-8 (59). This
DISC combined with the release of TGF-f3, and the
ensuing TGF-B-mediated apoptotic response, gener-
ated fulminant apoptosis in IGFBP-1-deficient livers.
In wild-type livers there was no TGF-[3 release, and the
interaction of Fas with its receptor was insufficient to
generate the full apoptotic response. Late changes in
the liver were compatible with collapsed hepatic archi-
tecture and included increased FAK proteolysis and
degradation of fibronectin at 5-7 hours.

Similar changes were seen in IGFBP-1"* livers treat-
ed with anti-IGFBP-1 Ab in concert with Fas agonist,
indicating that no preexisting developmental defect in
IGFBP-17/~ livers was responsible for Fas sensitivity.
The mechanistic specificity of the apoptotic program
was demonstrated by the fact that IGFBP-1 treatment
prevented these defects. A number of other Ab’s
including the a5P1 integrin-neutralizing Ab, MMP
inhibitors, and TGF-B-neutralizing Ab did not alter
Fas-mediated apoptosis in preliminary studies (data
not shown), further demonstrating the specificity of
the anti-IGFBP Ab’s. However, we do not know the
ability of these Ab’s to neutralize their target in vivo.
Further studies with RGD-blocking peptides or ani-
mals treated with IGFBP-1 that has been mutated at
the RGD sequence would test the hypothesis that the

Signaling of fibronectin
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Figure 9

Proposed model for IGFBP-1 protection against Fas-induced lethal
hepatitis. In the absence of IGFBP-1, fibronectin signaling in combi-
nation with Fas agonist enhances the proapoptotic signaling cascade,
leading to processing of pro-MMP-9 to its mature form and subse-
quent proteolytic activation of TGF-B1, which positively reinforces the
processing of procaspase-8 and procaspase-3 to their active forms.
Progressive cleavage of fibronectin, proteolysis of FAK by caspase-3,
and degradation of a5B1 integrin potentiate focal adhesion disor-
ganization and cell detachment, thereby disrupting the integrity of the
hepatic lobular architecture. In normal livers, IGFBP-1 is upregulated
after treatment with Fas agonist. IGFBP-1 treatment of IGFBP-1-defi-
cient livers attenuates these abnormalities, thereby preventing the
destruction of the parenchymal architecture. FasR, Fas receptor.

Degradation of FAK

Collapse of liver architecture
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interaction of IGFBP-1 with integrins is vital for the
hepatoprotective effect.

It is not clear why the Fas signal resulted in induction
of IGFBP-1 in IGFBP-1"/* livers. This induction was coin-
cident with the downregulation of pFAK in IGFBP-1"*
livers. Because pFAK is associated with multiple integrin
signaling pathways, it is not yet possible to directly asso-
ciate IGFBP-1 with downregulation of 0501 fibronectin
receptor signals after Fas agonist treatment. Downreg-
ulation of phosphorylated pFAK was not observed in
IGFBP-1-deficient livers, suggesting that IGFBP-1
directly or indirectly mediated blockade of integrin sig-
naling after Fas ligation. In IGFBP-17/~ quiescent livers,
basal abnormalities such as low levels of procaspase-8
processing and accumulation of fibronectin in the
hepatocytes were seen. However, preexisting abnormal-
ities in IGFBP-1-/- livers did not contribute substantial-
ly to the apoptotic effect, because we were able to repli-
cate the defect in IGFBP-1*" livers treated with IGFBP-1
Ab’s and Fas ligand. Late changes included progressive
degradation of fibronectin, proteolysis of FAK by cas-
pase-3, activation of p130cas, and degradation of 0531
integrin. Breakdown of fibronectin further potentiated
focal adhesion disorganization and cell detachment,
thereby disrupting the integrity of the hepatic lobular
architecture. Compensatory changes such as upregula-
tion of TIMP-1 and Bcl-2 were too late to prevent mas-
sive apoptosis that had already ensued. IGFBP-1 may
also play a protective role in the late stages of apoptosis
by preventing proteolytic cleavage of pFAK to prevent
the disassembly of focal adhesions and preserve the
integrity of the hepatic cellular architecture (46, 60).
Pretreatment of IGFBP-17/~ livers with IGFBP-1 prior to
Fas challenge greatly diminished all of these late
changes, indicating that they were part of the apoptot-
ic cascade induced by IGFBP-1 deficiency.

Fibronectin signaling has been shown to be both pro-
and antiapoptotic, depending on the local environ-
ment. For example, in some cells, integrin engagement
has been shown to inhibit apoptosis in the basal state,
but to stimulate apoptosis in the presence of Fas ligand
or TNF-a (45). In our studies, the proapoptotic effect
was accompanied by the rapid upregulation of MMP-9
and subsequent TGF-f release. TGF-B is proposed as a
key liver apoptogen that normally controls liver size
and is elevated in certain viral liver diseases and cirrho-
sis (53). It is a well-studied hepatic apoptogen in vitro.
However, its regulation in vivo in the liver during mas-
sive apoptosis has not been extensively explored.

Although MMP-9 has been shown to cleave TGF-f in
vitro and to activate TGF-P signaling in angiogenesis
models (49), this report represents the first demonstra-
tion of a potential in vivo link between MMP-9 activa-
tion, TGF-P upregulation, and apoptosis in the liver.
MMP-9 expression is upregulated in monocytic cells by
fibronectin signaling, and MMP-9 activation rapidly
proceeds through membrane contact (51). Gelatinases
(MMP-2 and MMP-9) may be expressed in stellate and
Kupfter cells in the liver and potentially in endothelial

cells (52). In our study, MMP-9 rapidly appeared in non-
parenchymal cells, followed by the appearance of active
TGF-B, presumably within stellate cells. Although TGF-3
has long been known as a hepatic apoptogen, its rapid
induction after Fas ligation has not been reported previ-
ously, perhaps because IGFBP-1 expression normally
prevents the appearance of TGF-f. TGF-3 causes apop-
tosis in hepatocytes through similar pathways to those
activated by Fas ligation, that is, through generation of
active caspase-8, cytochrome c release by mitochondria,
and activation of various execution caspases, including
caspase-3 and caspase-7 (53). These findings are consis-
tent with the changes observed in IGFBP-1-deficient liv-
ers subjected to Fas ligation.

We have clearly demonstrated the role of IGFBP-1 as
a hepatic survival factor in a model of fulminant hepat-
ic apoptosis induced by Fas ligation, a model that is
commonly compared with acute viral hepatitis. We
have also shown that IGFBP-1-deficient mice are more
sensitive than the wild-type to acute liver injury caused
by a hepatic toxin. These findings may have implica-
tions for therapeutic intervention in the treatment of
acute viral hepatitis and liver failure.
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