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Tumor necrosis factor-� (TNF-�) contributes to liver
injury by inducing hepatocyte apoptosis. Recent evi-
dence suggests that cathepsin B (cat B) contributes to
TNF-�-induced apoptosis in vitro. The aim of the
present study was to determine whether cat B con-
tributes to TNF-�-induced hepatocyte apoptosis and
liver injury in vivo. Cat B knockout (catB�/�) and
wild-type (catB�/�) mice were first infected with the
adenovirus Ad5I�B expressing the I�B superrepres-
sor to inhibit nuclear factor-�B-induced survival
signals and then treated with murine recombinant
TNF-�. Massive hepatocyte apoptosis with mito-
chondrial release of cytochrome c and activation of
caspases 9 and 3 was detected in catB�/� mice 2
hours after the injection of TNF-�. In contrast, sig-
nificantly less hepatocyte apoptosis and no detectable
release of cytochrome c or caspase activation oc-
curred in the livers of catB�/� mice. By 4 hours after
TNF-� injection, only 20% of the catB�/� mice were
alive as compared to 85% of catB�/� mice. Pharma-
cological inhibition of cat B in catB�/� mice with
L-3-trans-(propylcarbamoyl)oxirane-2-carbonyl-L-
isoleucyl-L-proline (CA-074 Me) also reduced TNF-�-
induced liver damage. The present data demon-
strate that a cat B-mitochondrial apoptotic pathway
plays a pivotal role in TNF-�-induced hepatocyte
apoptosis and liver injury. (Am J Pathol 2001,
159:2045–2054)

Tumor necrosis factor-� (TNF-�) is an inflammatory cyto-
kine that activates a wide array of cellular signaling path-
ways including mitogenic responses and cell death by
apoptosis.1 In a wide variety of inflammatory liver dis-
eases, TNF-� has been implicated as a key cytotoxin.2

Indeed, TNF-�-mediated hepatocyte injury has been im-
plicated in alcoholic hepatitis, nonalcoholic hepatitis,

ischemia/reperfusion injury, viral hepatitis, and fulminant
hepatic failure of several etiologies.3–6 Thus, the cell
signaling pathways by which TNF-� induces hepatocyte
injury is of fundamental scientific and clinical interest.
Information on signaling of apoptosis by this cytokine has
the potential to lead to therapeutic strategies for the
treatment of inflammatory human liver diseases.

Cytotoxic responses by TNF-� are elicited after ligand
binding to the TNF-receptor 1 (TNF-R1).1 Cell signaling
by this receptor is extremely complex and includes acti-
vation of a caspase 8-mediated apoptosis pathway and a
nuclear factor-�B (NF-�B)-dependent survival pathway.7

The predominant response to TNF-�, cell survival or cell
death, depends on the cell context. In regard to cell
context and the liver, several pathophysiological condi-
tions have now been identified that predispose the hepa-
tocyte to cell death.8,9 In hepatocytes, the proximal cy-
totoxic response after TNF-R1 oligomerization by TNF-�
involves caspase 8 activation.10 Activated caspase 8
initiates a complex sequence of signaling events result-
ing in mitochondrial dysfunction,11 ceramide genera-
tion,12 and activation of downstream caspases.13,14 The
mitochondrial dysfunction allows cytochrome c, a mito-
chondrial protein involved in electron transfer and lo-
cated in the intermembrane space, to be released into
the cytosol. Cytosolic cytochrome c binds to the apopto-
sis activating factor-1 (Apaf-1), forming a protein com-
plex that recruits procaspase 9, resulting in its activa-
tion.11 Caspase 9 activates caspase 3, initiating a
caspase cascade that leads to cell death.13,14 Recently,
a cytotoxic pathway involving acidic vesicles has also
been identified in TNF-�-mediated cell death.15 We have
recently extended these findings by demonstrating that in
cell culture systems, caspase 8 activation is associated
with the release of cat B, a cysteine protease, from acidic
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vesicles into the cytosol.16 In the presence of cytosol, cat
B was found to induce mitochondrial release of cyto-
chrome c and activation of caspase 9 and 3. The impor-
tance of this pathway in TNF-�-mediated apoptosis in
vitro was shown by demonstrating that hepatocytes iso-
lated from cat B knock out mice (catB�/�) mice are
resistant to TNF-�-induced apoptosis.16 More recently,
Foghsgaard and colleagues17 also have demonstrated a
dominant role for cat B in TNF-�-mediated apoptosis.
Indeed, in a murine tumor cell line, caspase inhibition
actually accentuated TNF-�-induced apoptosis by a cat
B pathway. Thus, interruption of this signaling pathway is
a potential new pharmacological target for inhibiting TNF-
�-mediated liver injury.

Based on these observations, we sought to verify in the
present study whether catB�/� mice are more resistant to
TNF-�-mediated hepatocyte apoptosis and liver injury in
vivo. We used a model of liver injury using intravenous
injection of TNF-� combined with infection with a recom-
binant adenovirus construct expressing an I�B superre-
pressor (Ad5I�B).18 The I�B superrepressor inhibits ac-
tivation of NF-�B-dependent survival pathway unmasking
the cytotoxicity of TNF-�.19

Materials and Methods

Animal Model and Experimental Paradigm

CatB�/� mice were generated as previously reported.20

Littermate wild-type mice (CatB�/�) were used as con-
trols. Animals were cared for using protocols reviewed
and approved by the Institutional Animal Care and Use
Committee at the Mayo Clinic. The recombinant replica-
tion-deficient adenovirus Ad5I�B expressing the I�B su-
perrepressor and the adenovirus Ad5�E1, an empty virus
used for control experiments, were generous gifts of Dr.
David Brenner (University of North Carolina, Chapel Hill,
NC). The viruses were grown and purified by banding
twice in CsCl gradients as previously described.21 The
Ad5I�B superrepressor, the Ad5�E1 (both 3.2 � 109

pfu/ml in 0.22 ml of sterile saline), or sterile saline (0.22
ml), was injected into the mice via the tail vein. The
Ad5I�B concentration used was chosen after preliminary
experiments demonstrated its low toxicity and its effec-
tiveness in sensitizing the mice to TNF-�-induced liver
injury (data not shown). Twenty-four hours after the viral
injection, mice were injected intravenously with murine
recombinant TNF-� in pyrogen-free saline (0.5 �g/
mouse). To obtain pharmacological inhibition of cat B,
wild-type mice were given an intraperitoneal injection of
0.9 ml of saline containing L-3-trans-(propylcarbamoy-
l)oxirane-2-carbonyl-L-isoleucyl-L-proline (CA-074 Me) (4
mg/100g) or 0.9 ml of saline only (controls), 30 minutes
before the injection of TNF-�. Mice were killed by exsan-
guination under deep anesthesia 2 and 4 hours after the
injection of TNF-�. The peritoneal cavity was opened,
blood samples were taken from the intrahepatic vena
cava, followed by immediate cannulation of the suprahe-
patic vena cava with a 20-gauge catheter. After the cath-
eter was secured with 5-0 silk ligatures, the portal vein

was cut. Using phosphate-buffered saline (PBS; 137
mmol/L NaCl, 2.7 mmol/L KCl, 8 mmol/L Na2HPO4�7H2O,
1.5 mmol/L/L KH2PO4, pH 7.4), blood was flushed out of
the liver via the suprahepatic vena cava catheter. The
liver was cut into small pieces and either snap-frozen in
liquid nitrogen and stored at �80°C, or fixed in freshly
prepared 4% paraformaldehyde in PBS for 24 hours at
4°C for histological/immunohistochemical analysis and
for the terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labeling (TUNEL) as-
say. Fresh samples were also used for preparation of
whole-cell lysates and subcellular fractions for immuno-
blot analysis.

Histological Analysis

The tissue blocks were embedded in Tissue Path (Curtin
Matheson Scientific Inc., Houston, TX). Tissue sections (4
�m) were prepared using a microtome (Reichert Scien-
tific Instruments, Buffalo, NY) and placed on glass slides.
The sections were deparaffinized in xylene, rehydrated
with ethanol series and water, and washed in PBS. He-
matoxylin and eosin staining was performed on the sec-
tions using standard techniques.

Immunohistochemistry

Immunoreactivity for NF-�B and active caspase 3/7 was
evaluated as previously described by us.22,23 Briefly, the
sections first were incubated for 20 minutes in 3% H2O2

in methanol to block the endogenous peroxidase activity,
and then treated with 0.2% horse serum (for NF-�B) or
goat serum (for caspase 3/7) in PBA buffer (0.3% Triton
X-100, 0.5% bovine serum albumin, in PBS, pH 7.4) for 20
minutes at room temperature, to block nonspecific bind-
ing and permeabilize the tissue. The blocking of nonspe-
cific biotin binding was then performed using a commer-
cially available blocking kit (Vector Laboratories,
Burlingame, CA) following the manufacturer’s instruc-
tions. The tissue sections were incubated with a mouse
monoclonal antibody recognizing the p65 subunit of
NF-�B (F-6; Santa Cruz Biotechnology Inc., Santa Cruz,
CA) or with CM1 rabbit polyclonal antibody recognizing a
common neoepitope shared by activated caspase 3 and
caspase 7 (a kind gift of Dr. Anu Srinivasan, IDUN
Pharm., La Jolla, CA)24 at a concentration of 4 �g/ml and
5.5 �g/ml, respectively (dilution 1:50 and 1:100, respec-
tively), in PBS with 0.5% bovine serum albumin for 1 hour
at room temperature. The immunoreactivity for NF-�B or
active caspase 3/7 was visualized with the Vectastain
peroxidase kit (Vector Laboratories) using diluted biotin-
ylated horse anti-mouse IgG (for NF-�B) or goat anti-
rabbit IgG (for caspase 3/7), and developed with 3,3�-
diaminobenzidine tetrachloride for 3 to 5 minutes at room
temperature. Immunostained sections were counter-
stained with eosin for 15 minutes and evaluated by light
microscopy.
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TUNEL Assay

The sections were incubated with 20 �g/ml proteinase K
in 10 mmol/L of Tris/HCl buffer, pH 7.4, containing 5
mmol/L of ethylenediaminetetraacetic acid, for 30 min-
utes at 37°C, and washed twice in distilled water. In situ
labeling of apoptosis-induced DNA strand breaks
(TUNEL assay) was performed using a commercially
available kit (In Situ Cell Death Detection kit; Boehringer
Mannheim, Indianapolis, IN). The number of TUNEL-pos-
itive cells (ie, fluorescent nuclei) were counted in 36
random microscopic high-power fields using an inverted
laser scanning confocal microscope (Zeiss LSM 510,
Carl Zeiss Inc, Thornwood, NJ).

Preparation of Subcellular Fractions

Cytosolic extracts (S-100) were prepared from mouse
liver using the approach described by Yang and col-
leagues25 and slightly modified by us. Briefly, freshly
isolated liver samples were placed on ice in 5 vol of buffer
A (250 mmol/L sucrose, 20 mmol/L HEPES-KOH, pH 7.5,
10 mmol/L KCl, 1.5 mmol/L MgCl2, 1 mmol/L ethylenedia-
minetetraacetic acid, 1 mmol/L EGTA, 1 mmol/L dithio-
threitol, and 0.1 mmol/L phenylmethyl sulfonyl fluoride),
subjected to 20 strokes of homogenization in a Dounce
homogenizer with a loose-fitting pestle, and intact cells,
nuclei, and debris were pelleted by two consecutive cen-
trifugations at 750 � g for 10 minutes at 4°C. The super-
natants were then centrifuged at 10,000 � g for 15 min-
utes at 4°C and the resulting pellets (mitochondria)
resuspended in 200 �l of buffer A and stored at �80°C.
Supernatants were further centrifuged at 100,000 � g for
1 hour at 4°C, and the final supernatants (designated
S-100) were divided into aliquots and stored at �80°C.
Protein concentration was measured using the Bradford
assay (Bio-Rad Laboratories, Hercules, CA).

Preparation of Whole-Cell Lysates

Liver protein extracts from whole-cell lysates were pre-
pared as follows: fresh liver samples of �500 mg were
lysed in 1 ml of RIPA buffer (10 mmol/L HEPES-KOH, pH
7.5, 150 mmol/L NaCl, 1% Nonidet P-40, 10% glycerol, 10
�g/ml leupeptin, 10 �g/ml pepstatin, 1 �g/ml aprotinin,
0.1 mmol/L phenylmethyl sulfonyl fluoride) and homoge-
nized on ice using a glass Dounce homogenizer with tight
pestle. The homogenates were then subjected to three
freeze-thaw cycles, each one consisting of a 4-minute
incubation on ethanol/dry ice and a 4-minute incubation
at 37°C, with a 15 second-vortex between each cycle,
and centrifuged at 15,000 � g for 15 minutes at 4°C. The
supernatants were saved and stored in aliquots at
�20°C.

Immunoblot Analysis

Aliquots of S-100 cytosolic extracts containing 60 �g of
protein were subjected to 15% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes. After nonspecific binding was
blocked by incubation with 5% (w/v) skim milk in T-TBS
(20 mmol/L Tris, pH 7.0, 0.15 mol/L NaCl, 0.05% Tween
20) for 1 hour at room temperature, membranes were
probed overnight at 4°C with the following primary anti-
bodies: mouse anti-cytochrome c (PharMingen, San Di-
ego, CA), dilution 1:1000; rabbit antiserum recognizing a
neoepitope at the carboxyl terminus of the large subunit
of the active caspase 9 (a kind gift from Dr. Scott Kauf-
mann, Mayo Clinic, Rochester, MN),26 dilution 1:100;
CM1 rabbit anti-active caspase 3, dilution 1:5000; goat
anti-actin (Santa Cruz Biotechnology Inc., Santa Cruz,
CA), dilution 1:2500. Membranes were then incubated
with the appropriate horseradish peroxidase-conjugated
secondary antibodies diluted 1:4000 in 3% skim milk in
T-TBS for 1 hour at room temperature. Blots were devel-
oped by the enhanced chemiluminescence system (Am-
ersham, Arlington Heights, IL), following the manufactur-
er’s instructions.

For the analysis of the expression of TNF-R1, aliquots
of whole-cell lysates containing 60 �g of protein were
subjected to 10% sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis and probed with a mouse anti-
TNF-R1 (H-5; Santa Cruz Biotechnology Inc.), dilution
1:1000, using the procedure described above.

Determination of Serum Alanine
Aminotransferase Activity

Serum alanine aminotransferase (ALT) level was mea-
sured using a commercially available assay kit, following
the manufacturer’s instructions (Sigma Chemical Co., St.
Louis, MO).

Statistical Analysis

All data are expressed as the mean � SEM from at least
three separate experiments. Differences between groups
were compared using an analysis of variance for re-
peated measures and a post hoc Bonferroni test for
multiple comparisons. Statistical analysis was performed
using Instat Software (Graph-PAD, San Diego, CA).

Reagents

Peroxidase-conjugated goat anti-rabbit IgG, goat anti-
mouse IgG, and swine anti-goat IgG were from Biosource
International (Camarillo, CA). Proteinase K was from
Boehringer Mannheim. CA-074 Me was from Peptide In-
stitute Inc. (Osaka, Japan). Mouse recombinant TNF-�,
phenylmethyl sulfonyl fluoride, aprotinin, pepstatin, leu-
peptin, and all other chemicals were from Sigma Chem-
ical Co.

Cathepsin B and Apoptosis 2047
AJP December 2001, Vol. 159, No. 6



Results

Is TNF-�-Induced Hepatocyte Apoptosis
Reduced in CatB�/� Mice?
Mice were sensitized to TNF-�-toxicity by inhibiting
NF-�B activation and translocation to the nucleus via
infection with the Ad5I�B adenovirus construct express-
ing the I�B superrepressor.19 In mice receiving the con-
trol vector Ad5�E1 or saline, TNF-� treatment caused
translocation of NF-�B to the nucleus (Figure 1). In con-
trast, in mice infected with the Ad5I�B, NF-�B remained
cytosolic in its localization after TNF-� treatment. These

data confirmed that NF-�B is effectively inhibited by the
Ad5I�B expression system in mice.

Hepatocyte apoptosis was next quantitated using the
TUNEL assay. Liver specimens from Ad5I�B-infected
mice collected 2 hours after injection of TNF-� showed
massive hepatocyte apoptosis in catB�/� mice, whereas
significantly less apoptosis occurred in catB�/� livers
(80.1 � 3 versus 33.2 � 21 TUNEL-positive cells/high-
power field, P � 0.05; Figure 2, A and B). In control liver
specimens from mice treated with TNF-� after injection
with saline or from catB�/� mice infected with Ad5�E1,
none or rare TUNEL-positive cells were observed. How-

Figure 1. Infection with the adenovirus Ad5I�B effectively prevents NF-�B translocation to the nucleus in mouse hepatocytes. Wild-type and catB�/� mice were
injected via tail vein with the adenovirus Ad5I�B encoding for an I�B superrepressor. In control experiments, mice were injected with the empty adenovirus
Ad5�E1 or with sterile saline. Twenty-four hours later, each mouse received a dose of 0.5 �g of murine recombinant TNF-� intravenously. Mice were killed after
2 hours of treatment with TNF-�, and immunohistochemistry for NF-�B was performed on paraffin-embedded tissue. Hepatocyte nuclei from control animals
showed strongly positive staining for NF-�B (black arrowheads). Inhibition of NF-�B translocation from the cytosol to the nucleus was confirmed by the lack
of immunohistochemical staining for NF-�B in the nuclei of both catB�/� and catB�/� in mice infected with Ad5I�B (white arrowheads).
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ever, apoptosis was increased in catB�/� livers infected
with Ad5�E1, possibly because of the partial inhibition of
NF-�B observed using this viral construct (Figure 1 and
Figure 2B). Thus, TNF-�-mediated hepatocyte apoptosis
is attenuated in catB�/� mice compared to catB�/� mice.

To exclude the possibility that the increased resistance
to TNF-�-mediated apoptosis observed in the catB�/�

livers is because of reduced expression of TNF-R1, we
performed immunoblot analysis for TNF-R1 on whole-cell
lysates from livers of catB�/� and catB�/�. The protein
level of TNF-R1 after 2 to 4 hours of treatment with TNF-�
was actually increased in catB�/� as compared to
catB�/�, demonstrating that TNF-R1 expression is not
impaired in catB�/� mice (Figure 2C). Thus catB�/� mice

increased resistance to TNF-�-mediated hepatocyte ap-
optosis is independent on the expression of TNF-R1.

Does Cat B Deficiency Prevent Activation of the
TNF-�-Triggered Mitochondrial Pathway of
Apoptosis?

The TNF-�-induced pathway of apoptosis in hepatocytes
in vitro is mediated by mitochondrial dysfunction.11,16 To
address the question as to whether the same pathway is
also activated in vivo by a cat B-dependent mechanism,
we next examined if a change in the intracellular distri-
bution of mitochondrial cytochrome c occurred in

Figure 2. CatB�/� mice are more resistant to TNF-�-mediated hepatocyte apoptosis. Apoptosis was measured in situ by TUNEL assay in catB�/�and catB�/�

mouse livers after a 2-hour treatment with TNF-�. TUNEL-positive cells were visualized by fluorescence microscopy using excitation and emission wavelengths
of 490 and 520 nm, respectively. Representative fluorescence photomicrographs of low-power fields of liver of catB�/� and catB�/� mice injected with Ad5I�B
are shown (A) along with quantitation of apoptotic cells per high-power field in controls (saline, Ad5�E1) and Ad5I�B-injected animals (B). Original
magnifications, �40. C: Expression of TNF-R1 in catB�/� and catB�/� mouse livers was evaluated by immunoblot. Aliquots of 60 �g of protein from whole-cell
lysates were prepared as described in Materials and Methods and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a 10% acrylamide
gel, transferred to nitrocellulose membrane, and blotted for TNF-R1. TNF-R1 was detected in both catB�/� and catB�/� mouse livers after 2 to 4 hours of treatment
with TNF-�. The blot for �-actin served as a control for protein loading.
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Ad5I�B-infected catB�/� and catB�/� liver cells after
TNF-� treatment. Immunoblot analysis of subcellular frac-
tions indicated a significant release of cytochrome c into
the cytosol in catB�/� mouse livers, peaking at 2 hours
and significantly decreasing thereafter, possibly because
of protein degradation (Figure 3A, lanes 2 and 3). To
further ascertain if cytochrome c release was associated
with activation of the mitochondrial pathway of apoptosis,
we performed immunoblot analysis for active caspases 9
and 3. Consistently, pro-caspase 9 and pro-caspase 3
were also converted into their 18-kd and the 20-kd active
subunits, respectively, indicating that caspase activation
was associated with the mitochondrial release of cyto-
chrome c (Figure 3A, lanes 2 and 3). In contrast, cyto-
chrome c and active caspase 9 and caspase 3 subunits

were virtually undetectable in the cytosol of catB�/� livers
after TNF-� treatment (Figure 3A, lanes 4 and 5), as well
as in cytosol isolated from untreated catB�/� mice (Fig-
ure 3A, lane 1). Activation of effector caspases 3 and 7 in
liver tissue was also assessed by immunohistochemistry
using an antibody that specifically recognizes a shared
epitope of active caspase 3 and 7 (Figure 3B). Liver of
mice injected with saline displayed no immunoreactivity
for active caspase 3/7 after treatment with TNF-�,
whereas a weak reaction was found in specimens from
mice injected with Ad5�E1, possibly because of a slight
toxicity of the virus itself. On the contrary, strongly posi-
tive immunoreactivity for active caspase 3/7 was de-
tected in the cytosol of hepatocytes from 2-hour-treated
catB�/� mice injected with Ad5I�B, but not in catB�/�

Figure 3. The mitochondrial pathway of apoptosis is activated in catB�/�

but not in catB�/� mice. CatB�/� and catB�/� mice were injected with the
adenovirus Ad5I�B. Twenty-four hours later, mice were treated intrave-
nously with TNF-� and sacrificed after 2 and 4 hours. A: At the indicated time
points, cytosolic fractions were prepared as described in Materials and
Methods and aliquots of 60 �g of protein were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis on a 15% acrylamide gel, trans-
ferred to nitrocellulose membrane, and sequentially blotted for cytochrome
c, active caspase 9, and active caspase 3. Cytosolic cytochrome c and active
caspase 9 and 3 were only detected in catB�/�-treated livers. Blot for �-actin
served as a control for protein loading. B: Representative immunohistochem-
istry for active caspase 3 and 7 in catB�/� and cat B�/� mice injected with
saline, Ad5�E1 (controls), or Ad5I�B, after a 2-hour treatment with TNF-�.
Strongly positive immunochemical staining reaction for active caspase 3 and
7 was detectable in the cytoplasm of hepatocytes from Ad5I�B-injected
catB�/� mice after treatment with TNF-�, but not from catB�/� mice or in
controls. The tissue sections were counterstained with eosin. Original mag-
nifications, �25.
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mice. Taken together, these data suggest that cat B is
required for triggering the mitochondrial pathway of ap-
optosis in vivo after TNF-� stimulation.

Are CatB�/� Mice Resistant to TNF-�-Induced
Liver Injury?

To verify whether cat B-mediated hepatocyte apoptosis
plays a role in the progression of TNF-�-induced liver
damage, we next examined whether catB�/� mice are
also less sensitive to TNF-�-mediated liver injury. TNF-�-
treatment resulted in extensive liver damage in catB�/�

mice as demonstrated by histological examination (Fig-
ure 4A). The liver of these animals after 2 hours of treat-

ment showed a large number of cells with eosinophilic
shrunken cytoplasm and dark-colored condensed or
fragmented nuclei indicating the occurrence of massive
hepatocyte apoptosis. By 4 hours after TNF-� adminis-
tration, extensive hemorrhagic lesions became evident in
association with alterations in liver architecture. In con-
trast, livers of catB�/� mice showed moderate liver injury
and only isolated apoptotic cells were identified after
TNF-� treatment (Figure 4A). Consistently, serum ALT
values, an index of hepatocellular damage, were also
significantly lower in catB�/� mice as compared to
catB�/� (311 � 104 versus 2818 � 461 U/L at 2 hours,
and 1842 � 823 versus 9215 � 779 at 4 hours; P � 0.01
catB�/� versus catB�/�; Figure 4B). Control mice injected
either with Ad5�E1 or saline had moderate or no signifi-
cant liver injury after TNF-� treatment, confirming that
NF-�B inhibition is required for TNF-� toxicity (Figure 4B
and data not shown). However, the most remarkable
evidence came from the animal survival monitored
throughout the 4 days after TNF-�-treatment. CatB�/�

mice showed a survival rate of 87.5% (7 of 8) at 96 hours,
whereas the vast majority of catB�/� mice died within 6
hours as a consequence of acute liver failure and only
20% (2 of 10) were still alive at 96 hours (Figure 4C).
Collectively, these data demonstrate that catB�/� mice
are more resistant to TNF-�-induced liver damage.

Can TNF-�-Induced Liver Damage Be
Prevented by Pharmacological Inhibition
of Cat B?

To determine whether pharmacological inhibition of cat B
would prove useful in reducing TNF-�-induced liver dam-
age, we pretreated the mice with CA-074 Me, a specific
inhibitor of lysosomal cysteine proteases. Thirty minutes
before the injection of TNF-�, wild-type mice received an
intraperitoneal injection of saline without (controls) or with
CA-074 Me, in a concentration proved effective in inhib-
iting liver cat B activity by 93 to 95% (4 mg/100g; data not
shown). Mice were then killed 2 and 4 hours after the
injection of TNF-�. Serum ALT levels after TNF-�-treat-
ment were significantly reduced in catB�/� mice pre-
treated with CA-074 Me compared to saline-injected con-
trols (Figure 5A). Histological examination of liver
samples confirmed the presence of extensive hygropic
degeneration and architectural distortion predominantly
in zone 1-2 in catB�/� mice. In contrast, liver architecture
was preserved and only moderate damage was ob-
served in catB�/� mice pretreated with CA-074 Me (Fig-
ure 5C). These findings suggest that pharmacological
inhibition of cat B may partially attenuate TNF-�-induced
liver damage.

Discussion

The results of our study relate to the mechanisms of
TNF-�-induced hepatocyte apoptosis and liver injury in
vivo. Our data demonstrate that deletion of the cat B gene
in mice reduces TNF-�-associated hepatocyte apopto-

Figure 4. . TNF-� induces acute liver damage in catB�/�, but not in catB�/�

mice. CatB�/� and catB�/� mice were injected with the adenovirus Ad5I�B,
treated intravenously 24 hours later with TNF-� and sacrificed after 2 and 4
hours. A: Representative microscopic photographs of the liver of catB�/�

and catB�/� mice after 2 and 4 hours of treatment with TNF-� are shown.
CatB�/� mice showed massive hepatocyte apoptosis at 2 hours and exten-
sive hemorrhagic necrosis at 4 hours. Normal liver architecture and few
apoptotic hepatocytes were observed in catB�/� mice both at 2 and 4 hours.
Arrowheads point to apoptotic cells. Higher magnification of apoptotic cells
is shown in the inset. Original magnification, �40 (H&E). B: Measurement
of serum ALT values in catB�/� and catB�/� mice injected with saline,
Ad5�E1 (controls), or Ad5I�B, and treated with TNF-�. Serum ALT values
were significantly greater in catB�/� than in catB�/� mice after 2 and 4 hours
of treatment with TNF-�. Data are expressed as mean � SEM, n 	 6, *P �
0.01 catB�/� versus catB�/� mice. C: Survival curves of catB�/� (dotted
line) and catB�/� (solid line) mice injected with Ad5I�B and treated with
TNF-� (n 	 10 catB�/� and n 	 8 catB�/�; *, P � 0.01).
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sis, by inhibiting mitochondrial release of cytochrome c
and caspase 9 and 3 activation, and TNF-� liver damage
and animal mortality. Furthermore, pharmacological inhi-
bition of cat B also partially attenuates TNF-�-induced

liver damage in wild-type mice. These data indicate that
cat B contributes to an apoptotic cascade upstream of
mitochondria in TNF-�-mediated hepatocyte apoptosis,
and plays a critical role in the progression of the TNF-�-
induced liver damage. These findings have implications
for the pharmacological therapy of liver injury by TNF-�,
namely the potential use of cat B inhibitors.

Increasing evidence implicates cat B as an apoptotic
protease in cell culture and cell-free systems. For exam-
ple, cat B contributes to bile salt-induced hepatocyte
apoptosis,27,28 and pharmacological inhibition of cat B
blocks apoptosis induced by p53 and cytotoxic agents.29

In several human and murine tumor cell lines, cat B has
been described to be a key protease in death receptor-
triggered apoptosis, along with or independent of
caspases.17 In a cell-free system, cat B has been shown
to cause chromatin condensation, a morphological fea-
ture of apoptosis.30 However, the present findings signify
for the first time a role for this protease in vivo during
apoptosis. Cat B would seem to contribute to apoptosis
by causing mitochondrial dysfunction. Indeed, cyto-
chrome c release and caspase 9 and 3 activation (key
events in the mitochondrial pathway of apoptosis) were
absent in the cat B-null animals treated with TNF-�. How
cat B contributes to mitochondrial dysfunction remains to
be elucidated, but our previous study in vitro showed that
it does require a cytosolic factor(s).16 A potential cytoso-
lic target for cat B is Bid, a proapoptotic member of the
Bcl-2 family of proteins, which is cleaved and activated
by caspase 8 during Fas- and TNF-�-mediated apoptosis
and is able to induce release of cytochrome c from the
mitochondria.31,32 Bid has also been shown to be pro-
teolytically activated by lysosomal proteases at Arg65,33

and cat B endoprotease activity does recognize basic
amino acids.34 Identifying the cytosolic target(s) for cat B in
apoptosis will provide further mechanistic insight into the
pathways by which TNF-�-mediated apoptosis occurs.

Because cat B is a lysosomal protease, our data sug-
gest that TNF-�-induced apoptosis involves lysosomes.
Indeed, a previous study has suggested that alkalization
of acidic vesicles such as lysosomes attenuates TNF-�-
induced apoptosis in vitro.15 Loss of lysosomal integrity
has also been implicated in apoptosis during oxidative
stress,35,36 �-tocopheryl-mediated apoptosis in Jurkat T
cells,37 and 6-hydroxydopamine associated death of cul-
tured microglia.38 Our current data extends these obser-
vations by implicating the existence of a lysosomal path-
way for apoptosis in vivo. This lysosomal pathway of
apoptosis warrants further attention in liver and other
tissues as a key mechanism contributing to apoptosis-
related tissue injury.

The findings in this study suggest cat B contributes to
liver injury by promoting hepatocyte apoptosis. However,
cathepsin has been shown to activate the proinflamma-
tory caspases 1 and 11,30,39 which contribute to tissue
inflammation by activating proinflammatory cytokines
such as interleukin-1.40,41 Thus, cat B gene deletion may
not only attenuate TNF-�-mediated hepatocyte apopto-
sis, but also reduce the inflammatory response elicited by
this cytokine. Further studies using additional models of
liver injury will not only provide a more complete picture

Figure 5. Pharmacological inhibition of cat B reduces TNF-�-induced liver
damage in catB�/� mice. CatB�/� mice were injected with the adenovirus
Ad5I�B. Twenty-four hours later, mice were given an intraperitoneal injection of
0.9 ml of saline with or without CA-074 Me (4 mg/100 g) 30 minutes before the
intravenous injection of TNF-� (0.5 �g), and sacrificed after 2 and 4 hours. A:
Serum ALT values after 2 and 4 hours of treatment with TNF-� were significantly
reduced in catB�/� mice pretreated with CA-074 Me (CatB�/� � CA-074 Me) as
compared to catB�/� mice pretreated with saline (CatB�/�). Measurement of
serum ALT values in catB�/� mice (CatB�/�) and untreated catB �/� mice
(control) are also shown. Data are expressed as percentage of release (max
release) obtained treating wild-type mice with TNF-� (mean � SEM). B: Rep-
resentative photomicrographs of livers of catB�/� mice pretreated with saline
(saline � TNF-�) or with CA-074 Me (CA-074 � TNF-�) and subsequently
treated with TNF-� for 2 hours are shown. CatB�/� mice pretreated with saline
showed massive hygropic degeneration and architectural distortion. Liver archi-
tecture is preserved and minimal damage is observed in catB�/� mice pretreated
with CA-074 Me. Original magnification, �40 (H&E).
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of the role of cat B in apoptosis, but also evaluate this
protease as a potential therapeutic target for reducing
inflammation-induced hepatocellular damage.

The present demonstration that TNF-�-induced liver
injury and death are diminished in catB�/� mice sug-
gests the potential importance of the cat B-mediated
pathway. CatB�/� mice develop normally and have no
overtly manifest phenotype, indicating that inhibition of
cat B itself should not be detrimental. Therefore, based
on the present findings, the development of cat B inhib-
itors for the treatment of liver injury would seem to have
merit.
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