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Effects of minocycline on Fas-mediated fulminant hepatitis in mice
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1 Minocycline has anti-inflammatory and antiapoptotic effects on cartilage, neurons and period-
ontal tissues, and both properties are central to the pharmaceutical treatment of liver diseases. We
investigated the effects of minocycline on fulminant hepatitis in C57BL/6J mice induced by lethal
challenge of the activating anti-Fas antibody, Jo2.

2 Intraperitoneal injection of Jo2 (0.6 ug g~") to mice resulted in fulminant hepatitis, as evidenced by
increase of serum alanine/aspartate transaminase activities and histopathological alterations in liver
sections, as well as animal death. Nevertheless, mice pretreated with three doses of minocycline
(5mgkg™") resisted this lethal effect significantly. Minocycline treatment improved the survival
kinetics, although to a lesser extent, when mice were challenged simultaneously with Jo2 or even
treated 30 min after the lethal challenge.

3 Jo2-induced activation of caspase-3 or -9 in liver tissues was inhibited by minocycline
pretreatment, and yet the direct addition of minocycline to liver extracts from Jo2-challenged mice
failed to block caspase activation in vitro. Moreover, minocycline efficiently suppressed the release of
cytochrome ¢ from mitochondria of the liver tissues from Jo2-challenged mice. In contrast, caspase-8
activation and Bid truncation triggered by Jo2 were not diminished by minocycline pretreatment in
mouse livers.

4 Our results suggest that easing of Fas-triggered fulminant hepatitis by minocycline may involve a
mitochondrial apoptotic pathway, probably through preventing cytochrome c¢ release and thereby

blocking downstream caspase activation.
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Introduction

Acute or fulminant liver failure (ALF or FLF), a syndrome
caused by diverse aetiologies, including viral hepatitis,
immunological insults and hepatotoxins, debilitates many
patients worldwide (Atillasoy & Berk, 1995). In their severe
forms, ALF and FLF are often devastating and life threaten-
ing. However, the current remedy for these depends mainly on
supportive treatment and liver transplantation. Further under-
standing of the molecular pathogenesis appears to be essential
for the development of effective therapies.

Fas (CD95/APO-1), a 43-kDa cell surface glycoprotein,
belongs to the tumour necrosis factor receptor superfamily,
and mediates apoptosis upon binding with its cognate ligand,
or artificially with specific agonistic antibodies (Ogasawara
et al., 1993). The Fas/Fas-ligand (Fas/FasL) system plays a
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pivotal role in diverse types of liver diseases (Galle et al., 1995;
Strand et al, 1998). When injected with the anti-Fas
monoclonal antibody Jo2, mice die within hours, mimicking
certain forms of ALF in humans (Ogasawara et al., 1993).
During Fas activation, caspase-8 is activated upon recruitment
to the death-induced signalling complex (DISC) through the
Fas-associated death domain (FADD) (Ashkenazi & Dixit,
1998; Peter & Krammer, 1998). Activated caspase-8 may either
directly proteocleave and activate the effector caspase-3, or
indirectly activate the mitochondrial apoptotic pathway
through processing the Bcl-2 family member BH3-interacting
domain death agonist (Bid) (Scaffidi et al., 1998). The Bid-
modified mitochondria, in turn, release cytochrome ¢, which
triggers apoptosome assembly in the presence of caspase-9,
apoptotic protease activating factor-1 (Apaf-1) and dATP,
thereby leading to caspase-3 activation (Li et al., 1997). Mice
deficient in Bid (Yin et al., 1999) or overexpressing a liver-
specific Bcl-2 (Lacronique et al., 1996; Rodriguez et al., 1996a)
readily resist fulminant hepatitis triggered by anti-Fas anti-
body, suggesting a central role of mitochondria-dependent
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pathways in ALF or FLF. In addition, caspases are also the
critical effectors in the Fas-mediated apoptotic processes,
as demonstrated by genetic studies using caspase knockout
mice (Woo et al., 1999) and by peptidic caspase inhibitors
(Rodriguez et al., 1996b; Bajt et al., 2000). Caspase-3 in
hepatocytes may activate additional caspase-8, thereby creat-
ing a positive amplification loop between two cascades of
caspase-8 and -9. Conceivably, blocking caspase or mitochon-
drial activation in the Fas signalling pathway might have
therapeutic potential for treating ALF.

Minocycline, a tetracycline derivative, is commonly pre-
scribed for a variety of infections, including atypical pneumo-
nia, infectious diarrhoea and acne (Klein & Cunha, 1995).
Independent of its antimicrobial activity, minocycline exerts
pleiotrophic anti-inflammatory effects on the brain (Yrjan-
heikki et al., 1998; 1999; Chen et al., 2000; Du et al., 2001;
Sanchez Mejia et al., 2001; Zhu et al., 2002), and on connective
(Sadowski & Steinmeyer, 2001) and periodontal tissues (Golub
et al., 1985). Minocycline might confer protection in models of
amyotrophic lateral sclerosis (Zhu et al., 2002), cerebral
ischaemia (Yrjanheikki er al., 1998; 1999), traumatic brain
injury (Sanchez Mejia et al., 2001), Huntington’s (Chen et al.,
2000) and Parkinson’s diseases (Du et al., 2001), as well as in
osteoarthritis (Amin et al., 1996) and rheumatoid arthritis
(Tilley et al., 1995). Plausible mechanisms for such protection
involve the inhibition of caspase-1 (Yrjanheikki ez al., 1998;
1999; Chen et al., 2000; Du et al., 2001; Sanchez Mejia et al.,
2001) and caspase-3 (Chen et al., 2000; Zhu et al., 2002) and
suppression of inducible nitric oxide synthase (iNOS) (Amin
et al., 1996; Yrjanheikki et al., 1998; Chen et al., 2000; Du
et al., 2001; Sadowski & Steinmeyer, 2001). In addition,
interference with cytochrome c¢ release from mitochondria has
recently been implicated in minocycline-mediated neuropro-
tection (Zhu et al., 2002). In this study, we investigated
whether minocycline could be beneficial for the treatment of
ALF in a mouse model. We found that minocycline is indeed
capable of easing the symptoms of fulminant hepatitis
triggered via a Fas-mediated pathway.

Methods

Animals and materials

Male C57BL/6J mice (8- to 10-week-old; National Laboratory
Animal Center, Taipei, Taiwan) were maintained for at least
1 week at 22°C before being used in all experiments. Animals
were kept under specific pathogen-free conditions in a 12h
light: dark rhythm with free access to food and water, and
received humane care in compliance with Institutional Guide-
lines. All chemicals were purchased from Sigma Chemical Co.
(St Louis, MO, U.S.A.) unless otherwise stated.

Experimental procedures

Mice were pretreated intraperitoneally (i.p.) with three doses
of 5mgkg™' of minocycline, or phosphate-buffered saline
(PBS: controls), at 24h, 12h and immediately before the i.p.
administration of an agonistic anti-Fas Jo2 antibody (Phar-
Mingen, San Diego, CA, U.S.A)) at 0.6ugg™', a dose that
could kill approximately 90% of mice tested within 20 h. After
this lethal challenge, mice were monitored for viability for 7

days. Serum activities of aspartate transaminase (AST) and
alanine transaminase (ALT) were determined using the test
kits OSR6107 and OSR6109, respectively (Olympus, Clare,
Ireland). Immediately after taking the blood samples retro-
orbitally, mice were killed by cervical dislocation. The ratios of
liver to body weight were measured, and the excised liver mass
was sectioned, fixed overnight at 4°C in 10% formalin
solution, dehydrated, paraffin-embedded, cut at 4-um thick-
ness and stained with haematoxylin and eosin for histological
examination.

In another set of experiments, mice were treated with
0.6 ugg™" of anti-Fas antibody. A total of 15 mice per group
were simultaneously or sequentially treated with single
injection of 5mgkg~' minocycline, or not treated (controls).
Animal survival was monitored for 24 h.

Caspase activities

Caspase-3 and -9 activities were measured in liver extracts after
Jo2 antibody challenge from mice pretreated with minocycline
or not. After euthanizing the animals, the freshly excised liver
was homogenized in 25 mM HEPES buffer (pH 7.3) containing
SmM EDTA, 5mMm DTT, 0.1% CHAPS plus a protease
inhibitor cocktail (Roche, Mannheim, Germany). After
centrifugation at 20,000 x g for 20 min at 4°C, the resulting
supernatant was assayed for caspase-3 and -9 activities using
specific fluorogenic substrates of 50 uM DEVD-AFC and
250 um LEHD-AMUC, respectively, according to the manufac-
turer’s instructions (BD Biosciences Clontech, Palo Alto, CA,
U.S.A)). Briefly, enzymatic activities were monitored using a
fluorescence microplate reader (Tecan, Durham, NC, U.S.A.)
at excitation wavelengths of 430 and 360nm and emission
wavelengths of 535 and 465nm for caspase-3 and -9,
respectively. The fluorescence intensity was calibrated using
standard concentrations of AFC and AMC; the caspase
activity was calculated from the slope of the recorder trace
and expressed in pmolh~'mg protein~!. Reaction mixtures
lacking fluorogenic substrates or after adding specific inhibi-
tors (DEVD-CHO for caspase-3 or LEHD-CHO for caspase-
9) were used as controls. For evaluation of the direct effect of
minocycline on caspase activity, liver extracts from anti-Fas
antibody-challenged mice were assayed with various concen-
trations of minocycline or specific inhibitors for caspase-3 and
-9 as controls. Protein concentrations in the liver extracts were
determined by spectrophotometry using a protein assay kit
from Bio-Rad Laboratories (Hercules, CA, U.S.A.).

Western blotting of cytochrome c, caspase-8 and Bid

Western blot analysis was used as previously described (Bajt
et al., 2000) with minor modifications to detect the amounts of
cytosolic cytochrome ¢, caspase-8 and Bid in liver extracts.
After Jo2 lethal challenge, liver tissues from mice pretreated
with minocycline or PBS were homogenized in 25 mM HEPES
(pH 7.3) containing SmM EDTA, SmM DTT, 0.1% CHAPS
and a cocktail of protease inhibitors (Roche). The homogenate
was first centrifuged at 1000 x g for 10min at 4°C, and the
supernatant was further centrifuged at 20,000 x g for 20 min. A
40 ug portion of the resulting supernatant, used as the cytosolic
component of liver tissues, was electrophoresed on 15%
sodium dodecyl sulphate—polyacrylamide gels. By using
primary antibodies against cytochrome ¢, Bid (PharMingen,
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San Diego, CA, U.S.A.) and caspase-8 (Santa Cruz Biotech-
nology, California, U.S.A.), Western blots were performed
with enhanced chemiluminescence reagents (Amersham Bios-
ciences, Piscataway, NJ, U.S.A.). Protein expression levels
were analysed by densitometry with normalization to f-actin
in each sample.

Statistical analyses

Data are given as mean +s.e.m. of n observations. Differences
between groups were evaluated using ANOVA or Mann—
Whitney’s nonparametric U test. The survival curve obtained
from the Kaplan—Meier procedure was analysed using a log-
rank test, and P<0.05 was considered statistically significant.

Results

Effect of minocycline on anti-Fas-induced animal death
and fulminant hepatitis

Because of previous reports concerned with the adverse
potential of minocycline to the liver (Bocker et al., 1991;
Gough et al., 1996; Malcolm et al., 1996; Lawrenson et al.,
2000), we first examined its hepatotoxicity in mice measured
from serum AST activities. As shown in Figure la, only
minocycline administered at 50mgkg~', but not at 5, 10 or
25mgkg™!, caused transient hepatic injury, consistent with a
previous observation in mice (Bocker et al, 1991). We
therefore used 5mgkg' of minocycline (one-tenth of the
hepatotoxic dose) throughout the following experiments.
Minocycline pretreatment has been extensively used to study
several degenerative diseases of the central nerve system in
mice (Yrjanheikki et al., 1998; 1999; Chen et al., 2000; Du
et al., 2001; Sanchez Mejia et al., 2001; Zhu et al., 2002). To
investigate its effects on fulminant hepatitis, the minocycline-
pretreated mice were subjected to a lethal challenge with
0.6 ug g~! of anti-Fas Jo2 antibody. Groups of 8—16 mice were
untreated or pretreated with three consecutive doses of
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Figure 1 Effect of minocycline on mouse survival compromised by
anti-Fas antibody. (a) Evaluation of minocycline hepatotoxicity.
Doses of minocycline (MC) at 5, 10, 25 or 50 mgkg™" were injected
i.p. into groups of 5-9 C57BL/6J mice and at the indicated times the
mice were killed for the determination of serum AST activities.
*P<0.05 compared with AST activity (17047 U1™") of the control
groups (PBS alone). (b) Effect of minocycline on Jo2-treated mice.
Mice were pretreated with three doses of 5mgkg™" of minocycline,
or PBS as controls, at 24 h, 12 h and immediately before a challenge
with 0.6 ugg™" of Jo2. Survival was monitored daily for 7 days.
Numbers in parentheses indicate surviving mice vs totals.

S5mgkg' of minocycline at 24 and 12h and immediately
before the administration of Jo2, and the survivors were
observed for 1 week. The results (Figure 1b) show that after
Jo2 challenge, 75% (12/16) of the minocycline-pretreated mice
survived compared with 13% (2/15) of the PBS-pretreated
controls (P<0.001). In contrast, the mice from the untreated
group began to die at Sh after Jo2 injection and 67% (10/15)
of mice were killed at 10 h; by the time at 20h after lethal
challenge, more than 85% (13/15) of mice had been killed
(Figure 1b). The hepatic protection of minocycline was further
analysed from the serum activities of liver enzymes and the
liver-to-body weight ratios, which represent the extents of
pathological enlargement in response to hepatotoxic insult.
Minocycline pretreatment significantly decreased the elevated
activities of AST and ALT (Figure 2) and the enlarged liver-to-
body weight ratios caused by Jo2 (data not shown).

Histopathological study of minocycline protection against
fulminant hepatitis provoked by anti-Fas antibody

To further characterize the hepatoprotective effects of
minocycline, macroscopic and microscopic examinations of
mouse livers were performed after the lethal Jo2 challenge.
When examined at 6h, the untreated livers grossly showed
extensive haemorrhages (Figure 3a), and minocycline pretreat-
ment appeared to effectively minimize this damage (Figure 3b).
Moreover, histological sections of liver tissues from Jo2-
challenged mice revealed a typical pattern of diffuse haemor-
rhage, pyknotic nuclei, rupture of the sinusoid lining and
deranged parenchyma (Figure 3c). In contrast, minocycline
pretreatment drastically diminished this injury and preserved
the normal hepatic architecture (Figure 3d). Thus, minocycline
pretreatment in this study protected mice against anti-Fas
antibody-induced fulminant hepatitis, thereby rescuing most
animals from death.

Therapeutic potential of minocycline
in fulminant hepatitis

Because the pretreatment described above appeared to
suppress hepatitis, we evaluated the therapeutic potential of
minocycline on ALF. During a 24-h period (Figure 4), we
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Figure 2 Effect of minocycline pretreatment on anti-Fas antibody-
induced elevation of serum AST and ALT activities. Groups of 4-8
mice were pretreated with three doses of either 5mgkg™' of
minocycline or PBS and then lethally challenged with 0.6 ugg™" of
Jo2. The resulting mice were killed for determination of their
individual AST (a) and ALT (b) activities at the indicated times.
Bars represent mean +s.e. (¥*P<0.05; **P<0.005).
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Figure 3 Histopathological study of minocycline protection against fulminant hepatitis triggered by anti-Fas antibody. Mice were

triggered to manifest fulminant hepatitis by 0.6 ugg™'

of Jo2 in conjunction with three doses of 5mgkg™'

of minocycline

pretreatment (b, d) or with PBS alone (a, c). Photographs of gross liver features were taken at 6 h postchallenge (a, b), and
micrographs of the given liver tissue sections stained with haematoxylin—eosin are shown in (c, d) ( x 400).
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Figure 4 Therapeutic effect of minocycline against anti-Fas-in-
duced fulminant hepatitis. Groups of 8-15 mice were treated
simultaneously with 0.6 ugg~' of Jo2 and 5mgkg~" of minocycline,
Jo2 and PBS, minocycline alone or PBS. One group of 15 mice was
treated with minocycline 30 min after Jo2 challenge. Survival rates
were monitored for 24 h. Numbers in parentheses indicate surviving
mice vs totals.

found that, although to a lesser extent than the results shown
in Figure 1b, a simultaneous or a 30-min postchallenge
treatment with minocycline also delayed mortality kinetics
and rescued Jo2-challenged mice from death by 33% (5/15;
P<0.001 as compared with untreated controls) and 7% (1/15;
P<0.05), respectively.

Effect of minocycline on caspase activation
in fulminant hepatitis

We observed that prior inhibition of caspase activation by i.p.
injection of the pan-caspase inhibitor z-VAD could effectively
prevent Fas-mediated ALF in mice (data not shown),

consistent with previously published results (Rodriguez et al.,
1996b). Additionally, caspase-3 and -9 were shown to be
activated in mouse livers after Jo2 challenge (Figure 5a and b).
These caspase activities increased significantly at 1-2h and
reached their plateau at 4h after Jo2 injection. When
comparing the Kinetic patterns between caspase activation
(Figure 5a and b) and serum activities of AST and ALT
(Figure 2), we observed that caspases were activated earlier
than the elevation of serum AST and ALT activities, consistent
with the results from a previous report in that apoptotic
process emerged before necrotic cell death in a Fas-induced
hepatitis model (Bajt er al., 2000). We next investigated
whether minocycline pretreatment could influence the activa-
tion of caspase-3 or -9 in fulminant hepatitis elicited by Jo2. As
compared with PBS-treated controls shown in Figure 5c and d,
we found that minocycline could inhibit Jo2-activated caspase-
3 and -9 activities. We further tested whether minocycline had
a direct inhibitory effect on the indicated caspases. Liver
extracts were prepared from the mice lethally challenged by
Jo2. As shown in Figure 6, Jo2 could trigger the activation of
caspase-3 and -9, and the addition of minocycline, even at the
final concentrations up to 500 uM, failed to attenuate the
caspase-3 and -9 activities in vitro; as controls, both of the
caspase activities were readily abolished by their specific
inhibitors. These results indicate that minocycline suppresses
Fas-mediated caspase activation through an indirect inhibitory
mechanism that only acts adequately in vivo.

Effect of minocycline on cytochrome c release, caspase-8
activation and Bid truncation after anti-Fas antibody
administration

Cytoplasmic cytochrome ¢ is a potent stimulus for sequential
activation of caspase-9 and -3 leading to apoptosis (Green &
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Figure 5 Effect of minocycline on anti-Fas antibody-induced ] 1
elevation of caspase-3 and -9 activities in vivo. (a) Time-course AntiFas = & e e
study of hepatic caspase activities after anti-Fas antibody injection. Minocycline = - + +

Activities of hepatic caspase-3 and -9 were measured at the indicated
times after lethal Jo2 (0.6 ug g~") challenge, and as a control caspase
activities were also determined before the Jo2 injection (z=0). Data
represent mean+s.e. of four animals per group. Significantly
different from controls: *P<0.05; **P<0.005; ***P<0.001. (b)
Effect of minocycline pretreatment on hepatic caspase-3 and -9
activities in Jo2-challenged mice. Groups of 8-10 mice were
pretreated with three doses of either Smgkg" of minocycline or
PBS (controls) and then lethally challenged by Jo2. At 4h after the
Jo2 injection, the mice were killed and their livers were removed for
the preparation of protein extracts to measure caspase activities by
fluorometry using synthetic substrates DEVD-AFC (for caspase-3)
and LEHD-AMC (for caspase-9). (Bars represent means.e.;
*P<0.005; **P<0.001.)
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Figure 6 Effects of minocycline on Fas-activated caspases in
mouse liver extracts. Mice were lethally challenged with 0.6 ug g™
of Jo2, and 4 h after treatment their livers were removed for protein
extraction. As described previously (Okamoto et al., 2003) with
slight modification, 100 ug of each extract, without or with either the
indicated concentrations of minocycline or a specific caspase
inhibitor, was used to measure the activities of caspase-3 or -9 by
fluorometry. Data of all groups were obtained from four indepen-
dent experiments. (Bars represent mean +s.e.; Normal, nontreated;
Inhibitor, DEVD-CHO for caspase-3 or LEHD-CHO for caspase-9;
*P<0.001 vs Fas control.)

Reed, 1998). We observed that lethal Jo2 injection to the mice
could readily trigger cytochrome c¢ release from hepatic
mitochondria, as the amounts of cytosolic cytochrome c
peaked approximately at 1-1.5h after challenge (Figure 7a).

Figure 7 Effect of minocycline on cytochrome c¢ release in anti-Fas-
induced hepatitis. (a) Time-course study of Jo2-induced cytochrome
¢ release in mouse livers after lethal Jo2 challenge. The livers from
mice lethally challenged by Jo2 were removed at the indicated times
for Western determination of cytosolic cytochrome ¢ content. Each
lane represents a protein sample derived from an individual mouse,
and the representative data are shown from two independent
experiments. (b) Effect of minocycline on hepatic cytochrome ¢
release in Jo2-treated mice. Groups of 6-9 mice were pretreated with
three doses of either Smgkg™" of minocycline or with PBS (control)
and then lethally challenged with 0.6ugg™" of Jo2. At 1-h
postchallenge, the cytosolic fraction prepared from the indicated
liver tissues was evaluated for cytochrome ¢ release using Western
blot analysis plus densitometric quantification (bars represent
mean+s.e.; *P<0.05; **P<0.005). Each lane represents a sample
from a single mouse, and the representative data are shown from
three independent experiments.

Since minocycline did not inhibit directly caspase-9 and -3
(Figure 6), we examined its effect on cytochrome c¢ release in
the liver extracts of Jo2-challenged mice. Our results shown in
Figure 7b reveal that, as compared with the untreated group,
minocycline significantly inhibited the release of cytochrome ¢
in Jo2-challenged mice. Caspase-8 could directly activate
effector caspase-3 without mitochondrion participation (Scaf-
fidi et al., 1998), or alternatively caspase-8 could trigger
caspase-9 through cleavage and insertion of Bid to mitochon-
dria (Scaffidi et al., 1999). To investigate the effect of
minocycline on caspase-8 activation, Western blot of hepatic
caspase-8 was performed during 0—4h after Jo2 challenge.
As shown in Figure 8, Jo2 appeared to trigger hepatic caspase-
8 activation at 1h after injection, whereas minocycline
pretreatment failed to influence this alteration. In addition,
Bid and its truncated form have been used as indicators of
caspase-8 activity after anti-Fas antibody challenge (Li et al.,
1998; Luo et al., 1998). By the same approach, we found that,
similar to the untreated group (Figure 8), Bid from minocy-
cline-pretreated mice still underwent proteocleavage within
2-4h after Jo2 challenge, indicating that minocycline
treatment did not alter caspase-8-mediated Bid truncation.
These observations suggest that hepatoprotection by minocy-
cline against Fas-mediated fulminant hepatitis involves mito-
chondrial pathways, probably by blocking cytochrome ¢
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Figure 8 Effects of minocycline on hepatic caspase-8 or Bid
activation in anti-Fas-induced fulminant hepatitis. Mice pretreated
with three doses of either 5mgkg~" of minocycline or PBS were
lethally challenged with 0.6 ugg™' of Jo2. At the indicated times,
the mice were killed to remove their livers for the preparation of
Western blotting. The cytosolic fractions were used to detect the
active form of caspase-8 (casp-8), full length of Bid and its truncated
form (tBid). Each lane represents a sample from a single mouse,
and the representative data are shown from three independent
experiments.

release and by this means abolishes downstream caspase
activation.

Discussion

We explored the potential of minocycline to treat experimental
ALF induced by an anti-Fas antibody, Jo2, in a mouse model.
Minocycline pretreatment appeared to alleviate ongoing
disease symptoms (Figures 2 and 3) and to rescue mice from
lethal Jo2 challenge (Figure 1). The Fas system plays a major
role in the pathogenesis of many liver diseases, such as viral
hepatitis, alcoholic hepatitis and Wilson’s disease (Galle et al.,
1995; Strand et al., 1998). It has recently been demonstrated
that, using antisense (Zhang et al., 2000) or RNA-interference
(Song et al., 2003) techniques, the specific inhibition of Fas
expression protects mice from lethal Jo2 challenge, consistent
with a previous result (Ogasawara et al., 1993) in that the Fas-
deficient mice were generally resistant to Jo2-induced ALF.
In addition, targeting caspase-8 by small interfering RNA
(Zender et al., 2003) or a specific inhibitor IETD-CHO (Bajt
et al., 2000), or by overexpression of the FADD dominant-
negative mutant in liver (Seino et al., 2001), prevents Fas-
triggered ALF in mice. These observations establish an
indispensable role of the death receptor-mediated apoptotic
pathway in ALF using this mouse model. On the other hand,
overexpression of Bcl-2 in the mouse liver (Lacronique et al.,
1996; Rodriguez et al., 1996a), suppression of Bid by antisense
oligonucleotides (Zhang et al., 2003) and genetic deficiency of
bid (Yin et al., 1999) can all protect mice from Jo2-induced
ALF. In this study, we showed that Jo2 challenge not only
triggered cytochrome ¢ release (Figure 7a) but also activated
caspase-9 (Figure 5b) in mouse liver. Together, these results
clearly indicate that Fas-mediated fulminant hepatitis also
involves the mitochondria-dependent pathway. Signalling
blockage of the Fas-mediated death pathway may thus have
a therapeutic potential for the treatment of ALF.
Minocycline has been shown to suppress caspase activation
in several neural diseases using mouse models, including
caspase-1 in brain ischaemia (Yrjanheikki et al., 1998; 1999),

Parkinson’s disease (Du et al., 2001) and traumatic brain
injury (Sanchez Mejia et al., 2001), caspase-3 in amyotrophic
lateral sclerosis (Zhu et al., 2002), as well as caspase-1 and -3
in Huntington’s disease (Chen et al., 2000). In this study, we
also demonstrated that minocycline inhibited the activation of
caspase-3 and -9 in mouse fulminant hepatitis triggered by Jo2
challenge (Figure 5). However, in our system, minocycline did
not appear to block directly caspase activities in vitro
(Figure 6), similar to a previous observation in that activities
of caspase-1 and -3 were not suppressed by direct addition of
minocycline to protein extracts of HeLa cells (Chen et al.,
2000). In fact, it has been shown in the mice challenged by Jo2
that only through i.p. injection into animals, but not by direct
addition to the liver extracts, osthole (Okamoto et al., 2003),
aminoguanidine (Okamoto & Okabe, 2000) or glycyrrhizin
(Okamoto, 2000) inhibits caspase-3 activation thereby alleviat-
ing the symptoms of hepatitis. These observations suggest that
minocycline along with other drugs mentioned above should
target the component(s) upstream of caspases in the liver, thus
blocking Fas-mediated hepatitis.

Cytochrome ¢ and/or other apoptotic factors released from
mitochondria play a central role in the activation of caspase-9
and the downstream effector caspase-3 (Green & Reed, 1998).
The release of cytochrome c¢ triggered by calcium or Bid from
purified liver mitochondria is inhibited by minocycline (Zhu
et al., 2002). The results shown in Figure 7b demonstrate that
the release of cytochrome ¢ from hepatic mitochondria
triggered by Jo2 challenge could also be effectively suppressed
by minocycline pretreatment. Yet, such a minocycline pre-
treatment failed to interfere with the caspase-8 activation and
its downstream Bid truncation in response to Jo2 challenge
from the same liver extracts (Figure 8). These results thus
suggest that mitochondria may serve as one of the major
pharmaceutical targets for minocycline to relieve disease
symptoms resulting from Fas-mediated hepatitis. Indeed,
through the interference with mitochondrial permeability
transition (MPT), genipin, a metabolite of herbal Inchin-ko-
to (Yamamoto et al., 2000), and cyclosporin A, an MPT
inhibitor (Okamoto et al., 1999; Feldmann et al., 2000), have
been shown to alleviate acute liver injury and subsequent
lethality in Jo2-challenged mice (Yamamoto et al., 2000).
Moreover, the superoxide dismutase mimic MnTBAP has been
shown to abrogate Jo2-induced hepatic mitochondrial altera-
tions, thereby nullifying subsequent ALF in mice (Malassagne
et al., 2001). This indicates that disturbed intracellular
oxidative homeostasis is involved in Fas-mediated fulminant
hepatitis. Conceivably, the antioxidative capability of minocy-
cline (Miyachi et al., 1986; Lin et al., 2003) may also cooperate
in the mouse liver by preserving mitochondrial function
sufficiently to cope with an anti-Fas antibody attack. Jo2-
induced hepatic damage can be markedly reduced using a
specific iNOS inhibitor (Okamoto & Okabe, 2000) or iNOS-
knockout mice (Chang et al., 2003), implicating a role of iNOS
in Fas-mediated hepatotoxicity. Because neuroprotection by
minocycline has been in part attributed to its inhibitory effect
on iNOS (Yrjanheikki et al., 1998; Chen et al., 2000; Du et al.,
2001), we speculate that minocycline may suppress the
hepatotoxicity of Jo2 by blocking hepatic iNOS activity.

Overall, our results demonstrate that, in addition to its
well-studied role in neuroprotection, minocycline is also
hepatoprotective against anti-Fas-induced ALF in mice,
probably through interference with the signalling of the

British Journal of Pharmacology vol 144 (2)



H.-C. Chu et a/

Minocycline prevents fulminant hepatitis 281

mitochondria-dependent death pathway. Further study on the
effects of minocycline on liver organ function as a whole is
thus justified. Minocycline, together with its derivatives, may
enable us to understand the molecular basis of ALF
pathogenesis, and thereby offer better therapies for this
devastating disease.
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