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The activated hepatic stellate cell (HSC) is central to
liver fibrosis as the major source of collagens I and III
and the tissue inhibitors of metalloproteinase-1 (TIMP-
1). During spontaneous recovery from liver fibrosis,
there is a decrease of TIMP expression, an increase in
collagenase activity, and increased apoptosis of HSC,
highlighting a potential role for TIMP-1 in HSC survival.
In this report, we use tissue culture and in vivo models
to demonstrate that TIMP-1 directly inhibits HSC apo-
ptosis. TIMP-1 demonstrated a consistent, significant,
and dose-dependent antiapoptotic effect for HSC acti-
vated in tissue culture and stimulated to undergo apo-
ptosis by serum deprivation, cycloheximide exposure,
and nerve growth factor stimulation. A nonfunctional
mutated TIMP-1 (T2G mutant) in which all other do-
mains are conserved did not inhibit apoptosis, indicat-
ing that inhibition of apoptosis was mediated through
MMP inhibition. Synthetic MMP inhibitors also inhib-
ited HSC apoptosis. Studies of experimental liver cir-
rhosis demonstrated that persistent expression of
TIMP-1 mRNA determined by PCR correlated with per-
sistence of activated HSC quantified by a« smooth muscle
actin staining, while in fibrosis, loss of activated HSC
correlated with a reduction in TIMP-1 mRNA. We con-
clude that TIMP-1 inhibits apoptosis of activated HSC
via MMP inhibition.

Liver fibrosis represents the final common pathological out-
come for the majority of chronic liver insults (e.g. alcohol,
autoimmune, or viral injury) (1). Current evidence indicates
that the central mediator of liver fibrosis is the hepatic stellate
cell (HSC)! (2). During fibrotic injury, these retinoid-rich peri-
sinusoidal cells proliferate and undergo a phenotypic transfor-
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mation to myofibroblast-like cells, a process termed activation
(3, 4). Previous work has demonstrated that in addition to
collagen-I (5), activated HSC also express tissue inhibitors of
metalloproteinases 1 and 2 (TIMP-1 and -2), leading to the
hypothesis that matrix degradation is inhibited during pro-
gressive fibrosis (6—12). This hypothesis is supported by find-
ings that overexpression of TIMP-1 enhances experimental
fibrosis (13) and that spontaneous recovery from liver fibrosis
is associated with a diminution of TIMP expression and an
increase in collagenase activity with consequent matrix degra-
dation (14). A further finding in this study was that apoptosis
was responsible for mediating HSC loss during recovery from
fibrosis (14—17). This has highlighted the control of HSC apo-
ptosis as a key process regulating fibrosis in toto. Indeed, we
have recently demonstrated that induction of HSC apoptosis
has an antifibrotic effect (18).

While previous work has emphasized the potential impor-
tance of TIMPs to fibrosis via inhibition of matrix degradation,
individual TIMPs may regulate cell division and apoptosis in-
dependently of this activity. TIMP-1 has been shown in vitro to
suppress apoptosis of Burkitt’s lymphoma cell lines (19) and
human breast epithelial cells (20). In these studies the anti-
apoptotic effect of TIMP-1 was reported to be independent of its
ability to inhibit MMP activity. Moreover, several neoplasms
demonstrate a positive correlation between TIMP-1 and
TIMP-2 expression and metastatic spread. This observation is
counterintuitive to the previously accepted hypothesis that
TIMP-1-mediated inhibition of matrix degradation would re-
tard tumor dissemination (21). TIMP-1 was originally identi-
fied as a growth factor for myeloid elements and has also been
demonstrated to promote fibroblast proliferation (22, 23).
These data suggest that TIMPs may be important regulators of
cell growth and apoptosis.

The TIMPs appear to have divergent effects on proliferation
and apoptosis in different cell types. For example, TIMP-2 acts
as a growth factor for mesenchymal cells in rat kidney devel-
opment (24), whereas it is a proapoptotic stimulus for human T
lymphocytes (25). Adenoviral overexpression of TIMP-1, -2, and
-3 has been studied in rat aorta smooth muscle cells. Within the
same cell type, the TIMPs had divergent effects; TIMP-1 over-
expression had no effect on cell proliferation, whereas TIMP-2
produced a dose-dependent reduction in proliferation. This ef-
fect was not mimicked by a synthetic matrix metalloproteinase
inhibitor. TIMP-3 overexpression induced DNA synthesis and
promoted apoptosis in myofibroblasts (26). In contrast, TIMP-2

MMPI, MMP inhibitor; TUNEL, terminal deoxynucleotidyltransferase-
mediated dUTP nick end labeling.
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overexpression in B16F10 melanoma cells protects these cells
from apoptosis but had no effect on proliferation (27). The close
correlation between the reduction of TIMP-1 expression and
apoptosis of HSC observed in vivo during recovery from liver
fibrosis highlights a possible role for TIMP-1 in regulating HSC
survival.

Recently, a mutated N-TIMP-1 (threonine 2 to glycine, or
T2G, mutant) has been developed, which has virtually no MMP
inhibitory activity compared with the wild type TIMP-1, while
its other domains are conserved. Furthermore, the secondary
structure of this mutated protein is not significantly different
from the wild type protein (28). This mutated TIMP-1 now
allows the dissection of any anti- or proapoptotic effect in
stellate cells to be examined. In particular, this facilitates
experiments to determine whether any TIMP effects on apo-
ptosis are due to MMP inhibition or via alternative and novel
mechanisms. We have therefore studied the role of TIMP-1 in
regulating the survival of HSC in primary culture and rat
models of fibrosis in vivo. We have gone on to demonstrate that
TIMP-1 is antiapoptotic for HSC, and the antiapoptotic effect of
TIMP-1 for HSC is dependent on MMP inhibition. We have also
demonstrated that persistent TIMP-1 expression in a 12-week
model of carbon tetrachloride-induced cirrhosis is associated
with persistence of HSC and decreased recovery of liver
fibrosis.

MATERIALS AND METHODS

Isolation of Human and Rat Hepatic Stellate Cells—Human HSC
were extracted from the margins of normal human liver resected for
colonic metastatic disease as previously described (29). Rat HSC were
extracted from normal rat liver by Pronase and collagenase digestion
and purified by centrifugal elutriation as described (10). Extracted HSC
were cultured on plastic until they were activated to a myofibroblastic
phenotype after 7-10 days. Human and rat HSC were used for exper-
iments after activation in primary culture or before fourth passage.
Cells were cultured in Dulbecco’s modified Eagle’s medium in the pres-
ence of 16% fetal calf serum and antibiotics.

Effect of TIMP-1 on HSC Proliferation—HSC were cultured in 24-
well tissue culture plates. These were washed with serum-free medium
for 24 h, and then the cells were exposed to TIMP-1 at a concentration
range of 1-100 ng/ml for 24 h and then pulsed with tritiated thymidine
(0.5 pCi/well) for 18 h before scintillation counting as previously de-
scribed (30).

Stimulation of HSC Apoptosis and Examination of Nuclear Morphol-
ogy by Acridine Orange—Apoptosis of HSC was induced by absolute
serum deprivation, cycloheximide treatment (15), or exposure to nerve
growth factor as previously described (31). HSC were cultured in 24-
well tissue culture plates. Rat and human HSC were exposed to pro-
apoptotic stimuli with and without recombinant TIMP-1 (Biogenesis,
Poole, UK) and other manipulations as detailed below. Following a 4-h
incubation at 37 °C, nuclear morphology was assessed by adding acri-
dine orange to each well (final concentration 1 pug/ml) and observing the
cells under blue fluorescence. The total number of apoptotic bodies was
counted, and any apoptotic bodies floating in the supernatant were
included by racking up the objective lens. The total number of cells per
field was counted, and an apoptotic index was calculated. Each condi-
tion was performed in duplicate, and three high power fields were
counted for each well. Experiments were repeated in parallel following
an 18-h incubation in serum-free conditions. To examine for autocrine
effects, HSC were incubated for 18 h with azide-free polyclonal neutral-
izing antibodies to TIMP-1 and a nonimmune IgG control (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA), and responses were assessed by
acridine orange staining and counting. Parallel experiments using the
nonfunctional T2G mutant N-TIMP-1 and wild type TIMP-1 proteins
were performed in which apoptosis was induced by cycloheximide and
assessed by the acridine orange technique.

TUNEL Staining—HSC were cultured on glass chamber slides and
then exposed to 50 uM cycloheximide for 18 h with and without TIMP-1
(100 ng/ml). Slides were then stained for DNA fragmentation charac-
teristic of apoptosis by the TUNEL reaction as previously described (14)
with the modifications recently described to reduce false positivity (32).
Each slide was then analyzed by a blinded observer who counted the
number of TUNEL-positive apoptotic figures and the TUNEL-negative
cells over 10 high power fields for each condition.

TIMP-1 Inhibits Apoptosis of Hepatic Stellate Cells

Determination of Caspase-3 Activity—To support the data from acri-
dine orange counting and TUNEL staining, experiments with recombi-
nant TIMP-1, the inactive T2G mutant N-TIMP-1, the wild type
TIMP-1 proteins, and the broad spectrum caspase inhibitor benzyloxy-
carbonyl-Val-Ala-Asp-fluoromethylketone were repeated. Apoptosis
was quantified by a colorimetric assay for caspase-3 activity (Promega)
according to the manufacturer’s instructions. To determine whether
TIMP-1 directly inhibited apoptosis of caspase-3, each recombinant
protein was incubated with recombinant caspase-3 for 1 h before adding
the caspase-3 substrate, and then caspase-3 activity was measured as
described above.

Measurement of DNA Concentration by PicoGreen Fluorescence—
Cultured HSC were harvested with a sterile cell scraper, pelleted by
centrifugation, and then resuspended in 500 ul of TE buffer (10 mmol/
Tris-HCI, 1 mmol/liter EDTA, pH 8.0) before sonication for 15 min. 100
wul of PicoGreen (Molecular Probes, Inc., Eugene, OR) at 1:200 dilution
was added to 100 ul of sample and incubated in the dark at room
temperature for 5 min. Standards were made from herring sperm DNA.
Fluorescence was measured using a Cytofluor II Microwell Fluores-
cence reader (Perceptive Biosystems, Framingham, MA) at standard
wavelengths (excitation 485 nm, emission 530 nm). Concentrations of
double-stranded DNA in the samples were calculated from the standard
curve.

Western Blotting for « Smooth Muscle Actin and Bcl-2—Western blot
analysis of rat liver tissue and HSC was undertaken using a monoclonal
anti-a smooth muscle action antibody (Sigma) and a monoclonal anti-
body to Bel-2 (Santa Cruz Biotechnology) to detect protein expression.
The extracted proteins were subjected to electrophoresis on 12% SDS-
PAGE gel after normalization for protein content. After resolution, the
protein samples were electrotransferred onto polyvinylidene difluoride.
The membrane was blocked for 1 h in 5% nonfat dry milk in TBS.
Membranes were incubated overnight at room temperature with the
primary antibody (1:500) or with nonimmune IgG (as negative control)
in TBS. Membranes were washed three times for 15 min in 0.1% Tween
TBS (TTBS) before the addition of the secondary antibody (rabbit anti-
mouse IgG horseradish peroxidase in a 1:2000 dilution) in TBS contain-
ing 0.5% nonfat dry milk for 1 h. The membranes were then washed in
TTBS twice for 10 min, followed by distilled water for 10 min. Reactive
bands were identified using ECL (Amersham Biosciences) and autora-
diography according to the manufacturer’s instructions.

Experimental Models of Progressive Fibrosis and Fibrosis Recovery—
Experimental models of reversible fibrosis and cirrhosis were estab-
lished by injecting cohorts of 12 Sprague-Dawley rats with carbon
tetrachloride twice weekly intraperitoneally for 6 and 12 weeks, respec-
tively. For each model, livers were harvested at peak fibrosis (immedi-
ately after the final injection of carbon tetrachloride) and at 5 and 15
days of spontaneous recovery (n = 4 at each time point in each model).
Harvested livers were split and fixed for hematoxylin and eosin and
Sirius Red staining, and a portion was snap frozen for biochemical and
molecular analysis. Histological analysis of each liver was undertaken,
and in addition samples of frozen liver at peak fibrosis and 15 days of
recovery were analyzed for hydroxyproline and total collagenase activ-
ity as previously described (14). The MMPs that would be expected to
show activity in this assay are the interstitial collagenases (MMP-1 and
MMP-13), gelatinase A (MMP-2), and membrane type 1 MMP (MMP-
14). Further sections were cut from each liver, deparaffinized, and
subjected to microwave antigen retrieval before being immunostained for
a smooth muscle actin exactly as previously described (14). Three normal
untreated rat livers were also harvested for use as controls in individual
experiments. The number of « smooth muscle actin positive cells was
counted by a blinded observer exactly as described previously (14).

Determination of Messenger RNA for TIMP-1 and GAPDH Using
Tagman Real Time Quantitative PCR—Total RNA was extracted from
snap frozen 6- and 12-week carbon tetrachloride-treated rat livers at
day 0 (peak fibrosis) and after 15 days of spontaneous recovery (Qia-
gen). The first strain cDNA synthesis was undertaken using random
primers and the Moloney murine leukemia virus reverse transcriptase
system (Promega). All primers and probes were designed using the
Tagman Primer Express program, and real time Tagman PCR mRNA
quantitation using the PerkinElmer Applied Biosystems 7700 Sequence
Detection System. Primers and probe sequences of rat GAPDH used
were as follows: sense, 5'-ggectacatggectccaa-3'; antisense, 5'-tctetett-
getetcagtateettge-3’; and probe, 5'-agaaaccctggaccacccagece-3'. Rat
TIMP-1 primers and probe sequences used were as follows: sense,
5'-agcctgtagetgtgeeccaa-3'; antisense, 5'-aactectegetgeggttetg-3'; probe,
5'-agaggctctccatggetggggtgta-3'.

1 pl of first strand ¢cDNA (10 ng of RNA), 0.3 uM primers, and 0.3 um
probe were used per 25-ul real time Tagman PCR. Tagman 2X Univer-
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Fic. 1. A, example of an apoptotic HSC (arrow) induced by cyclohex-
imide exposure for 4 h and identified in situ by acridine orange staining.
A normal cell lies adjacent to the apoptotic body. B, TIMP-1 signifi-
cantly reduces apoptosis of activated hepatic stellate cells induced by
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sal PCR Master Mix and 0.2 ml of optical reaction tube (PerkinElmer
Applied Biosystems) were employed. The conditions of the reaction
were as follows. Initial steps were 50 °C for 2 min and 95 °C for 10 min,
followed with a denaturing step for 15 s at 95 °C and an annealing
extension step at 60 °C for 1 min. Determination of the expression of the
housekeeping gene, GAPDH, was employed, and all reactions were
undertaken in triplicate. After detection of the threshold cycle for each
mRNA in each sample, relative concentrations were calculated and
normalized to GAPDH analyzed in parallel.

Enzyme-linked Immunosorbent Assay for Fas and Fas Ligand—Hu-
man HSC were grown to confluence and exposed to BSA with and
without TIMP-1. Cells and supernatants were harvested, and protein
extracts were assayed for Fas and Fas ligand by commercial enzyme-
linked immunosorbent assay following the manufacturer’s instructions
(Calbiochem). The quantities of Fas and Fas ligand were normalized to
cell number by DNA quantification using the PicoGreen technique.

RESULTS

TIMP-1 Inhibits Apoptosis Induced by Cycloheximide, Serum
Deprivation, and Nerve Growth Factor—We and others have
previously demonstrated that the major mechanism mediating
the reduction in HSC numbers during spontaneous recovery
from liver fibrosis is apoptosis (14-17). Because our previous
data suggested a possible correlation between TIMP-1 expres-
sion and survival of the activated HSC population, we went on
to study the potential antiapoptotic effect of TIMP-1 in tissue
culture. Assessment of nuclear morphology following acridine
orange staining (Fig. 1A) showed that 4-h incubation with
TIMP-1 significantly reduced apoptosis of human and rat HSC
induced by cycloheximide in a dose-dependent manner at a
concentration range of 1-200 ng/ml (Fig. 1B). An identical
effect with TIMP-1 was observed after a 24-h incubation in
serum-free conditions (data not shown). Bovine serum albu-
min, used as a carrier for the TIMP-1 had no antiapoptotic
effect.

Furthermore, parallel experiments with human hepatic stel-
late cells treated with cycloheximide for 4 h or serum depriva-
tion for 18 h demonstrated identical antiapoptotic effects for
TIMP-1 (data not shown; n = 4).

TIMP-1-treated HSC Have Reduced Caspase-3 Activity fol-
lowing Induction of Apoptosis by Cycloheximide—Caspase-3 is
a central caspase in the proapoptotic cascade (33) and can be
used as an alternative assay to assess apoptosis. HSC cultured
in 50 puM cycloheximide with TIMP-1 (1-100 ng/ml) demon-
strated a dose-dependent reduction in caspase-3 activity com-
pared with cycloheximide alone (Fig. 1C). Although the mean
caspase-3 activity of the cells treated with 10 ng/ml TIMP-1
was slightly lower than that treated with 100 ng/ml of TIMP-1,

4-h cycloheximide exposure in a dose-dependent manner over the con-
centration range 1-200 ng/ml (0.035-7 nm). Apoptosis was determined
by acridine orange staining and counting. Data presented are mean =
S.E. expressed as percentage of control given the arbitrary value of
100%. *, p < 0.001 for cycloheximide versus cycloheximide with 200
ng/ml TIMP-1 by Student’s ¢ test, n = 5. C, caspase-3 activity of cell
extracts from HSC treated with cycloheximide with and without
TIMP-1 were compared with HSC incubated in serum and benzyloxy-
carbonyl-Val-Ala-Asp-fluoromethylketone controls. TIMP-1 showed a
dose-dependent reduction in caspase-3 activity over the concentration
range 1-100 ng/ml. Data are expressed as mean + S.E. and are pre-
sented as percentage of control given the arbitrary value of 100%. *, p <
0.001; n = 3. D, activated hepatic stellate cells were induced to undergo
apoptosis by cycloheximide treatment in the presence and absence of
TIMP-1. Treatment with TIMP-1 (100 ng/ml) resulted in significantly
reduced numbers of apoptotic cells defined by the presence of DNA
fragmentation detected by the TUNEL technique. Data are expressed
as mean * S.E. and presented as percentage of control, which has been
given the arbitrary value of 100%. *, p < 0.001; n = 2. E, Western
blotting for Bcl-2 of equal quantities (determined by protein concentra-
tion) of protein extracts from HSC exposed to serum alone, cyclohexi-
mide alone, and cycloheximide with TIMP-1 protein (100 ng/ml). Treat-
ment with TIMP-1 resulted in an increase in Bcl-2 expression relative
to HSC treated with cycloheximide alone.
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this was not statistically significant (p = 0.67 by Student’s ¢
test). Therefore, this did not represent a reversal of the dose
trend observed by acridine orange staining and counting.

The caspase-3 data and acridine orange morphological data
did not correlate exactly with each other. For example, TIMP-1
at a concentration of 10 ng/ml caused a 50% reduction in
caspase-3 activity but only a 30% reduction in apoptotic mor-
phology by acridine orange staining and counting. At the
higher dose of 100 ng/ml, TIMP-1 appeared to reduce apoptosis
by 50% measured by both techniques. These observed differ-
ences in dose response may be due to two factors. First, the
precision of each assay is unlikely to be the same. Second, while
the caspase-3 activity assay is accepted as a measure of apo-
ptosis, it is at best only a measure of one out of the 16 known
caspase enzymes in what is clearly a complicated enzymatic
cascade, which ends in the morphological changes that are
characteristic of apoptosis.

To exclude a direct effect of TIMP-1 on caspase-3 activity,
recombinant human caspase-3 (Calbiochem) was incubated with
TIMP-1 in varying concentrations (285-2850 ng/ml) for 1 h before
caspase-3 substrate was added to the reaction. TIMP-1 did not
reduce caspase-3 activity directly (data not shown).

TIMP-1-treated HSC Have Reduced DNA Fragmentation As-
sessed by the TUNEL Technique following Induction of Apo-
ptosis by Cycloheximide—A further pathognomonic feature of
apoptosis is the fragmentation of DNA into oligonucleosomal
lengths (34). Fragmented DNA can be identified by the TUNEL
technique, which can therefore be used to further quantify the
apoptotic response of HSC in the presence and absence of
cycloheximide. Activated HSC cultured on glass chamber slides
and exposed to cycloheximide for 18 h with TIMP-1 demon-
strated significantly reduced numbers of cells containing frag-
mented DNA assessed by the TUNEL technique compared with
controls treated without TIMP-1 (Fig. 1D).

TIMP-1 Enhances Expression of Bcl-2 Protein—The protein
Bcl-2 regulates the properties of cells to undergo apoptosis by
interpolating into the mitochondria membrane (33). Bcl-2 in-
creases the resistance of cells to apoptosis. To define changes in
the protein level of Bcl-2, extracts from HSC treated with
cycloheximide, in the presence and absence of 200 ng/ml
TIMP-1 for 18 h, were analyzed by Western blotting. Relative
to cells treated with cycloheximide alone, cells treated with
TIMP-1 and cycloheximide demonstrated enhanced levels of
Bcl-2 protein expression (Fig. 1E), which approached the levels
observed in HSC maintained in serum alone.

TIMP-1 Inhibits Apoptosis Induced by Nerve Growth Fac-
tor—We have previously demonstrated that HSC express low
affinity nerve growth factor receptor (p75) and undergo apo-
ptosis in response to nerve growth factor (NGF) stimulation
(31). To determine whether TIMP-1 reduced NGF-induced apo-
ptosis, NGF-activated HSC were exposed to NGF (100 ng/ml) in
conditions of absolute serum deprivation with and without
TIMP-1 (142.5 ng/ml). As expected, NGF induced significantly
more apoptosis in HSC than cells treated with BSA carrier
alone (data not shown). TIMP-1 significantly reduced the apo-
ptosis induced by nerve growth factor (Fig. 2).

TIMP-1 Is an Autocrine Survival Factor for HSC—We and
others have previously demonstrated that TIMP-1 is major
synthetic product of activated HSC. Therefore, TIMP-1 is po-
tentially an autocrine survival factor for HSC. To determine
the effect of neutralizing HSC-derived TIMP-1, HSC were in-
cubated with azide free polyclonal neutralizing antibodies to
TIMP-1 for 18 h in 5% bovine serum albumin. This demon-
strated significantly increased apoptosis of HSC treated with
TIMP-neutralizing antibodies compared with a nonimmune
IgG control, suggesting that TIMP-1 acts as a survival factor in
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Fic. 3. Activated hepatic stellate cells were incubated in se-
rum-free conditions with 5% BSA for 18 h in the presence and
absence of neutralizing antibodies to TIMP-1 and compared
with a nonimmune IgG control antibody as described under
“Materials and Methods.” Neutralizing TIMP-1 significantly in-
creased apoptosis of activated HSC compared with exposure to the
nonimmune IgG control. All antibodies were in azide-free buffer. Apo-
ptosis was quantified by the acridine orange technique. Data are ex-
pressed as mean = S.E. and presented relative to control, which has
been given the arbitrary value of 100%. ¥, p < 0.0001 by Student’s ¢ test
for HSC treated with neutralizing antibodies for TIMP-1 relative to
nonimmune IgG control; n = 3.

an autocrine manner for activated HSC (Fig. 3).

The Antiapoptotic Effect of TIMP-1 for HSC Is Mediated via
MMP Inhibition—Previous studies have suggested that the
observed antiapoptotic effect of TIMP-1 in other cell systems
was independent of MMP inhibition. Our data showed an ef-
fective antiapoptotic activity for TIMP-1. To determine
whether this effect might be mediated via MMP inhibition, we
undertook further experiments using a mutated nonfunctional
TIMP-1 (T2G) in which all other domains were conserved (28).
The T2G mutant N-TIMP-1 had no inhibitory effect on rat or
human hepatic stellate cell apoptosis induced by cyclohexi-
mide, whereas the wild type N-TIMP-1 protein at an identical
concentration (142.5 ng/ml) significantly inhibited apoptosis
(Fig. 4A) determined by in situ counting after acridine orange
staining. Moreover, while the wild type TIMP-1 reduced
caspase-3 activity in HSC treated with cycloheximide, no effect
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FiG. 4. A, acridine orange staining and counting of HSC exposure to
cycloheximide with and without wild type and T2G mutant TIMP-1
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apoptosis, the T2G mutant N-TIMP-1 (with no MMP inhibitory activity)
had no effect on apoptosis at equal concentration (142.5 ng/ml). Data
are expressed as mean = S.E. and presented as a percentage of control,
which has been given the arbitrary value of 100%. *, p < 0.01 by
Student’s ¢ test. NS, not significant by Student’s ¢ test; n = 3. B, graph
demonstrating that the caspase-3 activity of cell extracts from HSC
treated with cycloheximide in the presence of wild type (active) TIMP-1
and the T2G mutant (which has no MMP inhibitory activity). The wild
type TIMP-1 significantly reduced caspase-3 activity relative to the
T2G mutant. Data are presented as mean = S.E.; p < 0.01;n = 3. C,
studies comparing the anti-apoptotic effect of TIMP-1 (142.5 ng/ml; 5
nM) and the synthetic MMP inhibitor MMPI-1 were undertaken as
described under “Materials and Methods.” As previously described,
TIMP-1 inhibited apoptosis induced by cycloheximide exposure. At a
concentration of 1-30 uM, MMPI-1 significantly inhibited HSC apo-
ptosis induced by cycloheximide determined by acridine orange staining
and cell counting. Data are expressed as mean *+ S.E. and presented
relative to control, which has been given the arbitrary value of 100%. *,
p < 0.001; ** p < 0.0001 by Student’s ¢ test; n = 3.
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was observed with the T2G nonfunctional mutant (Fig. 4B).
These data suggest that the inhibition of apoptosis by TIMP-1
was MMP-dependent. We therefore undertook further studies
using a synthetic MMP inhibitor (MMPI-1; Calbiochem). The
concentration of inhibitor used was calculated to provide a level
of MMP inhibition comparable with 142.5 ng/ml recombinant
TIMP-1 on the basis of the published K; for the inhibitor and
the recombinant TIMP-1. The synthetic matrix metalloprotein-
ase inhibitor MMPI-1 also demonstrated a dose-dependent pro-
tective effect at a concentration of 1-30 um. This suggested that
the antiapoptotic effect in HSC could be brought about by
matrix metalloproteinase inhibition alone (Fig. 4C).

Effect of TIMP-1 on FAS/APO-1/CD95 and Fas Ligand—The
cleavage and release of the proapoptotic ligand Fas ligand has
been demonstrated to be MMP-dependent (35, 36). Moreover, it
has been suggested that Fas/Fas ligand may regulate HSC
apoptosis (16, 17, 37). We therefore went on to determine
whether TIMP-1 regulated Fas ligand cleavage in human HSC.
HSC were incubated for 18 h in conditions of absolute serum
deprivation with BSA or BSA with TIMP-1 (142.5 ng/ml). HSC
were extracted, and supernatants were collected. After normal-
izing for cell number (by DNA concentration using the Pico-
Green technique), these extracts were analyzed by enzyme-
linked immunosorbent assay for Fas and Fas ligand as
described under “Materials and Methods.” TIMP-1 treatment
of human HSC had no effect on cellular Fas or Fas ligand
protein levels compared with control cells treated with BSA
alone. Supernatant Fas and Fas ligand protein levels were
undetectable in all experimental conditions (data not shown,
n = 3).

TIMP-1 Has No Effect on HSC Proliferation—Because pre-
vious studies have demonstrated a potential proproliferative
effect for TIMP-1, this was analyzed in activated HSC. TIMP-1
at concentrations of 1-100 ng/ml had no effect on proliferation
of rat HSC (n = 4) over a 24-h incubation period compared with
bovine serum albumin carrier used as a negative control (data
not shown).

Persistence of TIMP-1 Expression Is Accompanied by Persist-
ence of Activated HSC and Decreased Resolution of Liver Fi-
brosis—We have previously demonstrated that TIMP-1 falls
during spontaneous recovery of experimental fibrosis following
4 weeks of carbon tetrachloride intoxication (14). To determine
whether TIMP-1 mRNA remained elevated in liver cirrhosis,
we undertook a further model of experimental fibrosis. Rats
injured with carbon tetrachloride as described under “Materi-
als and Methods” were harvested after 12 and 6 weeks of
intoxication and after a further 5 and 15 days of spontaneous
recovery for each model. Tagman quantification of TIMP-1
mRNA was undertaken in the same livers. Over the 15 days of
spontaneous recovery, there was only a 2-fold decrease in ex-
pression of TIMP-1 mRNA after 12 weeks of carbon tetrachlo-
ride, whereas during recovery, there was a 13-fold decrease in
TIMP-1 mRNA expression after 6 weeks of carbon tetrachloride
(Fig. 5A).

To determine whether the persistence of TIMP-1 expression
after 12 weeks of carbon tetrachloride correlated with persist-
ence of activated HSC and a failure of matrix degradation,
immunohistochemistry for @ smooth muscle actin and histolog-
ical analysis were undertaken on the same livers. Immuno-
staining of sections for a smooth muscle actin with cell count-
ing and Western analysis of liver homogenates for a smooth
muscle actin demonstrated that there was only a slight de-
crease in a smooth muscle actin-positive activated HSC during
recovery (Fig. 5, B and C). Indeed, significant numbers of «
smooth muscle actin-positive activated HSC were present in
the 15-day recovery livers after 12 weeks of carbon tetrachlo-



11074

100

A

i
®
s
=
=
2
6 week o
=50
£
-
>
k=
]
]
1™
{}
PFO PF15
160}
12 week

relative to peak fibrosis

PFO PFI5

-~
(4]
J

*

=9
By
=50 7 R
=%
+
-
%25 B

G -

PFO PF15 PFO PF15
6 week 12week
C
Normal Day 0 Day 5 Dayl5

6 week CCl, [N

12 week CCl, (S-S

Fic. 5. A, TIMP-1 mRNA expression was determined by Tagman
quantitative PCR in total liver RNA. After 6-week treatment with
carbon tetrachloride, a 13-fold decrease in TIMP-1 expression occurs
during the first 2 weeks of spontaneous recovery (compare PF0 and
PF15; 6 weeks of CCl,). In contrast, there is only a 2-fold fall in TIMP-1
mRNA during the first 15 days of recovery in the 12-week injured rat
liver (compare PF0 and PF15; 12 weeks of CCl,). Data are presented as
mean change relative to peak fibrosis, which has been given the arbi-
trary value of 100 for each data set. All values have been normalized for
GAPDH expression determined in parallel. PF0, peak fibrosis, imme-
diately after the final injection of carbon tetrachloride; PF15, after 15
days of spontaneous recovery. n = 3 for each experiment group at each
time point. B, the numbers of « smooth muscle actin («SMA)-positive
HSC were quantified in section form after 6 and 12 weeks of carbon
tetrachloride intoxication and after 15 days of spontaneous recovery as
described under “Materials and Methods.” During the first 2 weeks of
spontaneous recovery from rat liver fibrosis, there is minimal change in
the number of a smooth muscle actin-positive HSC in the 12-week
injured liver (compare PF0O and PF15; 12 weeks), whereas in the liver
injured for 6 weeks, there is a dramatic decrease in the number of «
smooth muscle actin-positive staining cells (compare PF0 and PF15; 6
weeks). Data presented are mean * S.E. PF0, peak fibrosis, immedi-
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Fic. 6. A-D, histological analysis (Sirius Red stain) of rat livers
harvested after 6 and 12 weeks of carbon tetrachloride intoxication
twice weekly as described under “Materials and Methods.” Livers were
harvested at peak fibrosis (PF0) following 12 (A) and 6 (C) weeks of
treatment and after a further 15 days of spontaneous recovery (B and D,
respectively). In the 12-week model, there is more substantial fibrosis
(indeed, cirrhosis is present) compared with the 6 weeks of injury (A and
C, respectively). Furthermore, there is evidence of only modest matrix
remodeling during the 15 days of spontaneous recovery in the 12-week
model (A and B). In the 6-week model, there is an established septal
fibrosis present (C), which demonstrates evidence of remodeling over 15
days (C and D).

ride. By Sirius Red staining, the 12-week carbon tetrachloride
model had histological evidence of an established cirrhosis at
peak fibrosis (Fig. 6A4) and demonstrated only modest remod-
eling over the 15-day spontaneous recovery period (Fig. 6B). In
contrast, after 6 weeks of carbon tetrachloride, the numbers of
a smooth muscle actin-positive HSC demonstrated a highly
significant decrease (Fig. 5, B and C). Indeed, @ smooth muscle
actin expression was not detectable by Western analysis in the
6-week treated livers after 15 days of recovery (Fig. 5C). His-
tological analysis of the 6-week model peak fibrosis samples
demonstrated an established septal fibrosis (Fig. 6C). Over the
15 days of spontaneous recovery, there was evidence of signif-
icant matrix remodeling (Fig. 6D). The remodeling of fibrosis in
the 6-week model during 15 days of recovery was accompanied
with a 50% drop in liver hydroxyproline content to a level
identical to that seen in untreated control liver. In contrast, the
12-week model showed increased levels of hydroxyproline of
150% of normal liver at peak fibrosis, which did not signifi-
cantly change over the 15 days of spontaneous recovery.

To determine whether the observed changes in TIMP-1
mRNA expression were associated with MMP inhibition, colla-
genase activity in whole liver homogenate was undertaken.
This demonstrated that after 12 weeks of carbon tetrachloride,
at no time point (days 0 or 5 or 15 days of recovery) was activity

ately after the final injection of carbon tetrachloride; PF15, after 15
days of spontaneous recovery; n = 4 for each experimental group at each
time point; **, p < 0.0001; *, p < 0.03. C, Western blotting of whole liver
homogenate for a smooth muscle actin demonstrates reduction in levels
of liver a« smooth muscle actin protein over the first 15 days of recovery
after 6 weeks of carbon tetrachloride intoxication (compare Day 0 and
Day 15; 6 weeks of CCL,). In contrast, levels of a smooth muscle actin
protein remain elevated in whole liver extracts from the animals in-
jured with carbon tetrachloride for 12 weeks even after 15 days of
spontaneous recovery (compare Day 0 and Day 15; 12 weeks of CCl,). In
both models, the liver a smooth muscle actin protein level is increased
at peak fibrosis (Day 0) relative to normal livers (Normal). Normal,
untreated liver control; Day 0, immediately after the final injection of
carbon tetrachloride; Day 5 and Day 15, after 5 and 15 days of sponta-
neous recovery, respectively; n = 3 for each time point.
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above that seen in normal untreated liver (collagenase activi-
ties expressed as percentage of normal liver = S.E. were as
follows: day 0, 70 + 1.9%; day 5, 60 * 3.3%; day 15, 55 = 3.7%).
In contrast, after 6 weeks of carbon tetrachloride, collagenase
activity in the liver homogenates demonstrated an increase,
peaking at 5 days of recovery (collagenase activities expressed
as percentage of normal liver + S.E. at each time point were as
follows: day 0, 70 = 1.9%; day 5, 147 + 3.3%; day 15, 107 =
1.6%).

Together these data demonstrate a strong correlation be-
tween persistence of activated HSC following fibrotic injury
and TIMP-1 expression and a failure of matrix degradation
with persistent inhibition of collagenase activity.

DISCUSSION

We have demonstrated that TIMP-1 promotes survival of
activated hepatic stellate cells and have provided cogent evi-
dence that this effect is specifically mediated via inhibition of
MMP activity. Moreover, we have combined this functional
data with evidence for a correlation of TIMP-1 expression and
survival of activated HSC in vivo after withdrawal of a toxic
injury.

During recovery from liver fibrosis in the rat carbon tetra-
chloride and bile duct ligation model of fibrosis, there is a
diminution of HSC number mediated by apoptosis. At the same
time, there is a reduced expression of TIMP-1. These studies
and the data reported here have addressed a crucial question to
our understanding of liver fibrosis: What determines whether a
fibrotic liver injury recovers or fails to recover? The starting
point for the studies reported in this paper is the observation
that in recovery there is a net reduction in activated HSC and
fibrotic matrix, whereas in progressive fibrosis, the activated
HSC and neomatrix remain. Identification of factors promoting
the survival of activated HSC is therefore essential to under-
standing the pathogenesis of fibrosis. TIMP-1 is an important
potential candidate mediating HSC survival.

We have undertaken an exhaustive series of experiments
using the established and robust model of activated stellate
cells in tissue culture and analyzed the influence of TIMP-1 on
HSC apoptosis induced by a variety of stimuli. Our results in
tissue culture indicate that TIMP-1 has a direct, consistent,
significant, and concentration-dependent antiapoptotic effect
on both human and rat HSC. We have shown, using a series of
complementary quantitative techniques, TIMP-1 reduces apo-
ptosis induced by serum deprivation, cycloheximide exposure,
and nerve growth factor stimulation and that this effect is
shared by both rat and human HSC, suggesting that it is a
biologically important phenomenon. Furthermore, despite the
variety of means of induction of apoptosis, the antiapoptotic
effect of TIMP-1 is remarkably consistent. TIMP-1 had no
proproliferative effect on activated HSC. From a biological
view, it would seem undesirable for a protein to both inhibit
apoptosis and promote proliferation in the same cell type, since
expression of such a protein would be potentially carcinogenic.

Because of the current evidence that TIMPs have divergent
effects on proliferation and apoptosis in a number of different
cell types (19-27), apparently independent of their matrix met-
alloproteinase activity, we went on to define the mechanism
whereby TIMP-1 inhibits apoptosis. We approached this in two
ways, by using the published K; values of our reagents to use
comparable inhibitory concentrations of synthetic inhibitor to
recombinant TIMP-1 and by using the T2G mutant N-TIMP-1.
Studies with the synthetic MMP inhibitor, MMPI-1, suggested
that MMP inhibition was likely to be the mechanism mediating
survival of HSC. Using the T2G mutant N-TIMP-1, we demon-
strate directly that inhibition of apoptosis of HSC by TIMP-1 is
in fact mediated via its effects on MMP activity. The T2G
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mutant N-TIMP-1 protein differs from the wild type protein by
only a single amino acid substitution (threonine to glycine at
amino acid position 2), which reduces the inhibition constant of
TIMP-1 for MMP-1 and MMP-3 by a factor of over 1000. More-
over, the secondary structure of this mutant protein is not
significantly different from the wild type. This makes it the
best available reagent available to address the issue of MMP
dependence in protection from apoptosis. At the dose of TIMP-1
used in these experiments (142.5 ng/ml), the mutant TIMP-1
would have effectively no MMP inhibitory activity, whereas the
wild type TIMP-1 would be expected to significantly reduce
MMP activity.

Given that the antiapoptotic effect of TIMP-1 is mediated
through MMP inhibition, it is beyond the scope of the current
study to precisely characterize the relevant MMP and its sub-
strates. Moreover, the potential mechanisms through which
apoptosis may be regulated by TIMP-1 are legion and may
involve more than one MMP. A major candidate mechanism
through which TIMPs mediate survival is by preventing matrix
degradation. HSC may gain direct signals from matrix. More-
over, matrix contains numerous matrix-bound cytokines that
may have antiproliferative and/or proapoptotic effects on local
cell populations (e.g. transforming growth factor 8) that may be
liberated by matrix degradation. In the context of the liver
fibrosis recovery model (14), during the degradation of fibrotic
tissue, release of matrix-bound cytokines may also be impor-
tant in determining the pattern of recovery and apoptosis of
activated HSC. If TIMP-1 reduces apoptosis via preventing
matrix degradation, it may do this by preventing MMP degra-
dation of some key targets. First, release of matrix-bound pro-
apoptotic factors would be prevented. Second, intact matrix
may provide direct cell survival signals and present matrix-
bound survival signals in a spatially effective manner. TIMP
would preserve such signals. In support of this hypothesis, we
have recently demonstrated that a mutant collagen, resistant
to collagenase digestion, will promote HSC survival in models
of fibrosis (39). Moreover, the in vivo studies reported in this
paper are compatible with TIMP-1 promoting HSC survival
through MMP inhibition and protection of the fibrotic matrix.

Results from our previous 4-week model of rat liver fibrosis
and the 6-week carbon tetrachloride model reported here indi-
cate that spontaneous recovery is associated with a decrease in
the number of « smooth muscle actin-positive cells. Further-
more, this is associated with a large decrease in TIMP-1 mRNA
expression and an increase in collagenase activity that paral-
lels the changes in a« smooth muscle actin. In contrast, after 12
weeks of carbon tetrachloride cirrhosis results, and there is
only minimal evidence of matrix remodeling, no increase in
collagenase activity, and a persistence of activated HSC.
TIMP-1 expression actually decreased modestly over 15 days of
spontaneous recovery in the 12-week model. This result is to be
expected, since TIMP-1 is expressed by inflammatory cells and
in the acute response to injury (11). Nevertheless, after 15 days
of recovery in the 12-week carbon tetrachloride model, signifi-
cant expression of TIMP-1 remains. Taken together with our
previous studies, this in vivo evidence strongly suggests that
TIMP-1-mediated MMP inhibition is a unifying mechanism
promoting survival of activated HSC and protecting the fibrotic
matrix from degradation.

There are further mechanisms by which MMP inhibition
may mediate survival in vivo. It is known that many cell
surface proteins can be cleaved, provided their appropriate
“sheddase” is present and active. In cases where MMPs medi-
ate shedding of receptors (e.g. tumor necrosis factor receptor),
TIMPs may indirectly regulate cell behavior. Recently, TIMP-3
has been demonstrated to induce apoptosis in human colonic
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carcinoma cells by stabilizing tumor necrosis factor « receptors
on the cell surface (40). Endothelial cells have been demon-
strated to shed receptors for tumor necrosis factor following
induction of apoptosis, which may be a mechanism to limit
inflammation in response to apoptotic cell death (41). A further
MMP-dependent cell surface protein system regulating apo-
ptosis is the Fas/Fas ligand system. Hepatic stellate cells are
known to express Fas and Fas ligand on their cell surface (16,
17). TIMP-1 did not have any effect on cellular Fas or Fas
ligand protein levels in activated human hepatic stellate cells.
It is also possible that TIMP-1 might inhibit apoptosis by
preventing the shedding of a prosurvival receptor (e.g. insulin-
like growth factor-1 receptor), which is known to prevent apo-
ptosis in activated hepatic stellate cells and related cells (15,
42). A further MMP-cleaved cell surface receptor that regulates
cell survival is cadherin. The cadherin and B-catenin pathway
is known to impact on cellular Bcl-2 levels and thus the inher-
ent tendency for a given cell to undergo apoptosis (38).
Together with our previous reports, the data described in
this study provide strong evidence that TIMP-1 is mechanisti-
cally important in promoting fibrosis: first by directly inhibit-
ing MMPs, thus promoting matrix accumulation, and second,
by inhibiting the apoptosis of activated hepatic stellate cells by
a process that we have shown is also MMP-dependent. This
observation highlights TIMP-1 as an important potential ther-
apeutic target in the treatment of liver cirrhosis in the future.
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