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A rat model of common bile duct ligation (BDL)-induced
hepatic fibrosis was used to assess the expression and
activities of collagen-degrading proteinases and their
inhibitors during the progression of fibrosis. Expres-
sion of four members of the matrix metalloproteinase
(MMP) family (MMP-2/gelatinase A, MMP-3, MMP-9/ge-
latinase B, and MMP-13) and three tissue inhibitors of
metalloproteinases-1, -2, and -3 (TIMP-1, TIMP-2, and
TIMP-3) were evaluated by Northern blot analysis of
RNA from liver tissue isolated at 0, 2, 5, 10, 20, and 30
days after either a BDL or sham operation. In addition,
we analyzed free gelatinase and TIMP activities by zy-
mography and reverse zymography, respectively. We
found that the proteolytic activities of MMP-2 and
MMP-9 increased by 2 days after ligation, reached max-
imal levels at day 10, and remained high through the
study period, whereas the gelatinolytic activities in
plasma were unchanged. The increase in gelatinase ac-
tivities was accompanied by an increase in the TIMP
mRNA transcripts. TIMP-1 transcripts appeared at day 2,
increased until day 10, and remained elevated through-
out the study period. TIMP-2 and TIMP-3 transcripts
become detectable on day 10 and remained stable after-
wards. No corresponding increase in TIMP protein ac-
tivity was detected by reverse zymography. This ap-
pears to result from the formation of TIMP/MMP
complexes. These findings indicate a likely surplus in
the BDL model of fibrosis of free gelatinases as com-
pared with the TIMPs. Thus, excessive TIMP production
is not a sufficient explanation for the observed extracel-
lular matrix accumulation, but complex changes in the
local MMP/TIMP balance may underlie the pathomecha-
nisms of fibrosis. (Am J Pathol 1998, 153:1895–1902)

Hepatic fibrosis is a condition that results in loss of nor-
mal liver cell function due to the disorganized over-accu-
mulation of extracellular matrix (ECM) components in the
liver. It is clear that the increased production of ECM
components is responsible for the altered ECM metabo-

lism in the fibrotic liver.1 However, deregulation of the
enzymatic machinery involved in ECM degradation may
also be an important contributing factor in the pathogen-
esis of hepatic fibrosis and cirrhosis.

The main components of the extracellular matrix in
normal liver are collagen types I, III, IV, V, and VI, al-
though other types of collagen are present in smaller
proportions. There are also many noncollagenous com-
ponents, including fibronectin, laminin, tenascin, undulin,
and entactin.1 In a normal liver, these matrix components
are constantly remodeled by matrix-degrading enzymes
leading to a controlled deposition of matrix components.
Of the several families of ECM-degradative enzymes, the
matrix metalloproteinases (MMPs) are the most impor-
tant, as collectively MMPs can degrade all of the protein
components of the ECM.2–4 MMPs are classified into four
groups: 1) collagenases, which cleave collagen at a spe-
cific site in triple helical collagen fibrils resulting in frag-
ments that are susceptible to thermal denaturation into
gelatin, which can then be acted on by other groups of
MMPs, predominantly the gelatinases, 2) gelatinases,
which include gelatinase A (MMP-2) and gelatinase B
(MMP-9), 3) stromelysins, and 4) The RXKR-motif-con-
taining sub-family, which includes the membrane-type
MMPs (MT-MMPs).5 The activities of MMPs are regulated
at three levels, namely, transcription and zymogen acti-
vation and through the action of a family of inhibitory
proteins, ie, the tissue inhibitors of metalloproteinases
(TIMPs). The TIMPs interact with a 1:1 stoichiometry with
MMPs to inhibit their activity.2,3

There have been four members of the TIMP family
identified so far, designated TIMP-1, -2, -3, and -4.6–9 The
action of the TIMPs is considered to be quite broad, as
TIMP-1, -2, and -3 are indistinguishable in their MMP-
inhibitory abilities in solution-based assays.7 Although
there appears to be a similarity in activity of the TIMPs,
there are differences in localization and regulation.
TIMP-1 and TIMP-3 are inducible in response to phorbol
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myristate acetate (PMA) and many growth factors.6,10–12

Alternatively, TIMP-2 is largely constitutively expressed in
most cell types.

During the course of fibrosis and cirrhosis, all of the
liver matrix proteins increase in abundance, but to vary-
ing extents.13–15 Collagen I is the most up-regulated, with
the percentage composition in the liver increasing 5- to
10-fold.1 One recent study has focused on the expres-
sion levels of interstitial collagenase with respect to those
of TIMP-1 in the bile duct ligation (BDL) and carbon
tetrachloride models of experimental fibrosis.16 This
study found an increase in TIMP-1, whereas interstitial
collagenase levels remained unchanged, suggesting
that increased matrix deposition occurs due to the dis-
ruption of the balance between MMPs and TIMPs in favor
of the inhibitors. Another group has analyzed the involve-
ment of gelatinases in the dynamic alterations occurring
during fibrosis,17 finding an increase in both active and
latent MMP-2 protein by gelatin zymography. These re-
sults collectively imply that normal maintenance of the
ECM is disrupted, resulting in a disorganized and over-
abundant extracellular scaffold with a consequent impair-
ment of liver cell functions.

To obtain a more detailed analysis of the dynamic
interactions occurring between the MMPs and TIMPs
during experimental hepatic fibrosis, we have systemat-
ically studied expression levels of MMP-2, -3, -9, and -13
and protein activity of MMP-2 and -9 as well as TIMP-1,
-2, and -3 protein activity and expression at the mRNA
level. Our data demonstrate that changes in the gelatino-
lytic activities, and TIMPs, occur rapidly after BDL and
are sustained during the initial month of fibrogenesis. We
discuss the implications of these findings and the effects
of imbalance of gelatinase/TIMP levels in reference to
hepatic fibrosis in a BDL model.

Materials and Methods

Animals

The BDL protocol was approved by the University of
Calgary Faculty of Medicine Animal Care Committee, and
all animals were treated humanely in accordance with
guidelines established by the Canadian Council on Ani-
mal Care.

Male Sprague-Dawley rats weighing 300 to 350 g
were divided into three groups (three animals in each):
1) normal, 2) bile duct ligated, sacrificed at 2, 5, 10, 20,
and 30 days after surgery, and 3) sham-operated rats,
sacrificed at the same intervals. The animals were fed
and watered ad libitum throughout the experiment. BDL
is a well characterized and widely used model of ex-
perimental fibrosis and was performed in this study as
previously described.18 In brief, under halothane an-
esthesia, through a midline laparotomy, the extrahe-
patic common bile duct was double ligated with 30 silk
and sectioned between the ligatures. The abdominal
incision was sutured with silk, and the rats were al-
lowed to recover in individual cages. Sham operated
rats were treated in the same manner except that the

bile duct was merely identified and gently manipulated
but not ligated or sectioned. On the day of the studies,
the rats were anesthetized with sodium pentobarbital
(60 mg/kg intraperitoneally). The abdomen was
opened through a midline incision, and before sacri-
fice, 1 ml of blood was obtained from the inferior vena
cava using a 20-gauge needle. The blood was col-
lected in heparinized tubes without EDTA and centri-
fuged, and the plasma was aliquotted and frozen at
270°C until testing.

The livers were flushed with 10 ml of cold phosphate-
buffered saline through the portal vein to eliminate MMPs
and TIMPs present in the blood. Liver fragments of 0.5
cm3 were dissected out fresh and snap-frozen in plastic
vials in liquid nitrogen.

Protein Isolation, Zymography, and Reverse
Zymography

Frozen liver tissue in protein extraction buffer (1% Triton
X-100, 500 mmol/L Tris/HCl, pH 7.6, 200 mmol/L NaCl,
and 10 mmol/L CaCl2) was homogenized using an IKA-
Ultra-Turrax T25 homogenizer. The homogenate was
centrifuged at 12,000 rpm for 30 minutes at 4°C, and the
supernatant was transferred to a clean tube and stored at
270°C. Homogenate protein content was determined us-
ing the Bradford procedure.19 Proteins were analyzed for
gelatinolytic activity by gelatin zymography using the
previously described procedures. A total of 20 mg of
protein extract or 5 ml of plasma (1/25 dilution) was sep-
arated by a 10% polyacrylamide gel, prepared as de-
scribed.20 Gelatin was included to a final concentration of
1 mg/ml. After electrophoresis, the gel was washed once
for 15 minutes and then overnight in wash buffer (2.5%
Triton X-100, 50 mmol/L Tris/HCl, pH 7.5, and 5 mmol/L
CaCl2) to remove the sodium dodecyl sulfate (SDS). The
gel was then rinsed three times in water, followed by a
24-hour incubation at 37°C in incubation buffer (50
mmol/L Tris/HCl, pH 7.5, and 5 mmol/L CaCl2). The gel
was then stained for 4 hours in Coomassie Brilliant Blue.
Reverse zymography was similarly performed with the
exception that conditioned medium from baby hamster
kidney (BHK) cells, which express gelatinase A, was
included in the gel mix with the gelatin (1 ml of condi-
tioned medium was added to 15 ml of the gel mix). After
regeneration, the gelatinase A degrades the gelatin in all
regions of the gel except in regions where there is TIMP
activity. All washes and incubations were the same as
zymography. As a positive control for zymography, con-
ditioned medium from BHK cells expressing MMP-2 and
transfected with MMP-9 was used. For reverse zymogra-
phy, conditioned medium from BHK cells transfected with
mouse TIMPs was used.

Complete gels were photographed, and the photos
then digitized on a Hewlett Packard Scanjet 4c scanner.
The images were then analyzed and quantified using the
image analysis program NIH Image (National Institutes of
Health, Bethesda, MD).
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Western Blot

For Western blotting, 20 mg of protein from each sample
were boiled for 3 minutes in the presence of SDS gel-
loading buffer with 0.1 mol/L dithiothreitol and electro-
phoresed through a 12% SDS-polyacrylamide gel elec-
trophoresis (PAGE) gel. The gel was run at 75 mA at room
temperature. The proteins were transferred to nitrocellu-
lose, blocked with 5% nonfat milk in Tris-buffered saline/
Tween 20 (TBS-T), and incubated with 1:5000 diluted
anti-mouse TIMP-1 antibodies (gift of Dr. G. Murphy,
School of Biological Science, University of East Anglia,
Norwich, UK) in TBS-T for 1 hour at room temperature.
After washing, the blots were incubated with 1:5000 di-
luted rabbit anti-sheep antibody (catalog item 31480,
Pierce, Rockford, IL) in TBS for 1 hour at room tempera-
ture. After repeated washes, the membranes were incu-
bated in equal volumes of detection reagents 1 and 2
(ECL Western blotting detection reagents from Amer-
sham Life Science, Arlington Heights, IL) for 1 minute at
room temperature and immediately exposed to x-ray film.
To confirm the specificity of binding, the anti-mouse
TIMP-1 antibodies were preincubated for 2.5 hours with a
Western blot containing 500 ml of 25X concentrated con-
ditioned medium from BHK cells transfected with TIMP-1.
Two Western blots were prepared under identical condi-
tions. One was incubated with nonabsorbed antibodies
and the other with the preabsorbed antibodies as de-
scribed above.

RNA Isolation and Northern Hybridization

Total RNA was isolated by the acid-guanidinium-phenol-
chloroform procedure of Chomczynski and Sacchi.21 Ten
micrograms of total RNA was electrophoresed on a 0.8%
denaturing agarose gel and then transferred to nylon
membranes (Duralon-UV, Stratagene, La Jolla, CA).
Equal loading was determined by methylene blue stain-
ing of the membrane for 15 minutes and analysis of 28 S
and 18 S rRNA. The membranes were then prehybridized
in buffer containing 5X SSC, 50% (v/v) formamide, 10X
Denhardt’s solution, and 0.1% SDS and then hybridized
with nick-translated probes (specific activity, .108 cpm/
mg) and washed in SDS/SSC solutions at 42°C (the high-
est stringency was 0.2X SSC/0.1% SDS). The probes
used were generated from mouse TIMP-1, -2, and -3
plasmids, which have been described previously.6,22 A
partial mouse 72-kd gelatinase (MMP-2) clone was ob-
tained by reverse transcription polymerase chain reac-
tion from RNA isolated from mouse C3H 10T1/2 fibro-
blasts. The following oligonucleotides were used:
59-GGCCCTGTCACTCCTGAGAT, corresponding to nu-
cleotides 1337 to 1356 of the human MMP-2 sequence
published by Collier et al23 and 59-oGCATCCAGGT-
TATCGGGGA, which is the reverse complement of the
sequence from 1791 to 1810 of the same human se-
quence. The 475-bp polymerase chain reaction product
was cloned into the EcoRI/HindIII sites of pGEM2 with the
59end of the cDNA at the T7 promoter end of the multi-
purpose cloning site. The mouse gelatinase B (MMP-9)

3160-bp cDNA clone was a gift of Dr. Kenji Sugita, Divi-
sion of Oncology, Department of Microbiology, Shionogi
Research Laboratories, Osaka, Japan, and was de-
scribed previously.24 The rat stromelysin-1 (MMP-3)
cDNA clone used was a 600-bp fragment generated by
EcoRI and HindIII digestion of a full-length clone provided
by Dr. Lynn Matrisian, Vanderbilt University, Nashville,
TN. This fragment was cloned into pGEM-2 with the 59
and 39 ends of the insert in the EcoRI and HindIII sites of
the vector, respectively. The mouse collagenase-3
(MMP-13) cDNA clone was a full-length construct desig-
nated pCLM11, which was a gift of Dr. Yves Eeckhout,
University Catholique de Louvain, Brussels, Belgium.

Histology

Fragments of livers were formalin fixed, processed for
routine histology, and stained with hematoxylin and eo-
sin, Sirius red, and Gomori’s trichrome.

Statistical Analysis

Differences between MMP-2 and -9 protein expressions
in different groups were calculated by two-tailed be-
tween-groups t-tests using SPSS 4.0 for Macintosh.

Results

Gelatinase and TIMP Expression in BDL Liver
Tissue

We have studied the levels of expression of MMP-2, -3,
-9, and -13 and TIMP-1, -2, and -3 mRNAs in liver tissue
from animals that have undergone BDL (three animals
per group, at 2, 5, 10, 20, and 30 days after surgery)
compared with sham-operated controls (same postoper-
ative days as BDL). The study time course (2 to 30 days)
was chosen to include both early and late fibrotic events.
A very weak signal was seen for MMP-2 and -9 that was
below publishable level. It showed no detectable differ-
ences between any of the groups. MMP-3 and -13 mRNA
transcripts were not detected in any of the samples by
Northern blot analysis (data not shown). This likely re-
flects low mRNA expression levels. Gelatin zymography
analysis showed active MMP-2 and MMP-9 proteins (rep-
resentative data shown in Figure 1A). Activities of both
gelatinases increased in BDL livers at day 2 after BDL,
and a steady increase was noted until day 10, remaining
stable afterwards (Figure 2, A and B). Activities of MMP-2
and -9 were higher in BDL livers than in livers from control
animals (not treated surgically) and from sham animals.
For MMP-2, statistically significant differences were ob-
served between control animals versus 10-day, 20-day,
and 30-day BDL animals; differences were also seen
between 2-day, 10-day, 20-day, and 30-day sham versus
BDL animals. Additional differences were found and be-
tween 10-day, 20-day, and 30-day BDL versus 2-day and
5-day BDL animals (P # 0.01). No significant differences

MMPs and Their Inhibitors in Fibrotic Rat Liver 1897
AJP December 1998, Vol. 153, No. 6



were observed between days 10, 20, and 30 in BDL
animals. For MMP-9, statistically significant differences
were noted between control animals versus BDL 2-day,
5-day, 10-day, 20-day, and 30-day animals, between
sham versus BDL 5-day, 10-day, 20-day, and 30-day
animals, and between BDL 10-day, 20-day, and 30-day
versus BDL 2-day and 5-day animals (P # 0.01). A less
significant difference (P 5 0.012) was observed between

2-day BDL versus 2-day sham animals. No significant
differences were noted between 10-day, 20-day, and
30-day BDL animals. Activated forms (lower molecular
bands) of MMP-2 and -9 were observed in BDL animals
(Figure 1A). The appearance of increased levels of the
active forms likely reflects a general increase in expres-
sion of gelatinase proforms and is therefore not the result
of MMP activation in the post-BDL liver.

Figure 1. Gelatin zymography analysis for gelatinolytic activities in liver tissue protein extracts (A) and plasma (B). Total protein extracts were isolated from
normal (unmanipulated animals) 2, 5, 10, 20, and 30 day after sham and BDL rat livers, and plasma was obtained from the sham and BDL animals at days 2, 5,
and 10 after surgery. Twenty micrograms of proteins and 5 ml of plasma were loaded onto SDS-PAGE gels and processed as described in Materials and Methods.
Conditioned medium (CM) from BHK cells expressing MMP-2 and MMP-9 was included as a control for size comparison with sample gelatinolytic bands.

Figure 2. MMP-2 (A) and MMP-9 (B) gelatinolytic activities in liver tissue protein extracts. Gelatinolytic activities were measured by gelatin zymography (shown
in Figure 1). The photographs of the gels were digitized on a Hewlett Packard Scanjet 4c scanner. The images were analyzed and quantified using the image
analysis program NIH Image. Control indicates unmanipulated animals.
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Northern blot analysis of TIMP mRNA transcripts
showed an increase in TIMP-1 after BDL surgery (Figure
3, A and B). TIMP-1 transcripts appeared on day 2 after
BDL, increased until day 10 after BDL, and remained
relatively stable afterwards (Figures 3 and 4). The com-
parison of the densitometrically measured signals on the
Northern blots showed statistically significant overex-
pression of TIMP-1 between BDL day 2 and BDL day 5

(P # 0.0025) and between BDL day 5 and BDL day 10
(P # 0.043). There were no significant differences be-
tween BDL day 10 and BDL day 20 levels or between
BDL day 20 and BDL day 30 levels. A statistically signif-
icant difference was seen, however, when BDL day 10
levels were compared with BDL day 30 levels (p #
0.018). No TIMP-1 transcripts were detected in control
and sham-operated animals. Expression of TIMP-2 in-
creased at 10 days after BDL and was not detected at
either of the two earlier points, 2 and 5 days (data not
shown). Of the two transcripts (3.5 and 1.0 kb), mainly the
1.0-kb transcript was increased in BDL livers (Figure 3B).
This lower molecular weight transcript was not detectable
in the control animals, but it was present 10 days after
BDL surgery, and the expression level remained constant
until 30 days after BDL. Sham-operated animals had very
low levels of both 3.5- and 1.0-kb transcripts. A slight
up-regulation of TIMP-3 mRNA was also seen (Figure
3B), although this was not as prominent as the changes
seen for TIMP-1 and TIMP-2. Quantification of free TIMP
activities in liver tissue by gelatin reverse zymography
(Figure 5A) revealed that the changes in TIMP mRNA
were not mirrored at the level of protein activity. The most
prominent TIMP activity present in livers of control, sham-
operated, and BDL animals co-migrated with unglycosy-
lated TIMP-3 standard. Samples were also run on con-
ventional SDS-PAGE gels (without reduction) that were
Coomassie Blue stained to confirm that the bands were
bona fide TIMP activities rather than abundant proteins
(data not shown). The activity of TIMP-3 was unaffected
by BDL surgery, as was also the case for TIMP-2 (Figure
5A). No TIMP-1 activity was detected by reverse zymog-
raphy (Figure 5A), and Western blot analysis demon-
strated that this TIMP was mainly present in the form of
complexes (Figure 6), which likely interferes with its de-
tection by activity assays. The Western blots indicated
the presence of TIMP-1 complexes, both in post-BDL and
sham livers (Figure 6). Free TIMP-1 (lower band) was
seen only in normal controls and in sham-operated ani-
mals. Lack of a detectable free band in the BDL groups
suggests that most of the produced TIMP-1 enters the
complexes. Thus, little if any free TIMP-1 is available to
exert its activities. These data agrees with the reverse
zymography results, which failed to demonstrate any
TIMP-1-related activity. The analysis of the composition of
the TIMP-1 complexes seen on the Western blot is be-
yond the scope of this paper.

Plasma TIMP and MMP Activities in BDL Rat
Livers

Because the observed increases in MMP-2 and MMP-9
activity might be attributable to inflammation and
changes in MMP levels in the plasma, we tested plasma
gelatinase and TIMP levels in BDL rats. We observed no
detectable change in plasma gelatinase levels after BDL
or sham surgery (Figure 1B). Plasma TIMP levels, how-
ever, did seem to be variable (Figure 5B), but this vari-
ability showed no pattern with respect to the BDL surgery
and likely represents animal-to-animal variation. TIMP-1

Figure 3. TIMP expression in BDL livers. Northern blot analysis of total RNA
from rat liver tissue at 2, 5, and 10 days after BDL (A) and 10, 20, and 30 days
after BDL (B). Ten micrograms RNA from normal liver (C) was included as a
control in addition to mouse (10T1/2) and rat (Rat 1A) fibroblasts either
unstimulated (U) or phorbol ester (phorbol myristate acetate) treated. Filters
were hybridized to nick-translated mouse TIMP-1, -2, and -3 probes as
described in Materials and Methods. As a loading control, the filters were
stained with methylene blue, which allows visualization of 28 S and 18 S
rRNAs.

Figure 4. TIMP-1 expression in BDL livers. TIMP-1 mRNA levels were mea-
sured by Northern blot (shown in Figure 3). The gels were photographed,
and the photos were then digitized on a Hewlett Packard Scanjet 4c scanner.
The images were then analyzed and quantified using the image analysis
program NIH Image. TIMP-1 values were normalized to 28 S rRNA values.
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is undetectable except in a few samples, including both
BDL and sham-operated animals. TIMP-3 shows similar
variability, again with no correlation to surgery, whereas
TIMP-2 levels are constant irrespective of which treat-
ment was given. These results demonstrate that the
changes in TIMP and MMP levels detected in this study
are attributable to actual changes within the liver and are
not due to plasma enzymatic activity changes in MMP
and TIMP levels within the circulating blood.

Histology

After BDL (days 2 and 5), there was widening of portal
triads due mainly to bile ductular proliferation and the

presence of inflammatory infiltrate. Periportal fibrosis oc-
curred around days 10 to 14 after BDL and progressed to
established fibrosis.

Discussion

The net deposition of the ECM, which occurs during
hepatic fibrosis, has generated a great deal of interest in
ECM-regulatory enzymes and proteins. We have elected
to study the effect of experimental hepatic fibrosis on
gelatinase expression and activity, as compared with
their inhibitors. Although several papers reported the ex-
pression and activity of MMPs and TIMPs in both BDL
and carbon tetrachloride injury, we have approached the
BDL model from a point of view of MMP/TIMP interac-
tions. This approach differs from previous studies that
generally examined MMPs and their inhibitors in isolation.
The importance of studying the MMPs and TIMPs as an
interactive group becomes apparent after analyzing the
complex interactions that occur in the process of MMP
regulation and activation. MMPs are regulated at the
transcriptional level, resulting in changes in the net
amounts of protein present. There are also two other
mechanisms of regulation: first, the MMPs are secreted
as inactive proenzymes requiring activation to obtain en-
zymatic activity, and second, TIMP/MMP complexes form
that block the degradative function of MMPs. Our previ-
ous data have shown that there may be no correlation
between MMP mRNA expression and enzymatic activity,
likely due to either a block in the MMP activation pathway
or to the formation of complexes with the TIMPs.25 This
indicates that an increase in gene expression does not
always translate into increased activity.

Our study is the first to examine the expression of
TIMPs at the level of mRNA expression and protein ac-
tivity in conjunction with the gelatinolytic activity of MMPs.
Expression of both TIMP-1 and TIMP-2 mRNA levels were
increased in liver samples after an induction of experi-
mental hepatic fibrosis relative to sham or control tissue;
however, there was no detectable change in TIMP-3.
These results are in agreement with previously reported
data.26,27 These data lend support to the hypothesis that
increases in TIMP expression may contribute to the net

Figure 5. Reverse gelatin zymography analysis for inhibition of gelatinolytic activities in liver tissue protein extracts (A) and plasma (B). Proteins from liver tissue
extracts and plasma were loaded onto SDS-PAGE gels and processed for reverse gelatin zymography as described in Materials and Methods. Tissue from
unmanipulated rats (normal) was included as a control. Conditioned media from TIMP-1/TIMP-2-expressing BHK cells (CM) or TIMP-1/TIMP-3-overexpressing
BHK cells (MT) were included as size markers for identification of TIMP proteins. The divergent migration patterns of TIMP-1 and -2 result from their different
glycosylation (TIMP-1 is double glycosylated; TIMP-3 exists in glycosylated and nonglycosylated forms, hence two separate bands).

Figure 6. Western blot analysis of TIMP-1 expression in BDL and sham livers.
A: Western blot was performed as described in Materials and Methods.
Polyclonal anti-mouse TIMP-1 antibodies (gift from Dr. G. Murphy, School of
Biological Science, University of East Anglia, Norwich, UK) were used. The
position of TIMP-1 was established by comparison with a standard (TIMP-1,
STD-conditioned medium from BHK cells transfected with mouse TIMP-1; C,
control normal liver). B and C: Two Western blots were prepared at the same
time under the same conditions, containing the same samples. The blot on
the left (B) was incubated with anti-mouse TIMP-1 antibodies as in A, and the
blot on the right (C) with antibodies preabsorbed with TIMP-1-rich condi-
tioned medium (as described in the Materials and Methods). The greater than
10-fold reduction in the intensity of TIMP-1 signal, after TIMP-1-rich condi-
tioned medium preabsorption, indicates the specificity of antibody binding.
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deposition of ECM in the fibrotic liver. At the level of
protein activity, however, we were surprised by the lack
of change in TIMP activities after BDL in light of the
increased expression of TIMP-1 and TIMP-2 mRNA.
These seemingly contradictory results can be explained
by looking at the dynamic interaction between the MMP
family of enzymes and their inhibitors. TIMP-1 and -2 are
known to form specific complexes with the proenzyme
forms of MMP-9 and MMP-2, respectively.28,29 Therefore,
the overexpression of both MMP-2 and MMP-9, as shown
by zymographic detection of elevated levels of free latent
and active forms of the gelatinases in livers of BDL ani-
mals, might be sequestering the available TIMP into
MMP/TIMP complexes. This would not allow the TIMP to
be identified using reverse gelatin zymography, thus ac-
counting for the lack of correlation between TIMP activity
and mRNA levels. This is a likely explanation in view of
the fact that MMP-2 and TIMP-2 were shown by Herbst et
al26 to co-localize in liver sections. The demonstration of
free TIMP-1 in the sham groups but only TIMP-1 in com-
plexes in the BDL animals in our Western blot studies
(Figure 6) further support such a mechanism. It is also
theoretically possible that the lack of change in TIMP
activity may reflect a translational control mechanism, but
no precedent for this has been seen in any studies of
TIMP gene regulation.

To expand the study of possible interactions between
MMPs and TIMPs, we also looked at the expression of
MMP-3 and -13, but no signal was detected for either of
the two enzymes in any of the groups. Because of the
inflammation and tissue trauma associated with BDL sur-
gery, we were concerned that the observed changes in
MMP and TIMP activity might be due to increased gela-
tinolytic or inhibitory activity within the blood. Such a
phenomenon has been detected previously in associa-
tion with hepatic disease, where an increase in serum
TIMP-1 has been identified in human patients with
chronic hepatitis, alcoholic cirrhosis, and primary biliary
cirrhosis.30,31 Increased levels of gelatinases in the cir-
culation could be due to MMPs released from inflamma-
tory cells, polymorphonuclear leukocytes in particular, or
from liver-specific cells, either parenchymal or nonparen-
chymal.

To rule out the possibility that the increases in gela-
tinolytic activity were not from contamination of gelati-
nase- or TIMP-rich plasma or associated with an inflam-
matory response, several measures were taken to control
plasma levels in the liver samples. First, the liver samples
were perfused with saline before harvesting to eliminate
most of the blood. Histological examination of BDL liver
demonstrates that the polymorphonuclear portal infiltrate
was seen by day 2 and did not increase appreciably
(data not shown). In view of increasing gelatinolytic ac-
tivity throughout the period of the study, this observation
further argues against the role of leukocytes as the main
source of active MMPs. Additionally, plasma from both
BDL and sham-operated animals was analyzed for any
alterations in gelatinolytic activity after induction of exper-
imental hepatic fibrosis. Gelatin zymography and reverse
gelatin zymography demonstrated no change in gelatino-
lytic activity or any TIMP activity in the plasma after BDL

surgery. Therefore, we postulate that the observed
changes in the gelatinolytic activity in the liver tissue are
independent of the gelatinase levels in circulating blood.
Although TIMP-1 is detectable in serum of patients with
hepatic disease, we found no recognizable changes in
the activity of the plasma in the BDL model of hepatic
fibrosis. Such discrepancy between the reported results
from human sera and our analysis may simply result from
the duration of the process. The patients with hepatic
disease have a chronic process of several years duration
or more, whereas the animal samples represent fibrosis
of up to 1 month duration only.

Recent studies have clearly demonstrated the cellular
sources responsible for the increased MMP and TIMP
expression26,32–34 and suggested the co-localization of
the intracytoplasmic MMP-2/TIMP signals, indicating the
formation of MMP-2/TIMP-2 complexes. These com-
plexes may act synergistically with TIMP-1 in its inhibition
of MMP-1.26

The results of our study are in agreement with the
previous reports indicating marked alterations in the ex-
pression of the MMPs and their inhibitors after BDL,
which takes place within the first week after BDL. We
have demonstrated a net increase in gelatinolytic activity
without any corresponding increases in detectable TIMP
activity. These findings suggest that increased TIMP ex-
pression does not result in increased inhibitory activity,
and free TIMPs are therefore not sufficient to effect an
increased matrix deposition during hepatic fibrosis. De-
tection of the formation of MMP/TIMP complexes, seen in
previous studies, suggests that part of the inhibitory ac-
tivities of MMPs are likely related to the presence of
MMP-2/TIMP-2 complexes. In view of previously gener-
ated data, which shows up-regulation of MMP-2 and
MMP-9 up to 100 days of experimental fibrosis,17 it is
likely that fibrosis is the result of excessive collagen dep-
osition, which is not readily degraded by increased levels
of gelatinases. As previous groups15,27 have observed a
lack of up-regulation of MMP-1 (interstitial collagenase)
after experimental hepatic fibrosis (in agreement with our
present study) or autopsy material from human cirrhotic
and fibrotic livers, it is possible that increased collagen
(mainly type I) is deposited, but it makes a poor substrate
for the gelatinases without previous processing by
MMP-1.

We have shown that important information can be
gained by a comparison between mRNA expression and
functional protein activity. In the systems characterized
by complex interactions, the overexpression at the mRNA
level does not always indicate increased biological ac-
tivity. Through a detailed examination of the two major
components of the ECM remodeling system, the MMPs
and the TIMPs, we have demonstrated the importance of
studying all of the components of such a system rather
than its individual elements.
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