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Collagen degradation by matrix metalloproteinases is
the limiting step in reversing liver fibrosis. Although
collagen production in cirrhotic livers is increased, the
expression and/or activity of matrix metalloproteinases
could be normal, increased in early fibrosis, or de-
creased during advanced liver cirrhosis. Hepatic stellate
cells are the main producers of collagens and matrix
metalloproteinases in the liver. Therefore, we sought to
investigate whether they simultaneously produce �1(I)
collagen and matrix metalloproteinase-13 mRNAs. In
this communication we show that expression of matrix
metalloproteinase-13 mRNA is reciprocally modulated
by tumor necrosis factor-� and transforming growth
factor-�1. When hepatic stellate cells are co-cultured
with hepatocytes, matrix metalloproteinase-13 mRNA is
up-regulated and �1(I) collagen is down-regulated. In-
juring hepatocytes with galactosamine further in-
creased matrix metalloproteinase-13 mRNA production.
Confocal microscopy and differential centrifugation of
co-cultured cells revealed that matrix metalloprotein-
ase-13 is localized mainly within hepatic stellate cells.
Studies performed with various hepatic stellate cell
lines revealed that they are heterogeneous regarding
expression of matrix metalloproteinase-13. Those with
myofibroblastic phenotypes produce more type I colla-
gen whereas those resembling freshly isolated hepatic
stellate cells express matrix metalloproteinase-13. Over-
all , these findings strongly support the notion that
�1(I) collagen and matrix metalloproteinase-13
mRNAs are reciprocally modulated. (Am J Pathol
2003, 162:1771–1780)

Liver fibrosis results from excess deposition of extracel-
lular matrix components, mainly type I collagen that is
produced by hepatic stellate cells (HSCs).1–4 These cells
can undergo a phenotypic change named activation.
During activation HSCs acquire a different morphology
and function, express higher levels of fibrillar collagens,
and develop a contractile apparatus that includes the
up-regulation of nonskeletal myosin and �-actin.1–5 Al-
though the activity of matrix metalloproteinases (MMPs)
may be normal or increased6,7 and the half-life of colla-
gen I and III is decreased by 50%,8 the capacity of HSCs
to degrade fibrillar collagens may be hampered by two
key factors: firstly, lack of access to digest collagen fibrils
within thick, highly cross-linked collagen bundles;8,9 and
secondly, the up-regulation of tissue inhibitors of metal-
loproteinases (TIMPs) that blocks MMP activity.10–16 In-
deed, under conditions in which TIMP-1 is overex-
pressed17 or its expression up-regulated,18,19 there is
increased accumulation of collagen in the liver. Con-
versely, during resolution of liver fibrosis in a reversible
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rat model, interstitial collagenase expression (MMP-1/
MMP-13) remains unaltered, whereas TIMP-1 and TIMP-2
expression is down-regulated.20

Another important event taking place during resolution
of liver fibrosis is apoptosis of myofibroblasts with con-
comitant decrease in �-smooth muscle-positive cells.20

Indeed, data in the literature have documented a higher
susceptibility of activated cells to undergo apoptosis than
quiescent HSCs.21 Based on these findings, it is difficult
to reconcile the sustained expression of MMPs observed
during resolution of liver fibrosis,20,22 unless MMPs are
produced preferentially by nonactivated HSCs. Indeed,
this possibility is supported by the observation that col-
lagen and MMP-13 production are reciprocally modu-
lated in cultured HSCs.8 Accordingly, cells that produce
an excess of type I collagen, such as myofibroblast within
fibrous septa, should express less MMPs than quiescent
HSCs expressing low levels of type I collagen. To test this
hypothesis we took advantage of several HSC clones
developed in our laboratory that have distinct pheno-
types.23,24 Although two of these clones resemble quies-
cent HSCs, two others are more myofibroblastic. In this
communication we show that those clones with a myofi-
broblastic phenotype expressing high levels of �1(I) pro-
collagen and elastin mRNAs, do not express MMP-2 or
MMP-13, and that these MMPs cannot be induced by
tumor necrosis factor (TNF)-�. Conversely, those HSC
clones expressing lower levels of �1(I) collagen and elas-
tin mRNA express these MMPs that are further induced
by TNF-� or by co-culture with hepatocytes. We also
showed that when co-cultured with HSCs, hepatocytes
induce MMP-13 mRNA expression while down-regulating
�1(I) collagen gene expression. Moreover, similar to
events occurring during wound healing in skin,25 hepa-
tocyte injury induced with galactosamine further up-reg-
ulates MMP-13 mRNA expression.

Materials and Methods

Chemicals

Minimum essential medium was purchased from Mediat-
ech, Inc. (Herndon, VA). Nonessential amino acids, pen-
icillin, and streptomycin were obtained from Life Technol-
ogies, Inc. (Rockville, MD). Bovine serum albumin and
acetone were purchased from Sigma Chemical Co. (St.
Louis, MO). TNF-�, transforming growth factor (TGF)-�1,
and the protease inhibitor cocktail Complete were ob-
tained from Roche Molecular Biochemicals (Indianapolis,
IN). Affi-gel and horseradish peroxidase-conjugated goat
anti-mouse IgG were obtained from Bio-Rad Life Science
Research Products (Hercules, CA). [�-32P]-dCTP was
obtained from Amersham Life Science (Arlington
Heights, IL).

Cell Culture

NFSC and CFSC cell lines derived from normal and CCl4-
fibrotic rat livers have been previously characterized.23,24

Clones CFSC-8B, CFSC-3H, CFSC-2G, and CFSC-5H

were derived from the CFSC line as described.24 All
clones expressed known markers of HSCs, including
�-smooth muscle actin, glial fibrillary acidic protein, and
nestin. Cells (1 � 106) were cultured in minimum essen-
tial medium with L-glutamine supplemented with 10%
fetal bovine serum, nonessential amino acids, 100 IU/ml
penicillin, and 100 �g/ml streptomycin at 37°C in a hu-
midified atmosphere with 5% CO2 until they reached
confluence (48 hours). After this time, the medium was
replaced by a serum-free medium containing 0.2% bo-
vine serum albumin and cells were further incubated for
24 hours. For time-course experiments, HSC clones were
plated and maintained in culture for various time periods
using the same culture conditions described above (see
specific experiments). In some experiments, CFSC-8Bs
were cultured as described above and the serum-con-
taining minimum essential medium replaced with a se-
rum-free medium that contained 0.2% bovine serum al-
bumin. These cells were cultured for an additional period
of 12 hours followed by treatment with TNF-� (20 ng/ml)
for 12 hours. Controls consisted of HSCs maintained in
culture under identical conditions but without the addition
of cytokine.

Primary cultures of mouse HSCs prepared as previ-
ously described26 were used for some experiments.
These cells were cultured in serum-free medium as de-
scribed for rat HSC clones and treated with either 20
ng/ml of TNF-� or 8 ng/ml of TGF-�1. Twenty-four hours
after incubation with each cytokine, cells were harvested
for extraction of total RNA and Northern analysis of �1(I)
collagen, MMP-13, and S14 mRNAs.

Total RNA Extraction and Northern Analysis

Total RNA was extracted from HSC cultures and co-
cultures by the method of Chomczynski and Sacchi.27

Aliquots of 10 �g of RNA were subjected to electrophore-
sis on 1% agarose-formaldehyde gels and transferred to
nylon membranes (GeneScreen; Dupont, Boston, MA).
Prehybridizations and hybridizations were performed as
previously described.23,24 The following 32P-labeled
cDNA probes were used: rat �1(I) procollagen28 fi-
bronectin,29 MMP-13,30 MMP-2,31 TIMP-1,32 MMP-9,33

colony-stimulating factor-1 (CSF-1), ribosomal protein
S14, and human glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (ATCC, Rockville, MD). The relative
intensities of the generated [�-32P]-cDNA/mRNA signals
were determined either by phosphor imaging analysis
(Molecular Dynamics, Sunnyvale, CA) or by densitomet-
ric analysis of autoradiographies. Values are reported as
means of triplicate experiments � SD after correcting for
loading differences using the signals generated by
GAPDH or S14 ribosomal protein mRNAs.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR) Amplification of MMP-13,
�1(I) Collagen, and Albumin mRNAs

In some experiments we measured the expression of
albumin, �1(I) collagen and MMP-13 mRNA by RT-PCR
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following standard procedures.34 For these experiments,
the following primers were used: albumin, 5�AAGGCAC-
CCCGATTACTCCG3� and 5�TGCGAAGTCACCCATC-
ACCG3�; MMP-13, 5�AAAGAACATGGTGACTTC-
TACC3� and 5�ACTGGATTCCTTGAACGTC3�; �1(I)
collagen, 5�GACATCCCTGAAGTCAGCTGC3� and
5�TCCCTTGGGTCCCTCGAC3�.

The concentrations of primers and the number of am-
plification cycles required to obtain linear rates was de-
termined experimentally. For albumin, amplification
primer concentration was 0.05 �mol/L and the number of
cycles 16. For �1(I) collagen, primer concentration was
0.2 �mol/L and the number of cycles 23. For MMP-13
primer concentration was 0.5 �mol/L and the number of
cycles 29.

Co-Cultures of CFSC-8B with CFSC-3H

CFSC-8B and CFSC-3H were co-cultured at different ra-
tios as indicated in the text. Cells were cultured in mini-
mum essential medium supplemented with 10% fetal bo-
vine serum, nonessential amino acids, and antibiotics
until they reached confluence (48 hours). After this time,
the medium was replaced with a serum-free medium
containing 0.2% bovine serum albumin. Approximately
24 hours after replacing the culture medium, total RNA
was extracted as described above.27

Co-Cultures of Hepatocytes and HSCs

Co-cultures were prepared with freshly isolated hepato-
cytes and the HSC clone CFSC-8B as previously de-
scribed.35,36 Hepatocytes were isolated from Sprague-
Dawley rats by a two-step perfusion method using
collagenase, as previously described.37 Viability of hepa-
tocytes was determined by the trypan blue exclusion test
and only cells with viability greater than 90% were used.
Frozen stocks of CFSC-8B were thawed and maintained
in culture as described above. Confluent dishes were
trypsinized and 1 � 106 cells seeded as described pre-
viously. Forty-eight hours after plating, triplicate dishes
were used for counting the number of HSCs with a he-
mocytometer. Co-cultures with freshly isolated hepato-
cytes were then established by plating the cells at ratios
ranging from 1:1 to 5:1 (hepatocytes:HSCs). Co-cultures
were maintained for 24 to 48 hours in a serum-free hor-
monally defined medium35,36 and total RNA was ex-
tracted as described above.27 In duplicate co-cultures
maintained for 24 hours, 5 mmol/L of galactosamine was
added and 24 hours later culture medium and cells har-
vested separately. Lactic dehydrogenase was measured
in the culture medium using a commercially available kit
(Sigma Diagnostics, St. Louis, MO) and total RNA was
extracted from the cells. As controls for these experi-
ments we used monocultures of CFSC-8B, and hepato-
cytes and co-cultures without any treatment.

To determine the expression of �1(I) collagen and
MMP-13 mRNA in individual cell populations in co-cul-
tures maintained for 48 hours, the culture medium was
removed, the cells washed twice with Lefferts medium

with EGTA,37 followed by incubation with bacterial colla-
genase for 5 minutes at 37°C. Detached cells were sep-
arated by differential centrifugation as described.37 Total
RNA was extracted from the cells and the expression of
�1(I) collagen, MMP-13, and albumin mRNAs determined
by RT-PCR as described above.

Western Blot Analysis

HSCs were cultured to confluence, washed with phos-
phate-buffered saline (PBS), and incubated in serum-free
medium for 12 hours. Culture media conditioned by
HSCs were removed and proteins precipitated with 50%
acetone at 4°C for 1 hour. Pellets were resuspended in 1
ml of 20 mmol/L phosphate buffer, pH 7.1, containing 40
�l of the protease inhibitor cocktail Complete. Before
precipitation, excess albumin was eliminated by Affi-gel
chromatography following the manufacturer’s recom-
mendations. Pellets were resuspended in 2� Laemmli
sample buffer38 and protein concentration was deter-
mined with the BCA protein assay kit (Pierce, Rockford,
IL). HSCs remaining in the culture dishes were lysed by
the direct addition of sodium dodecyl sulfate lysis buffer
and protein concentration was determined as described
above. Aliquots containing 30 �g of protein were sub-
jected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis on 8% polyacrylamide gels and trans-
ferred to Immobilon-P membranes (Millipore Co., Bed-
ford, MA). Membranes were blocked for 1 hour in 3%
low-fat milk in 50 mmol/L Tris, pH 7.5, 0.5 mol/L NaCl,
0.01% Tween 20, before incubating for 2 hours with a
1:2000 dilution of the MMP-13 monoclonal antibody (Neo-
markers, Fremont, CA). After extensive washing of the
membranes with Tween 20/Tris-buffered saline, bound
antibodies were detected with horseradish peroxidase-
conjugated goat anti-mouse IgGs diluted 1:3000 in Tris-
buffered saline containing 3% low-fat milk. Membranes
were washed and developed with a horseradish peroxi-
dase chemiluminescence detection reagent (ECL Re-
naissance System; NEN Life Sci Products, Boston, MA).

Confocal Immunomicroscopy

Co-cultures of hepatocytes and CFSC-8B were prepared
on coverslips and maintained in culture for 48 hours.
Coverslips were rinsed with PBS, fixed with 4% parafor-
maldehyde for 10 minutes, permeabilized with cold ace-
tone for 15 minutes, and then rinsed with PBS and
blocked with 1% bovine serum albumin-2% goat serum
for 1 hour. Coverslips were incubated overnight in a
humidified chamber with either a monoclonal antibody
against MMP-13 (1:200) (see Western Blot Analysis) and
polyclonal antibodies against albumin (1:200) (ICN Cap-
pel, Costa Mesa, CA) or an antibody to MMP-13 (1:200)
and an anti-desmin antibody (1:10) (ICN Cappel). After
several washes with PBS, coverslips were incubated for 1
hour with either one of the following fluorescent-tagged
antibodies diluted 1:300: CY3-labeled goat anti-mouse
(Chemicon International, Temecula, CA) or fluorescein-
labeled goat anti-rabbit (Molecular Probes, Eugene, OR).
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Coverslips were washed with 0.1%Tween-20/PBS and
were mounted on glass slides with Gel/Mount from
Biomeda Corp. (Foster City, CA). Images were obtained
using AX70 Olympus photomicroscope and a Meridian
Ultra confocal microscope and processed with Adobe
Photoshop software v5.0.2.

Results

HSC Clone CFSC-8B Expresses Constitutively
MMP-2 mRNA

We have previously shown that HSCs are heterogeneous
regarding expression of �1(I) procollagen mRNA.23,24 To
determine whether HSCs are also heterogeneous regard-
ing expression of MMPs, and whether MMP-2, MMP-9,
and/or MMP-13 mRNA levels reciprocally correlate with
that of �1(I) procollagen mRNA, the following experi-
ments were performed: Steady-state levels of MMP-2,
MMP-9, MMP-13, and TIMP-1 mRNAs in the maternal
HSC lines NFSC and CFSC, which are derived from nor-
mal and CCl4-cirrhotic rat liver, respectively, were mea-
sured. In addition, we determined the levels of expres-
sion of these mRNAs in four clones derived from CFSC,
namely CFSC-8B, CFSC-2G, CFSC-3H, and CFSC-5H.
As shown in Figure 1A, steady-state levels of �1(I) pro-
collagen, MMP-2, and TIMP-1 mRNAs measured in con-
fluent cultures varied significantly among the various
HSC clones investigated. Interestingly, only clone
CFSC-8B expressed MMP-2 mRNA. Moreover, although
all clones expressed TIMP-1 (Figure 1A), neither the ma-
ternal CFSC line nor the four clones investigated, ex-
pressed MMP-9 (data not shown). In contrast to these

findings, none but CFSC-8B expressed measurable lev-
els of MMP-13 mRNA that was up-regulated by TNF-�
administration (Figure 1, B and C).

Because of the marked heterogeneity of the HSCs we
used primers described by others to determine by RT-
PCR the expression of various HSC markers, namely
�-smooth muscle actin, desmin, glial fibrillary acidic pro-
tein, and nestin in the various HSC lines and clones
(Figure 2). Except for CFSC-8B whose amplicon for glial
fibrillary acidic protein was barely detectable, all of the
other cells expressed strong signals for all of the selected
markers. However, their expression was quite heteroge-
neous and signal intensities for each marker varied from
clone to clone. These results confirmed the heterogeneity
of these cells and clearly indicated that HSC lines and
clones isolated in our laboratory are bona fide HSCs with
an activated phenotype.

Expression of MMP-2 mRNA in CFSC-8B
Increases with Time in Culture

To further investigate expression of MMPs and TIMP-1 in
CFSC-8B cells, time-course experiments were per-
formed. As shown in Figure 3, expression of MMP-2, but
not that of TIMP-1 mRNA, was dependent on cell density.
Highest levels of MMP-2 mRNA expression were ob-
served 96 hours after plating when the cells were conflu-
ent, with values close to eightfold higher than those ob-
tained 24 hours after trypsinization and plating (Figure 3).
To further determine whether the time-dependent in-
crease of MMP-2 mRNA expression was specific we
investigated the pattern of expression of various other
mRNAs known to be expressed by HSCs. As shown in
Figure 3, expression of CSF-1 mRNA, a chemoattractant
chemokine, was highest in freshly plated HSCs and de-
creased with time in culture, whereas neither fibronectin

Figure 1. HSCs are heterogeneous with regard to expression of MMP-2 and
MMP-13 mRNAs. Representative Northern blots performed with 10 �g of total
RNA extracted from the maternal HSC lines NFSC and CFSC, from four clones
derived from CFSC (A), and from CFSC-8B treated with 20 ng/ml of TNF-�
(B). The figure shows that while the cell lines and clones expressed variable
levels of �1(I) procollagen and TIMP-1 mRNAs, only clone CFSC-8B ex-
pressed MMP-2 (A). None of the HSCs tested expressed detectable levels of
MMP-9 (data not shown) and only CFSC-8B expressed MMP-13 mRNA whose
expression was up-regulated by TNF-�. The histogram in B corresponds to
triplicate experiments performed with total RNA extracted 12 hours after
culturing cells with TNF-� (see Materials and Methods). Values were cor-
rected for loading differences using GAPDH mRNA as an internal control,
and are expressed as means � SD. C corresponds to a representative
Northern blot.

Figure 2. PCR analysis of desmin, nestin, glial fibrillary acidic protein, and
�-smooth muscle actin in maternal HSC lines (NFSC and CFSC) and in the
four clones derived from CFSC (2G, 8B, 3H, and 5H). This figure shows a
representative gel of the transcripts detected using total RNA extracted from
each of the HSC lines and clones that summarizes the findings obtained.
Although the signal intensities varied from cell to cell, all expressed strong
signals for most HSC markers. However, levels of expression of glial fibrillary
acidic protein were barely detectable in CFSC-8B.
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nor �1(I) procollagen mRNA followed the same pattern
of expression. Although changes in �1(I) procollagen
mRNA were unremarkable, expression of fibronectin
mRNA increased significantly with confluence of the cells
(Figure 3).

Co-Culturing CFSC-8B with Hepatocytes, but
Not with Other HSC Clones, Up-Regulates
Expression of MMP-13 mRNA

The aim of these experiments was to investigate whether
CFSC-8B could influence expression of MMP-13 mRNA
in HSC clones that do not produce it and whether hepa-
tocytes could enhance the expression of this mRNA in
CFSC-8B. To this end, firstly, we prepared co-cultures in
which the ratio of CFSC-8B to CFSC-3H was decreased
from 100 to 0%. As shown in Figure 4, A and B, expres-
sion of MMP-2 mRNA was highest in cultures containing
100% CFSC-8B and it decreased steadily as the propor-
tion of CFSC-3H was increased. As also shown in the
Figure 4, these co-cultures did not contain detectable
levels of MMP-13 mRNA irrespectively of which cell was
the predominant type in culture. On the other hand,
steady state levels of �1(I) procollagen mRNA by co-
cultured cells reflected the abundance of CFSC-3H cells
in the co-culture (Figure 4, A and B). These data sug-
gested that CFSC-8B did not induce CFSC-3H to express
MMP-2 and that, in general, expression of MMP-2 and
�1(I) procollagen mRNAs reflected the abundance of
CFSC-8B and CFSC-3H, respectively. To further deter-
mine whether TNF-� could up-regulate expression of
MMP-2 and MMP-13 mRNA in these co-cultures, cells
cultured as described above were treated with 20 ng/ml
of TNF-�. As clearly shown in Figure 4B, MMP-13 mRNA
was up-regulated but again, the response was a reflec-
tion of the abundance of CFSC-8B in the co-culture.

Surprisingly, the expression of MMP-2 in this co-culture
system was not affected by TNF-�.

Expression of MMP-13, but Not MMP-2
mRNAs, Is Increased in Co-Cultures Containing
CFSC-8B and Freshly Isolated Hepatocytes

In vivo, HSCs are in close association with other cell types
including hepatocytes, and when hepatic injury occurs,
their quiescent phenotype is transformed into that of ac-
tive myofibroblasts. Because cross-talk among the vari-
ous cell types present in the liver plays a key role in
maintaining homeostasis of the liver ecosystem,39 we
considered it important to investigate whether hepato-
cytes could modulate the expression of MMPs by HSCs.
To this end, we used a co-culture system of hepatocytes
and HSCs that has been previously characterized in our
laboratory.35,36 However, we used HSC clone CFSC-8B
instead of CFSC-2G, because as shown in this commu-
nication, the former and not the latter, expresses MMP-2
and MMP-13 mRNAs. As shown in Figure 5, freshly iso-
lated hepatocytes maintained in culture for either 24 or 48
hours did not express MMP-2 or MMP-13 mRNAs. As ex-
pected, CFSC-8B expressed very low levels of MMP-13 and
contained high basal levels of MMP-2 mRNAs (Figures 1
and 5). Remarkably, on co-culturing CFSC-8B with freshly
isolated hepatocytes, expression of MMP-13 mRNA was
up-regulated, whereas that of �1(I) collagen and MMP-2
mRNAs was down-regulated (Figure 5, A and B, respec-
tively). Interestingly, levels of expression of MMP-13 mRNA
were dependent on the ratio of hepatocytes to HSCs plated
in culture. Thus, as shown in Figure 6A, only co-cultures
containing ratios of five hepatocytes per one HSC ex-

Figure 3. Time-dependent expression of MMP-2, TIMP-1, �1(I) procollagen,
fibronectin, and CSF-1 mRNAs by cultured CFSC-8B. Northern blot analysis
was performed with 10 �g of total RNA. The first time point was obtained
with RNA extracted 24 hours after plating HSCs. The zero time point was
obtained after trypsinization of confluent cultures before plating. Left: His-
tograms obtained with data from triplicate experiments. Results are ex-
pressed as arbitrary units � SD and were corrected for loading differences
after hybridization with a GAPDH cDNA. Right: A representative Northern
blot.

Figure 4. Expression of �1(I) procollagen, MMP-2, and MMP-13 mRNAs by
co-cultures of CFSC-8B and CFSC-3H. Cells were plated to contain 100%,
75%, 50%, 25%, and 0% CFSC-8B and the expression of the aforementioned
mRNAs determined after 12 hours of co-culture. Northern analysis was
performed with 10 �g of total RNA as described above. Right: Histograms of
triplicate experiments. Results are expressed as fold change compared to
controls and are means � SD after correction for loading differences using
GAPDH mRNA as an internal control. Left: A representative blot. Note that
MMP-2 mRNA expression reflects the proportion of CFSC-8B in the co-
culture, while that of �1(I) procollagen mRNA reflects the number of CFSC-
3H. Although TNF-� had no effect on MMP-2 mRNA expression it up-
regulated the expression of MMP-13 mRNA.
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pressed significant levels of MMP-13 mRNA and this level of
expression was sustained in co-cultures containing ratios
of up to 8 to 10 hepatocytes/HSCs. Moreover, up-regulation
of MMP-13 was dependent on cell-cell contact and co-
cultures in which the cells were separated by a Millipore
filter did up-regulate express MMP-13 mRNA (data not
shown). Expression of MMP-13 mRNA in this co-culture system

was accompanied by production and secretion of the
corresponding protein to the culture medium as deter-
mined by Western blot analysis (Figure 6B). Because,
basal levels of expression of MMP-13 mRNA in CFSC-8B
monocultures were very low, 15 ml of conditioned culture
medium obtained from �25 � 106 cells were precipitated
to detect the protein (see Materials and Methods),
whereas only 5 ml of medium were needed to detect the
protein in co-cultures. Figure 6B shows that whereas the
culture media of CFSC-8B monocultures contained pro-
MMP-13 with an apparent molecular mass of 64.5 kd, that
present in the culture medium of the co-cultures con-
tained the processed enzyme with an apparent molecular
mass of 49 kd.

Because the apparent low levels of expression of �1(I)
collagen mRNA by co-cultures could result from the large
contribution of hepatocyte mRNA to total RNA extracted
from the cells, we extracted RNA from cells isolated after
collagenase digestion and differential centrifugation. As
illustrated in Figure 7, HSC fraction was relatively free of
hepatocytes as demonstrated by the very low levels of
expression of albumin mRNA by RT-PCR. Nonetheless,
this cell fraction expressed nestin mRNA, a marker for
HSCs. In contrast to this result, the hepatocyte fraction
contained some residual HSCs, and therefore expressed
�1(I) collagen and nestin mRNAs. It is noteworthy to
mention, however, that expression of �1(I) collagen

Figure 5. Expression of �1(I) procollagen, MMP-13 (A) and MMP-2 (B)
mRNAs by cultured hepatocytes, CFSC-8B, and co-cultures of hepatocytes
plus CFSC-8B. Northern blot analysis was performed with 10 �g of total RNA
as described in Materials and Methods. Note that while neither hepatocytes
nor CFSC-8B cultured alone expressed detectable levels of MMP-13, co-
cultures containing both cell types expressed this mRNA and values re-
mained elevated for 24 and 48 hours of co-culture (A). In contrast to these
findings, while CFSC-8B expressed high levels of MMP-2 mRNA, this mRNA
was not expressed by hepatocytes and its expression level was significantly
lower in co-cultures (B). A shows that �1(I) procollagen mRNA expression
was down-regulated by 24 and 48 hours of co-culture. Detection of this
mRNA was deliberately overexposed to detect the very low levels expressed
by co-cultures. Even under these conditions, �1(I) procollagen mRNA was
not detected in cultured hepatocytes.

Figure 6. Northern (A) and Western blot (B) analyses of MMP-13 expression
by co-cultures prepared with various ratios of CFSC-8B cells and hepatocytes.
Note that expression of MMP-13 mRNA increased as the ratio of hepatocytes/
CFSC-8B was increased in co-culture. Values were maximal above a ratio of
5:1 and remained elevated even at ratios of 10:1. Similarly, the presence of
MMP-13 protein in culture media was detectable only with co-cultures con-
taining five hepatocytes/CFSC-8B. Note that while MMP-13 present in the
culture media of CFSC-8B cultured alone corresponds to procollagenase, that
collected from the co-cultures is the active form. The intensity of the signals
do not reflect the actual concentration of MMPs. Western blots correspond to
two distinct experiments, different volumes of culture medium were concen-
trated (10-fold versus 25-fold) and different development times were used to
detect the protein.

Figure 7. RT-PCR analysis of transcripts of albumin, �1(I) collagen, MMP-13,
S14, and nestin expressed by monocultures of CFSC-8B(8B), hepatocytes,
freshly isolated HSCs, co-cultures of hepatocytes and CFSC-8B, and CFSC-8B
(8B, co-culture), and hepatocytes (Hep Co-culture) isolated after co-cultur-
ing the cells for 48 hours. All of the reactions were performed as described
using forward and reverse primers of the control gene (S14) and that under
investigation. Although signal intensities for the same gene are comparable,
signal intensities of the various genes investigated are not. The number of
cycles required for optimal amplification of each gene was different (see
Materials and Methods). The bars correspond to duplicate experiments.
Although the cells isolated after co-culture are contaminated, nonetheless the
data show that collagen gene expression by HSCs obtained from co-cultures
is very low as compared to monocultured cells. It is noteworthy to indicate
that HSCs contaminating the hepatocyte fraction express the highest levels of
MMP-13 mRNA.
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mRNA in the purified HSC fraction was very low as com-
pared to that expressed by CFSC-8B before co-culturing
with hepatocytes and these cells did not express signif-
icant levels of MMP-13. Conversely, MMP-13 mRNA ex-
pression was significantly increased in the population of
HSCs that remained attached to hepatocytes (Figure 8).
Because this fraction contained both cell types it was
important to determine whether hepatocytes were also
contributing to the production of MMP-13 mRNA. There-
fore, we grew co-cultures in coverslips and incubated
them with antibodies to MMP-13 and albumin for the
detection of MMP-13 within the hepatocytes and desmin
and MMP-13 antibodies for detecting MMP-13 within
HSCs. As illustrated in Figure 8, hepatocytes, as deter-
mined by the presence of immunoreactive albumin do not
appear to contain significant amounts of MMP-13. How-
ever, CFSC-8Bs, as characterized by desmin staining
express the immunoreactive enzyme. As expected, there
is staining outside the CFSC-8B that likely corresponds to
secreted enzyme that remains bound to extracellular ma-
trix components produced by the co-cultures.

To determine whether injuring hepatocytes in this co-
culture system would result in changes in MMP-13 mRNA
expression, we added 5 mmol/L of galactosamine to the
co-cultures and measured 24 hours later the expression
of MMP-13 mRNA. As illustrated in Figure 9, co-cultures
treated with 5 mmol/L of galactosamine contained more
lactic dehydrogenase in the culture medium, thus sug-
gesting that hepatocytes were indeed injured by the
amino sugar. Concomitantly, the expression of MMP-13
mRNA was increased.

Expression of �1(I) Collagen and MMP-13
mRNAs Is Reciprocally Modulated in Early
Passaged Mouse HSCs

Cell lines are excellent models to study cell physiology.
However, they may differ from freshly isolated and/or
early passaged cells in some functions. Therefore, we
considered it important to determine whether the recip-
rocal modulation of MMP-13 and �1(I) collagen mRNA

observed in HSC lines also occurred in early passaged
mouse cultured with either TNF-� or TGF-� for 24 hours.
As shown in Figure 10, expression of MMP-13 mRNA was
increased in cells treated with TNF-� whereas that of
�1(I) collagen mRNA was decreased. Conversely, in
cells treated with TGF-�1, expression of �1(I) collagen

Figure 8. Confocal immunomicroscopy of co-
cultures of hepatocytes with CFSC-8B. The cells
were co-cultured for 48 hours and fixed as de-
scribed. The upper row (A–D) corresponds to
double-antibody staining for desmin (HSC
marker, green) and MMP-13 (red). The lower
row (E–H) represents double staining for albu-
min (hepatocyte marker, green) and MMP-13
(red). A–C and E–G were taken with �10 mag-
nification. D and H are a �2 enlargement of the
areas indicated in C and G, respectively. Please
note that orange-yellow color (arrows) is only
observed in HSCs and not in hepatocytes.

Figure 9. This figure corresponds to duplicate experiments in which co-
cultures of hepatocytes and CFSC-8B were treated with 5 mmol/L of galac-
tosamine. The table shows that treatment with galactosamine induced hepa-
tocyte injury as determined by the increase in LDH activity in the culture
medium. The Northern blot is a representative blot showing the increased
expression of MMP-13 in galactosamine-treated as compared to control
co-cultures.

Figure 10. Data presented in this figure support the notion that there is a
reciprocal modulation of �1(I) collagen and MMP-13 mRNAs in early pas-
saged (five to six times) mouse HSCs treated with 20 ng/ml of TNF-� or 8
ng/ml of TGF-�1 for 12 hours. The figure illustrates that while TNF-� induced
the expression of MMP-13 mRNA it inhibited that of �1(I) collagen, TGF-�1
induced the expression of �1(I) collagen mRNA and down-regulated that of
MMP-13.
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mRNA was elevated and that of MMP-13 mRNA was
decreased.

Discussion

Resolution of liver fibrosis is a complex process requiring
discontinuation of the injurious agent and restoration of
the proper balance of factors necessary to decrease
deposition and enhance degradation of collagen.7,9,40,41

This balance could be restored either by decreasing
production of inhibitors of MMPs, namely TIMPs, or by
increasing production and/or activity of MMPs. Of the
many MMPs described thus far, only interstitial MMPs,
such at types 1, 8, and 13 have the potential of degrading
native type I collagen, and therefore, in playing a role in
resolution of liver fibrosis. Of these MMPs, type 8 is
expressed by neutrophils,42 whereas fibroblasts and
HSCs secrete MMP-13.43 However, although HSCs can
produce MMP-13 and secrete the proenzyme, as shown
in this communication, they are unable to convert it to
active MMP-13. Thus, an additional component neces-
sary to activate collagen degradation is the contribution
of other cells in the production of the proteolytic activities
needed to activate MMPs.44 Therefore, the process is
complex and involves different cell types, various proteo-
lytic activities and their inhibitors. As shown in this com-
munication, the culture medium of co-cultures of HSCs
and hepatocytes contain the processed enzyme, as de-
termined by its apparent molecular weight. Although
hepatocytes produce factors necessary for activation of
proMMP-13, we cannot rule out from our experiments
whether hepatocytes induce in HSCs the proteolytic cas-
cade needed for activation of pro-MMP-13.

We have previously shown that HSC clones derived
from a cell line obtained from a single CCl4-cirrhotic rat
liver are heterogeneous regarding expression of type I
collagen genes.24 In this communication we extended
our observations and demonstrated that although all of
the cells express TIMP-1, only one of them, CFSC-8B
expresses MMP-2 and MMP-13 and responds to TNF-�
with increased expression of MMP-13. The phenotype of
the HSCs that expressed MMPs was similar to freshly
isolated HSCs. Conversely, those HSCs that expressed
high levels of �1(I) procollagen also produced high levels
of elastin mRNA (data not shown), a marker of active
fibrogenesis in vivo45 and their phenotype resembled that
of myofibroblasts. This HSC heterogeneity observed in
our cell lines has been also shown to occur in vivo.4 HSCs
are quite heterogeneous regarding expression of desmin
and �-smooth muscle actin in vivo4,46 and significant
differences in susceptibility to programmed cell death in
myofibroblasts as compared to HSCs have been report-
ed.21 Unfortunately, we do not have specific markers to
determine whether extreme phenotypes such as those
reported in this communication exist. Thus, the results
obtained need to be interpreted with caution because
experiments were performed with HSC lines and clones,
and these could represent extreme situations occurring
in immortalized cells. Nonetheless, the HSCs express
bona fide markers of activated HSCs, and therefore, this

possibility, namely the presence of diverse HSC pheno-
types needs to be further investigated. Moreover, they
also appear to reflect events occurring in vivo and in vitro
in different experimental conditions.8,25

As also shown in this communication, expression of
MMP-13 by CFSC-8B was accompanied by a decline in
�1(I) procollagen gene expression. This and other find-
ings8,47 strongly suggest that �1(I) procollagen and
MMP-13 mRNAs are reciprocally modulated and there-
fore, transcription factors required for the activation of
collagen may down-regulate MMPs and vice versa. A
similar reciprocal modulation was observed in early pas-
saged HSCs treated with TNF-� or TGF-�1. Indeed, re-
cent findings suggest that Smad3, a transcription factor
required for TGF-�1-mediated up-regulation of type I col-
lagen genes, is involved in down-regulation of MMP-1
expression by an indirect mechanisms involving the co-
transcriptional regulator p300.48 This reciprocal modula-
tion of collagen and MMPs has been also demonstrated
in vivo. Studies performed during healing of wounds have
revealed that expression of MMP-13 mRNA precedes
�1(I) procollagen gene up-regulation and that MMP-13
expression decreases substantially when collagen dep-
osition reaches maximal levels.25 Altogether, these find-
ings suggest that in healing responses, there is activation
of several concerted mechanisms that can result in excess
deposition of scar tissue. These include the simultaneous
up-regulation of TIMP-1 and type I collagen mRNAs and
down-regulation of MMPs involved in degradation of inter-
stitial collagens.

The data presented in this communication demon-
strated that only those HSCs with phenotypes resem-
bling early passaged HSCs (CFSC-8B) expressed
MMP-2 and MMP-13 mRNAs, and that levels of expres-
sion of these MMPs were up regulated by TNF-�. More-
over, co-culturing HSCs with hepatocytes resulted in
further up-regulation of MMP-13 mRNA. Because this
co-culture system is only functional when cells estab-
lish cell-cell contact with formation of gap-junctional
complexes,35 the data suggest that the close relation
between hepatocytes and HSCs in the space of Disse
could contribute to MMP-13 expression and activation
in the liver. However, because of excess collagen dep-
osition in the space of Disse this close association
between the two cell types is lost in fibrotic livers, a
factor that could further contribute to decreased MMP
production and/or activation.

In summary, our data indicate that irrespectively of the
HSC markers expressed by these cell lines, they have
two distinct phenotypes. Those with a myofibroblastic
phenotype, based on their morphology and expression of
type I collagen and elastin mRNAs (CFSC-3H and CFSC-
5H), are unable to produce MMPs to degrade extracel-
lular matrix. On the other hand, HSCs resembling acti-
vated HSCs, but without a full myofibroblastic phenotype
(CFSC-8B), express type I collagen and MMPs. However,
when these cells are engaged in type I collagen produc-
tion, they significantly down-regulate MMP-13 mRNA ex-
pression and vice versa. Thus, these two mRNAs appear
to be reciprocally modulated. A better understanding of
the molecular events involved in this reciprocal modula-
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tion could lead to the development of novel targets for
anti-fibrogenic therapy.
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