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The mechanisms responsible for the induction of matrix-degrading proteases during
lung injury are ill defined. Macrophage-derived mediators are believed to play a role in
regulating synthesis and turnover of extracellular matrix at sites of inflammation. We
find a localized increase in the expression of the rat interstitial collagenase (MMP-13;
collagenase-3) gene from fibroblastic cells directly adjacent to macrophages within sili-
cotic rat lung granulomas. Conditioned medium from macrophages isolated from sili-
cotic rat lungs was found to induce rat lung fibroblast interstitial collagenase gene
expression. Conditioned medium from primary rat lung macrophages or J774 monocytic
cells activated by particulates in vitro also induced interstitial collagenase gene expres-
sion. Tumor necrosis factor-a (TNF-a) alone did not induce interstitial collagenase
expression in rat lung fibroblasts but did in rat skin fibroblasts, revealing tissue speci-
ficity in the regulation of this gene. The activity of the conditioned medium was found
to be dependent on the combined effects of TNF-a and 12-lipoxygenase-derived arachi-
donic acid metabolites. The fibroblast response to this conditioned medium was depen-
dent on de novo protein synthesis and involved the induction of nuclear activator
protein-1 activity. These data reveal a novel requirement for macrophage-derived 12-
lipoxygenase metabolites in lung fibroblast MMP induction and provide a mechanism for
the induction of resident cell MMP gene expression during inflammatory lung processes.

INTRODUCTION

The cellular interactions and intracellular mechanisms
responsible for remodeling associated with injury and
inflammation are beginning to be elucidated. Macro-
phages are well established as critical effector cells in
the response to injury, whether this response leads to
resolution and reestablishment of normal tissue archi-

tecture and function or to the eventual development of
fibrosis (Riches, 1996). A considerable body of work
suggests that macrophages are recruited to sites of
inflammation and mediate remodeling by locally pro-
ducing factors that affect resident cell proliferation
and extracellular matrix accumulation. Although in-
creased production of macrophage-derived growth
factors has been documented in many forms of pul-
monary fibrosis (Bitterman et al., 1983; Martinet et al.,
1987), the exact mechanisms of resident cell activation
by macrophages are not completely understood. In
fact, macrophages may be responsible for influencing
phenotypic characteristics in fibroblasts other than (or
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in addition to) those directly resulting in increased
interstitial matrix production and proliferation. For
instance, some macrophage-derived products (e.g.,
prostaglandins) can inhibit cell proliferation and/or
matrix synthesis.

Matrix remodeling in response to injury is one of the
initial steps of wound healing. Although end-stage
fibrotic pathology results from the excessive prolifer-
ation and extracellular matrix production of activated
resident cells, these cells must first be induced to
migrate to a developing lesion. Normal fibroblasts are
embedded in a fibrillar collagen-rich matrix and en-
closed by a basement membrane, whereas early lesion
granulation tissue is rich in provisional matrix pro-
teins and proteoglycans including hyaluronan. During
acute lung injury, fibroblast invasion into granulation
tissue is likely to involve the production of matrix-
degrading proteases (Giannelli et al., 1997), permitting
release of these cells from local sites within the tissue.
Both inflammatory and resident cell-derived proteases
are thought to contribute to these processes.

There are three mammalian interstitial collagenases
(collagenase-1, -2, and -3) capable of initiating the
degradation of interstitial collagens, each the product
of a separate matrix metalloproteinase (MMP)1 gene.
Collagenase-2 (MMP-8) is specifically produced and
secreted by neutrophils, whereas collagenase-1
(MMP-1) and collagenase-3 (MMP-13) seem to be ex-
pressed by many different cell types including inflam-
matory cells, epithelial cells, and fibroblasts. In hu-
mans, the expression of collagenase-3 is highly
restricted and seems to be particularly associated with
inflammatory disease states such as arthritis (Mitchell
et al., 1996). Rodents, however, lack the gene for col-
lagenase-1, whose function appears to be compen-
sated for by collagenase-3 alone. Although both in-
creased and decreased total collagenase activities have
been reported in pulmonary fibrosis (Gadek et al.,
1979; Pardo et al., 1992; Blaisdell and Giri, 1995), it is
likely that localized increases in this enzyme activity
are necessary for the initial phases of resident cell
activation and recruitment. For instance, in dermal
wound repair, human collagenase-1 production by
basal epithelial cells is involved in mediating the mi-
gration of these cells into the wound bed (Pilcher et al.,
1997). In this manuscript we explore the induction of
rodent collagenase-3 in lung fibroblasts by factors de-

rived from particulate-activated macrophages during
a model of inflammatory lung disease.

MATERIALS AND METHODS

Animals and Reagents
Normal adult (250 g) Sprague Dawley rats were purchased from
Charles River Laboratories (Cambridge, MA). The murine mono-
cytic cell line J774.1 was obtained from American Type Culture
Collection (Rockville, MD). Silica (Min-U-Sil; 5 mm) was purchased
from U.S. Silica (Berkeley Springs, WV), and zymosan, cyclohexi-
mide, indomethacin, pepsin, and phorbol 12-myristate 13-acetate
(PMA) were from Sigma Chemical (St. Louis, MO). Murine tumor
necrosis factor-a (TNF-a) and TNF-a- and interleukin-1b (IL-1b)-
neutralizing antibodies were purchased from R&D Systems (Min-
neapolis, MN). The inhibitors nordihydroguaiaretic acid (NDGA),
caffeic acid, and cinnamyl-3,4-dihydroxy-a-cyanocinnimate (CDC)
were from Biomol (Plymouth Meeting, PA), and MK-886 was from
Calbiochem (San Diego, CA).

In Situ Hybridization and Immunostaining
In situ hybridization was performed on lung sections from normal
adult rats (250 g), rats receiving a single intratracheal instillation of
0.4 ml of sterile saline containing 16 mg of silica, or rats receiving a
single intratracheal instillation of 0.4 ml of sterile saline as a vehicle
control 7 d before being sacrificed. A detailed description of the
induction of silicosis and the methods used for in situ hybridization
have been published previously (Mariani et al., 1995, 1996). Anti-
sense probes for rat interstitial collagenase (collagenase-3) were
generated from the cDNA pUMRc’ase54 (Quinn et al., 1990). Immu-
nostaining was performed with a Vectastain immunostaining kit
(Vector Laboratories, Burlingame, CA) according to the manufac-
turer’s instructions. Antibody clone ED1 (Harlan, Indianapolis, IN)
was used to identify monocyte and macrophage cells. Detection of
TNF-a was performed with a commercially available antibody for
murine TNF-a (R&D Systems). For dual in situ hybridization and
immunohistochemistry, in situ hybridization was performed and
immediately followed by complete immunostaining before expo-
sure to photographic emulsion.

Isolation and Culture of Cells
Primary macrophages were isolated from healthy or silicotic adult
rat lungs by bronchoalveolar lavage (BAL). Animals were killed
with a lethal dose of sodium pentobarbital. The trachea was cannu-
lated, and the pulmonary circulation was washed free of blood with
saline (0.15 M NaCl). The lungs were removed from the thoracic
cavity and lavaged repeatedly with a single 10 ml aliquot of normal
saline. After lavage, the saline was collected and centrifuged at
500 3 g for 5 min at 4°C. The pellet was resuspended in culture
medium (Dulbecco’s modified Eagle’s medium supplemented with
10% calf serum, nonessential amino acids, l-glutamine, and antibi-
otics), and nucleated cells were counted with the use of a hemocy-
tometer. Cells were plated on tissue culture-treated plastic dishes at
a concentration of 0.5 3 106 cells/ml and allowed to adhere over-
night. The next day, the culture dishes were washed to remove dead
cells and refed with culture medium.

J774 cells were plated at a concentration of 0.5 3 106 cells/ml and
allowed to adhere for 24 h. The next day J774 cells were washed
with PBS and refed with culture medium. Primary adult rat lung
fibroblasts (ALF) were isolated from normal adult rat lungs as
described previously (Dunsmore et al., 1995). Neonatal rat lung
fibroblasts (NRLF) (McGowan, 1992) and neonatal rat auricular
chondrocytes (NRACs) (Pierce et al., 1992) were isolated and cul-
tured as described previously. Adult and neonatal rat skin fibro-
blasts (ARSF and NRSF, respectively) were isolated by explant

1 Abbreviations used: ALF, adult rat lung fibroblast; AP-1, acti-
vator protein-1; ARSF, adult rat skin fibroblast; BAL, bronchoal-
veolar lavage; CDC, cinnamyl-3,4-dihydroxy-a-cyanocinnimate;
IL-1b, interleukin-1b; MMP, matrix metalloproteinase; NDGA,
nordihydroguaiaretic acid; NFkB, nuclear factor kB; NRAC, neo-
natal rat auricular chondrocyte; NRLF, neonatal rat lung fibro-
blast; NRSF, neonatal rat skin fibroblast; PBS, phosphate-buff-
ered saline; PMA, phorbol 12-myristate 13-acetate; TNF-a,
tumor necrosis factor-a.
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culture. All primary cells were analyzed for gene expression in early
passage, confluent cultures.

Isolation and Application of Conditioned Medium
Twenty-four hours after plating primary macrophages or J774 cells
as described above, cells were washed and refed with culture me-
dium in the absence or presence of silica (0.1 mg/ml; 12.5 mg/cm2)
or zymosan (4 mg/ml; 0.5 mg/cm2). Conditioned medium was
harvested after 24 h and centrifuged for 10 min at 2000 3 g to pellet
particulates and cell debris. The supernatant was transferred to a
sterile tube and stored at 4°C. The conditioned medium was filter
sterilized through a 0.2 mm syringe filter (Gelman Sciences, Ann
Arbor, MI) directly upon application to fibroblasts.

Confluent plates of ALFs at passage three were washed two times
with PBS and refed with culture medium alone, or culture medium
supplemented with 12.5–50% macrophage-conditioned medium.
Treatment with conditioned medium was for 6–96 h, with media
changes every 48 h. Replicate plates of ALFs were treated directly
with silica (0.1 mg/ml; 12.5 mg/cm2) or zymosan (4 mg/ml; 0.5
mg/cm2) as controls. For serum-free experiments, all cells were
grown as described above; then conditioning and treatment media
used were free of serum. Primary cultures of NRLFs, NRACs,
NRSFs, and ARSFs were treated with 50%-conditioned medium for
48 h and analyzed for gene expression. For each assay, at least three
separate cultures of mesenchymal cells were treated as described
and examined for extracellular matrix gene expression to ensure
reproducibility.

To determine whether macrophage de novo protein synthesis was
necessary for the production of the activity in the conditioned
medium, we stimulated J774 cells with zymosan in the presence of
10 mg/ml cycloheximide. To determine whether fibroblast de novo
protein synthesis was necessary for the response to conditioned
medium, we treated ALFs with conditioned medium in the presence
of 10 mg/ml cycloheximide.

Northern Blot Analysis
RNA isolation and Northern blot analysis was performed as previ-
ously described (Pierce et al., 1995). Briefly, total RNA was isolated
from cultured cells by a modification of the guanidine-phenol
method. Five micrograms of total RNA were denatured by incubat-
ing for 10 min at 68°C in 50% formamide, 1 M formaldehyde, and 50
ng/ml ethidium bromide and immediately separated in a 1% aga-
rose gel containing 1 M formaldehyde. RNA was transferred to
Hybond N1 (Amersham, Arlington Heights, IL). Rat collagenase-3
mRNA was detected with the use of purified insert DNA derived
from the clone described above for in situ hybridization analysis.
Clone pRGAPDH13 was used for the detection of GAPDH mRNA
(Pierce et al., 1992). The murine TNF-a clone corresponding to
nucleotides 398–705 (Fransen et al., 1985) was kindly provided by
Dr. Sabine Werner (Max-Plank-Institute, Martinsried, Germany).
The level of GAPDH mRNA was used as an internal control in each
sample.

Partial Characterization of Conditioned Medium
In an effort to determine the nature of the macrophage-derived
activity responsible for altered fibroblast extracellular matrix gene
expression, zymosan-activated J774 serum-free conditioned me-
dium was subjected to various treatments before addition to fibro-
blast cultures. Stability to transient acidification was determined by
adjusting the pH of the conditioned medium to 2.5 with 0.5N HCl,
incubating for 2 h at 37°C, and then neutralizing with 0.5N NaOH.
Pepsin sensitivity was tested by following the same procedure and
including 0.2 mg/ml pepsin in the 37°C incubation. Lipid solubility
was determined by extracting the conditioned medium three suc-
cessive times with two volumes of ethyl acetate. After each treat-

ment, the conditioned medium was dialyzed against serum-free
culture medium and filter sterilized before addition to fibroblasts.

Analysis of the Role of TNF-a in Conditioned
Medium
Northern blot analysis for TNF-a mRNA was performed as de-
scribed above on RNA isolated from J774 cells cultured for 24 h in
the absence or presence of zymosan or treated with 50 ng/ml PMA.
To investigate the effects of TNF-a on rat collagenase-3 gene expres-
sion, we treated primary cultures of ALFs with 20 ng/ml recombi-
nant murine TNF-a for 48 h and harvested for Northern analysis as
described above. The role of TNF-a in the zymosan-activated J774-
conditioned medium was assessed by neutralization with a murine
TNF-a-neutralizing antibody. Fifty percent zymosan-activated J774-
conditioned medium was incubated with 10 mg/ml TNF-a antibody
for 2 h at 37°C with gentle shaking. This neutralized conditioned
medium was then assessed for the ability to alter ALF collagenase-3
gene expression as described. Treatment of conditioned medium
with a murine IL-1b-neutralizing antibody (10 mg/ml) served as a
control.

Analysis of Bioactive Lipids
Assessment of J774 cells for secretion of arachidonic acid metabo-
lites was performed essentially as described by Wolf et al. (1997).
J774 cells (1.5 3 105 cells in 2 ml of culture medium) were metabol-
ically labeled with 50 mCi of [3H]arachidonic acid (Dupont NEN
Research Products, Boston, MA) for 16 h, followed by repeated
washing with serum-containing medium. Labeled J774 cells were
fed with fresh medium with or without zymosan. After 1 or 24 h,
medium and cell layers were harvested, and the percentage of
radiolabel secreted was determined by liquid scintillation. For in-
hibitor studies, J774 cells were pretreated at 37°C for 30 min with the
appropriate inhibitor and then refed with fresh inhibitor and zymo-
san. Replicate cultures of J774 cells were treated with zymosan alone
to confirm production of the activity. Conditioned medium was
then assessed for activity on ALFs as described above.

Electrophoretic Mobility Shift Assays
These assays were performed essentially as previously described
(Doyle et al., 1997). Briefly, 5 mg of nuclear protein isolated from
ALFs treated under the appropriate conditions was incubated with
radiolabeled, double-stranded oligonucleotides corresponding to a
consensus activator protein-1 (AP-1) site (59-GATCAAAGCAT-
GAGTCAGACACCT-39) or a nuclear factor-kB (NFkB) site (59-AGT-
TGAGGGGACTTTCCCAGGC-39). Binding reactions were electro-
phoresed through 5% nondenaturing polyacrylamide gels at 4°C.
Specificity of binding was confirmed by competition with 100-fold
excess of unlabeled oligonucleotide. Identification of Fos proteins in
the AP-1-binding complexes was performed with the use of anti-
body c-fos(K-25) from Santa Cruz Biotechnology (Santa Cruz, CA).

RESULTS

Collagenase-3 Is Expressed in Experimental
Granulomatous Lung Disease
We have previously described alterations in the ex-
pression of the genes encoding the interstitial matrix
proteins tropoelastin (Mariani et al., 1995) and a1(I)
procollagen (Mariani et al., 1996) in a model of rat lung
silicosis. We were interested in further defining alter-
ations in extracellular matrix gene expression by gran-
uloma fibroblasts in this model, primarily with respect
to the remodeling of preexisting matrix.

Lung Fibroblast Collagenase-3 Induction
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Figure 1. Expression of collagenase-3 in experimental rat lung silicosis. Experimental lung silicosis was induced in adult rats, and lungs
were harvested 7 d after treatment. Paired bright- and dark-field views of lung sections hybridized in situ for collagenase-3 mRNA are shown.
(A and B) Lung sections from animals instilled with saline as a vehicle control. (C–F) Lung sections from animals instilled with silica. No in
situ hybridization signal is detected in control lungs (A and B), whereas an intense signal for collagenase-3 mRNA (visible as white silver
grains in the dark-field views) is detected in localized groups of cells within silicotic lung granulomas (C–F). Arrows indicate sites of
concentrated gene expression. Original magnification is 1003 for A–D and 2003 for E and F.
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We investigated the expression of the gene encoding
rat collagenase-3 (MMP-13) in control and silicotic rat
lungs by in situ hybridization (Figure 1). Collage-
nase-3 gene expression was observed within localized
populations of cells within granulomatous lesions of
silicotic lungs at 7 d posttreatment (Figure 1, C–F). In
lung sections from normal (Mariani and Pierce, un-
published data) and vehicle control (Figure 1, A and
B) rats, no granulomatous lesions or collagenase-3
gene expression was observed. No specific signal was
detected in any tissues studied using sense probe.
Each in situ hybridization experiment was performed
at least three times for each probe with sections from
one normal rat lung, two vehicle control lungs, and
three silicotic lungs.

We next determined the spatial relationship be-
tween granuloma infiltrating macrophages and rat
collagenase-3 gene expression. Immunohistochemis-
try and in situ hybridization of serial sections indi-
cated that macrophages were present at sites of colla-
genase-3 gene expression but could not account for the
entire population of collagenase-expressing cells (Fig-
ure 2, A and B). To define specifically the cell popu-
lations responsible for collagenase-3 gene expression
within silicotic granulomas, we performed dual in situ
hybridization and immunohistochemistry on individ-
ual sections from silicotic rat lungs (Figure 2, C and
D). Macrophages (immunostaining for ED1) did not
show a positive signal for collagenase-3 mRNA, while
fibroblastic cells adjacent to these macrophages
showed a strong hybridization signal for collagenase-3
mRNA. This indicates that granuloma fibroblasts are
the primary source of collagenase-3 gene expression in
the silicotic rat lung and suggests that these fibroblasts
are responding to mediators locally produced and/or
secreted by macrophages.

Primary Lung Macrophage-conditioned Medium
Induces Lung Fibroblast Collagenase-3 Gene
Expression
To investigate the potential role of macrophage-de-
rived mediators in the induction of rat collagenase-3 in
lung fibroblasts, we isolated macrophages by BAL
from the lungs of silicotic rats sacrificed 7 d after
intratracheal instillation of silica. These cells were al-
lowed to condition culture medium for 24 h. This
conditioned medium was assessed for the ability to
modify collagenase-3 gene expression in primary lung
fibroblasts. Northern blot analysis indicated that un-
treated primary cultures of ALFs did not express de-
tectable levels of collagenase-3 (Figure 3A, lane 1).
Conditioned medium from silicotic rat lung macro-
phages strongly induced collagenase-3 mRNA expres-
sion in ALF cultures (Figure 3A, lane 2). These effects
were consistent in two separate isolates of primary
macrophages from silicotic rat lungs.

To model in vitro the activity of the macrophages
isolated from silicotic rat lungs, we isolated primary
macrophages by BAL from normal, healthy adult rats
and stimulated these cells with the particulates silica
(0.1 mg/ml; 12.5 mg/cm2) or zymosan (4 mg/ml; 0.5
mg/cm2). BAL cells were assessed before and after
conditioning medium and found to be .95% macro-
phages as determined by immunocytochemistry using
antibody clone ED1 (Mariani and Pierce, unpublished
data). Phagocytosis of particulate material by intact
cells was also readily apparent.

Conditioned medium from unstimulated cultures of
primary normal rat lung macrophages did not affect
rat collagenase-3 gene expression in ALFs (Figure 3A,
lane 3). Conditioned medium from macrophages stim-
ulated with silica in vitro resulted in a modest induc-
tion of ALF collagenase-3 gene expression (Figure 3A,
lane 4). Conditioned medium from macrophages stim-
ulated with zymosan induced a greater level of ALF
collagenase-3 gene expression (Figure 3A, lane 5).
These effects were consistent in four separate isolates
of primary macrophages from healthy rat lungs.

Particulate-Stimulated J774 Cell-Conditioned
Medium Induces Fibroblast Collagenase-3 Gene
Expression
Next, the murine macrophage-like cell line J774 was
assessed for the ability to release factors that would
induce ALF rat collagenase-3 gene expression in a
manner similar to that observed for primary rat lung
macrophages (Figure 3B). As observed for primary
macrophages, conditioned medium from unstimu-
lated J774 cells had no effect on ALF gene expression
(Figure 3A, lanes 1 and 2). Conditioned medium from
silica-stimulated J774 cells also did not affect collage-
nase-3 gene expression from ALFs (Figure 3B, lane 3).
Conditioned medium from zymosan-treated J774
cells, however, strongly induced ALF collagenase-3
gene expression (Figure 3B, lane 4). This response was
identical to that observed for both silicotic lung mac-
rophages and primary macrophages activated by sil-
ica or zymosan in vitro. These effects were consistently
seen in eight separate isolates of J774 cell-conditioned
medium and for eight separate isolates of primary
ALFs.

Although all particulates were removed from con-
ditioned medium samples in these studies by filter
sterilization, we tested the ability of direct treatment
with particulates to induce fibroblast rat collagenase-3
expression. Direct treatment of ALFs with either silica
or zymosan did not induce collagenase-3 gene expres-
sion (Mariani and Pierce, unpublished data). This em-
phasizes the necessity for macrophages to induce the
fibroblast collagenase gene expression observed in sil-
icotic rat lungs in vivo.
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Figure 2. Collagenase-3 gene expression in silicotic lungs predominates from fibroblastic cells adjacent to granuloma-infiltrating macro-
phages. Experimental lung silicosis was induced in adult rats as described in Materials and Methods, and lungs were harvested 7 d after
treatment. (A) Immunohistochemistry for macrophages using the antibody clone ED1. (B) In situ hybridization for collagenase-3 mRNA. (C
and D) Dual in situ hybridization and immunohistochemistry for collagenase-3 and macrophages. Immunohistochemistry for macrophages
using the antibody clone ED1 (A) and in situ hybridization for collagenase-3 (B) on serial tissue sections reveal that granuloma-infiltrating
macrophages (arrows) are abundant at sites of collagenase-3 gene expression (white grains). Dual in situ hybridization and immunohisto-
chemistry for collagenase-3 and macrophages (C and D) show that the hybridization signal for collagenase-3 mRNA (black grains) is
predominantly associated with fibroblastic cells adjacent to macrophages (arrows) and not from the macrophages themselves. Original
magnification is 1003 for A and B and 10003 for C and D.
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Silicotic rat lung macrophage-conditioned medium,
in vitro zymosan-stimulated primary rat lung macro-
phage, and zymosan-stimulated J774-conditioned me-
dium also repressed a1(I) procollagen and tropoelas-
tin expression and increased fibronectin expression in
ALFs (Mariani and Pierce, unpublished data). These
findings indicate that the conditioned medium does
not cause a general stimulatory effect on ALF gene
expression. These data also strongly suggest that the
conditioned media from the different macrophage
sources are functionally equivalent.

Initial Characterization of Fibroblast Collagenase-
3-Inducing Activity
To characterize the macrophage-derived activity re-
sponsible for the alteration of ALF rat collagenase-3
gene expression, we pretreated zymosan-stimulated
J774-conditioned medium under conditions that
would remove or inactivate potential mediators (Fig-
ure 4). These experiments were performed in serum-
free conditions; the lack of serum in the assay did not

affect the fibroblast collagenase-inducing activity of
the zymosan-activated J774-conditioned medium (Fig-
ure 4, lanes 1 and 2). Treatment of the conditioned
medium with pepsin (under acidic pH) completely
abrogated its ability to modify ALF collagenase-3 gene
expression (Figure 4, lane 3). Acidification alone had
no effect on the activity of the conditioned medium
(Figure 4, lane 4). Lipid extraction of the conditioned
medium also abrogated the ability of the conditioned
medium to induce ALF collagenase-3 (Figure 4, lane
5). These data indicate a multifactoral nature for the
macrophage-derived activity, with both protease-sen-
sitive and lipid-extractable factors necessary.

To address the need for macrophage de novo pro-
tein synthesis in this system, J774 cells were activated
with zymosan in the presence of cycloheximide. Con-
ditioned medium from J774 cells treated with zymo-
san in the presence of 10 mg/ml cycloheximide failed
to modify ALF rat collagenase-3 gene expression (Fig-
ure 4, lane 6). This confirms that a protein factor is
required for the J774-mediated alteration in fibroblast
collagenase-3 gene expression and/or indicates that
new protein synthesis is necessary to produce and/or
secrete the factor(s).

Lipid Cofactor Is a 12-Lipoxygenase Metabolite of
Arachidonic Acid
To determine whether the lipid-soluble mediator of
altered fibroblast gene expression could be macro-
phage-derived arachidonic acid metabolites, we as-
sessed the release of [3H]arachidonic acid from un-
stimulated and zymosan-stimulated J774 cells (Figure
5A). Unstimulated cells released 9.7% 6 2.7% of total
[3H]arachidonic acid metabolites into the conditioned
medium at 1 h and 23.8% 6 1.3% at 24 h. Zymosan-
stimulated J774 cells secreted significantly more ara-

Figure 3. Silicotic rat lung macrophages, particulate-stimulated
normal rat lung macrophages, and particulate-stimulated J774 cells
induce lung fibroblast collagenase-3 gene expression. (A) Rat lung
macrophages were isolated by BAL from silicotic rat lungs 7 d after
intratracheal instillation of silica and allowed to condition medium
for 24 h. Similarly, macrophages were isolated by BAL from normal,
healthy rat lungs and allowed to condition medium for 24 h when
unstimulated or in the presence of silica (0.1 mg/ml) or zymosan (4
mg/ml). Primary cultures of ALFs were untreated (lane 1), treated
with 50% silicotic rat lung macrophage-conditioned medium (CM)
(lane 2), treated with 50% unstimulated normal macrophage-CM
(lane 3), treated with 50% silica-stimulated normal macrophage-CM
(lane 4), or treated with 50% zymosan-stimulated normal macro-
phage-CM (lane 5); cultures were harvested after 48 h for Northern
blot analysis of collagenase-3 (C’ase) and glyceraldehyde-3-phos-
phate dehydrogenase (GAP) mRNAs. (B) Murine monocytic J774
cells were allowed to condition medium for 24 h when unstimulated
or in the presence of silica (0.1 mg/ml) or zymosan (4 mg/ml).
Primary cultures of ALFs untreated (lane 1) or treated with 50%
unstimulated J774-CM (lane 2), silica-treated J774-CM (lane 3), or
zymosan-treated J774-CM (lane 4) were harvested after 48 h for
Northern blot analysis as above.

Figure 4. Macrophage-derived activity is pepsin-labile and lipid-
extractable. Murine monocytic J774 cells were allowed to condition
serum-free medium for 24 h in the presence of zymosan (4 mg/ml).
Primary cultures of ALFs were untreated (lane 1), were treated with
50% zymosan-stimulated J774-conditioned medium (CM) that had
previously been dialyzed (lane 2), pepsin digested (lane 3), tran-
siently acidified (lane 4), or lipid extracted (lane 5), or were treated
with 50% zymosan-stimulated J774-CM obtained in the presence of
10 mg/ml cycloheximide (lane 6). After 48 h, cells were harvested for
Northern blot analysis of collagenase-3 (C’ase) and glyceraldehyde-
3-phosphate dehydrogenase (GAP) mRNAs.
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chidonic acid at both 1 h (42.0 6 1.6%) and 24 h (47.5 6
1.7%).

Cellular arachidonic acid metabolism can be medi-
ated by many different enzymes, including various
cyclooxygenases and lipoxygenases. Therefore, we
tested the ability of J774 cells to produce collagenase-
3-inducing conditioned medium in the presence of
inhibitors of these pathways. Zymosan-activated J774
cells were allowed to condition medium in the pres-
ence of various cyclooxygenase and lipoxygenase in-
hibitors, and this conditioned medium was subse-
quently tested for activity in ALFs (Figure 5B).
Conditioned medium derived from zymosan-stimu-
lated J774 cells cotreated with the broad-substrate li-

poxygenase inhibitor NDGA at high concentrations
(100 mM) had no activity (Figure 5B, lane 3), while
conditioned medium produced from cells treated with
low concentrations of NDGA (1–10 mM) retained
(slightly reduced) collagenase-inducing activity (Fig-
ure 5B, lane 4). These concentrations did not affect J774
TNF-a gene expression (Mariani and Pierce, unpub-
lished data). Because NDGA completely inhibits 12/
15-lipoxygenase only at high concentrations, whereas
it inhibits 5-lipoxygenase at low concentrations, these
data suggested that a 12/15-lipoxygenase, but not a
5-lipoxygenase, was responsible for the production of
the activity. In agreement with the inability of low
concentrations of NDGA to inhibit the production of
the activity, the 5-lipoxygenase inhibitors MK-886
(1–25 mM) and caffeic acid (1–50 mM) did not inhibit
the ability of zymosan-stimulated J774 cells to produce
the collagenase-inducing activity (Figure 5B, lanes 5
and 6). Conditioned medium derived from zymosan-
stimulated J774 cells treated with the 12-lipoxygenase
inhibitor CDC (50 mM) had no activity (Figure 5B, lane
7). Murine monocytes and macrophages are not be-
lieved to contain a specific 15-lipoxygenase enzyme
(Funk, 1996), and we were unable to detect any 15-
lipoxygenase enzyme in unstimulated or zymosan-
stimulated J774 cells by Western blot (Mariani and
Pierce, unpublished data). Cotreatment of J774 cells
with zymosan in the presence of 1 mg/ml indometh-
acin failed to abrogate the ability of the conditioned
medium to induce ALF collagenase-3 gene expression
(Figure 5B, lane 8). Taken together, these data strongly
implicate a 12-lipoxygenase metabolite as the bioac-
tive lipid component of J774-conditioned medium and
indicate that other lipoxygenase products (e.g., leuko-
trienes and 15-HETEs) and cyclooxygenase products
(e.g., prostaglandins) are not essential.

TNF-a Is Necessary but Insufficient for the
Macrophage-mediated Induction of Lung Fibroblast
Collagenase-3 Gene Expression
TNF-a has previously been implicated in the pathogen-
esis of numerous pulmonary disorders and is a potent
stimulator of MMP expression (Brenner et al., 1989). We
therefore investigated whether exposure to particulates
influenced the production of TNF-a in J774 cells (Figure
6A). Northern blot analysis showed that J774 cells grown
in normal culture medium do not express detectable
levels of mRNA for TNF-a (Figure 6A, lane 1). Upon
activation with zymosan, J774 cells produce high levels
of mRNA for TNF-a (Figure 6A, lane 3). Stimulation of
J774 cells with 50 ng/ml PMA did not result in the
production of the fibroblast collagenase-inducing activ-
ity (Mariani and Pierce, unpublished data) and did not
induce TNF-a expression in J774 cells (Figure 6A, lane 2),
further suggesting a necessity for TNF-a in the induction
of ALF rat collagenase-3 gene expression. Western blot

Figure 5. Macrophage-mediated lung fibroblast collagenase-3 in-
duction is dependent on macrophage 12-lipoxygenase activity. (A)
Murine monocytic J774 cells were labeled with 50 mCi of [3H]arac-
hidonic acid (AA) for 16 h. After thorough washing, the percentage
of incorporated 3H released (mean 6 SD) from labeled J774 cells into
the conditioned medium (CM) in the absence (shaded bars) and
presence (solid bars) of zymosan (4 mg/ml) was determined by
liquid scintillation after 1 or 24 h (*p , 0.01 by Student’s t test). (B)
Primary cultures of ALFs were untreated (lane 1) or were treated
with 50% zymosan-stimulated J774-CM obtained in the absence
(lane 2) or presence of 100 mM NDGA (lane 3), 10 mM NDGA (lane
4), 25 mM MK-886 (lane 5), 50 mM caffeic acid (lane 6), 50 mM CDC
(lane 7), or 1 mg/ml indomethacin (lane 8). After 24 h, cells were
harvested for Northern blot analysis of collagenase-3 (C’ase) and
glyceraldehyde-3-phosphate dehydrogenase (GAP) mRNAs.
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analysis of conditioned medium from and immunocyto-
chemistry of unstimulated and zymosan-stimulated J774
cells supported these findings (Mariani and Pierce, un-
published data).

We next tested the ability of recombinant murine
TNF-a to replicate the induction of rat collagenase-3
gene expression in ALFs mediated by activated mac-
rophage-conditioned medium. TNF-a alone was un-
able to induce collagenase-3 gene expression in ALFs
(Figure 6B, lane 3). This differs significantly from var-
ious other cell types in which TNF-a has been shown
to be sufficient for induction of human collagenase-1
(MMP-1) expression. These findings are consistent,
however, with the requirement for both pepsin-labile
and lipid-extractable factors for the activity of the
conditioned medium. To neutralize TNF-a, we incu-
bated zymosan-stimulated J774-conditioned medium
with neutralizing antibodies to TNF-a for 2 h at 37°C.
Neutralization of TNF-a activity resulted in abroga-

tion of the ability of the conditioned medium to me-
diate rat collagenase-3 induction in lung fibroblasts
(Figure 6B, lane 4). In contrast, treatment of the con-
ditioned medium with a murine IL-1b-neutralizing
antibody had no effect on the activity of the condi-
tioned medium (Figure 6B, lane 5). These data indicate
that TNF-a is necessary but insufficient to cause the
characterized macrophage-mediated induction of ALF
collagenase-3 gene expression. Cooperation with a se-
creted lipid-soluble mediator is required.

Macrophage-derived Activity Induces Collagenase-3
in Various Cell Types
TNF-a is known to be a potent inducer of human
collagenase-1 (MMP-1) in most cell types. However,
we find that TNF-a alone does not induce rat collage-
nase-3 gene expression in ALFs. To determine
whether this may be due to developmental, tissue-
specific, and/or gene-specific differences, we investi-
gated the ability of zymosan-stimulated J774-condi-
tioned medium to induce collagenase-3 gene
expression in numerous primary rat cell types. Zymo-
san-activated J774 cell-conditioned medium strongly
induced collagenase-3 gene expression in primary cul-

Figure 6. Macrophage-derived TNF-a contributes to fibroblast colla-
genase-3 induction. (A) Murine monocytic J774 cells were cultured for
24 h alone (lane 1) or in the presence of 50 ng/ml phorbol-myristate
acetate (lane 2) or 4 mg/ml zymosan (lane 3) and harvested for North-
ern blot analysis of TNF-a mRNA. (B) Murine monocytic J774 cells
were allowed to condition medium for 24 h in the presence of zymosan
(4 mg/ml). Primary cultures of ALFs were untreated (lane 1) or were
treated with 50% zymosan-treated J774-conditioned medium (CM)
alone (lane 2), with 20 ng/ml recombinant murine TNF-a alone (lane
3), or with 50% zymosan-treated J774-CM pretreated with 10 mg/ml
TNF-a-neutralizing antibody (lane 4) or 10 mg/ml IL-1b-neutralizing
antibody (lane 5). After 48 h, cells were harvested for Northern blot
analysis of collagenase-3 (C’ase) and glyceraldehyde-3-phosphate de-
hydrogenase (GAP) mRNAs.

Figure 7. Effects of macrophage-conditioned medium or TNF-a on
collagenase-3 gene expression in multiple mesenchymal cell types.
Murine monocytic J774 cells were allowed to condition medium for
24 h when unstimulated or in the presence of zymosan (4 mg/ml).
Mesenchymal cells were untreated (lane 1) or treated with 50%
unstimulated J774-conditioned medium (CM) (lane 2), 50% zymo-
san-activated J774-CM (lane 3), or 20 ng/ml recombinant murine
TNF-a (lane 4). Treated cells were harvested after 48 h for Northern
blot analysis of collagenase-3 (C’ase) and glyceraldehyde-3-phos-
phate dehydrogenase (GAP) mRNAs. (A) Representative Northern
from primary cultures of NRLFs and NRACs. (B) Representative
Northern from primary cultures of NRSFs and ARSFs.
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tures of NRLFs and NRACs (Figure 7A) as well as in
primary cultures of NRSFs and ARSFs (Figure 7B).
This conditioned medium also strongly induced col-
lagenase-1 gene expression in human skin fibroblasts
and human lung fibroblasts (Mariani and Pierce, un-
published data).

Previous reports have indicated that some fibro-
blasts express interstitial collagenase(s) under stan-
dard tissue culture conditions, without stimulation by
agonists. Under our culture conditions, we find that
for rat collagenase-3, this is tissue and developmen-
tally restricted. Neither ALFs, NRLFs, nor NRSFs ex-
pressed detectable levels of collagenase-3 mRNA
without stimulation. ARSFs, however, did express de-
tectable (although very low) collagenase-3 mRNA lev-
els before stimulation (Figure 7B). Zymosan-activated
J774 cell-conditioned medium also greatly induced
collagenase-3 gene expression in ARSFs as well as in
NRSFs (Figure 7B). Surprisingly, TNF-a alone was
able to induce collagenase-3 gene expression in rat
skin fibroblasts but not lung fibroblasts, suggesting
tissue-specific differences in the regulation of fibro-
blast collagenase-3 production. These data also indi-
cate that macrophage-derived factors are capable of
inducing rat collagenase-3 production in cells derived

from multiple tissues and at different stages of devel-
opment.

Kinetics of Macrophage-mediated Induction in Lung
Fibroblast Collagenase-3 Gene Expression
To determine the concentration and duration of expo-
sure to macrophage-conditioned medium required for
this response, we treated ALFs with conditioned me-
dium at varying doses or for varying times (Figure 8,
A and B). The minimum dose of conditioned medium
necessary for induction of rat collagenase-3 was 25%,
and this response was augmented at 50%. A time-
course experiment showed that collagenase-3 gene ex-
pression was induced after 6 h of exposure to condi-
tioned medium, and expression persisted for up to
96 h of exposure. We tested whether the response was
dependent on continuous exposure of ALFs to the
conditioned medium or resulted in a stable, pheno-
typic change in lung fibroblast phenotype. ALFs were
treated with conditioned medium for 48 h and then
washed and refed with conditioned medium (Figure
8B, 96 h 1/1) or nonconditioned medium (Figure 8B,
96 h 1/2) for another 48 h. This washing led to a
reversion of collagenase-3 gene expression to levels

Figure 8. Kinetics of macrophage-mediated induction of fibroblast collagenase-3. Murine monocytic J774 cells were allowed to condition
medium for 24 h in the presence of zymosan (4 mg/ml). (A) Primary cultures of ALFs were treated with 0–50% zymosan-treated
J774-conditioned medium (CM) for 48 h and harvested for Northern blot analysis of collagenase-3 (C’ase) and glyceraldehyde-3-phosphate
dehydrogenase (GAP) mRNAs. (B) Primary cultures of ALFs were untreated (2) or treated with 50% zymosan-treated J774-CM (1) for 6–96
h and harvested for Northern blot analysis as above. Medium was changed after 48 h; therefore, 96 h cultures received 48 h of 50% CM
followed by either another 48 h of 50% CM (1/1) or 48 h of nonconditioned medium (1/2). (C) Primary cultures of ALFs were untreated
(lane 1) or were treated with 50% zymosan-treated J774-CM alone (lane 2) or with 50% zymosan-treated J774-CM in the presence of 10 mg/ml
cycloheximide (lane 3). Fibroblasts were also treated with cycloheximide in the absence of CM (lane 4) as a control.
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seen in untreated cells. This indicates the macrophage-
conditioned medium does not produce a stable phe-
notypic change in ALFs.

Fibroblasts Play an Active Role in Macrophage-
mediated Induction of Collagenase-3 Gene
Expression
To determine whether the response of lung fibro-
blasts to macrophage-conditioned medium was di-
rect (passive) or was dependent on fibroblast de
novo protein synthesis, we assessed the ability of
fibroblasts to respond in the presence of the protein
synthesis inhibitor cycloheximide. ALF cultures
were treated as previously described with 50% zy-
mosan-activated J774-conditioned medium in the
absence or presence of 10 mg/ml cycloheximide
(Figure 8C). Cells treated with cycloheximide failed
to respond to the conditioned medium by inducing
rat collagenase-3 gene expression (Figure 8C, lane
3). Direct treatment of fibroblasts with cyclohexi-

mide had no effect on steady-state levels of collage-
nase-3 mRNA (Figure 8C, lane 4). These data indi-
cate that the fibroblasts play an active role in the
response to the conditioned medium.

Collagenase-3 Expression Corresponds with
Superinduction of Nuclear AP-1 Activity
TNF-a signal transduction leads to increased nuclear
binding activity for AP-1, which is necessary for max-
imal human collagenase-1 production. To characterize
changes in nuclear AP-1 activity upon stimulation
with activated macrophage-conditioned medium, we
performed electrophoretic mobility shift assays using
consensus oligonucleotides for AP-1 (Figure 9) and
NFkB. Untreated ALFs contained low but detectable
levels of nuclear binding activity for AP-1. This was
detected as two complexes, one high-mobility com-
plex (Figure 9, arrow 1) and a more diffuse, low-
mobility complex (arrow 2). The complex 1 binding
activity was constant under all conditions studied. The

Figure 9. Macrophage-mediated induction of fibroblast collagenase-3 involves maximal induction of nuclear AP-1 binding activity. Primary
cultures of ALFs were untreated or treated with 50% unstimulated J774-conditioned medium (CM) (2Zymo CM), 50% zymosan-stimulated
J774-CM (1Zymo CM), or 20 ng/ml TNF-a and were harvested after 24 h for electrophoretic mobility shift assays as previously described.
Five micrograms of total nuclear protein isolated from cells treated as indicated were incubated with radiolabeled probe for a consensus AP-1
site in the absence or presence of pan-Fos antibodies. Arrows indicate specific protein–DNA complexes able to be competed with excess
unlabeled probe.
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complex 2 activity was unchanged in ALFs treated
with unstimulated J774-conditioned medium but was
greatly enhanced upon treatment with zymosan-stim-
ulated J774-conditioned medium. Treatment with a
maximal dose of TNF-a (20 ng/ml) also enhanced
nuclear complex 2 binding activity but to a lesser
extent than did treatment with zymosan-stimulated
J774-conditioned medium. All binding activity was
competed by 100-fold excess of unlabeled probe. Sim-
ilar quantitative changes were obtained for nuclear
NFkB binding activity (Mariani and Pierce, unpub-
lished data). These data confirm activation of the
TNF-a signal transduction pathway by zymosan-stim-
ulated J774-conditioned medium. Furthermore, they
suggest that the lipid cofactor may cooperate with
TNF-a to superinduce nuclear AP-1 (and NFkB) activ-
ity and thereby initiate ALF rat collagenase-3 gene
expression.

Previous studies have indicated a necessity for Fos
proteins, particularly c-Fos, in the induction of human
collagenase-1 and -3 gene expression (Angel et al.,
1987; Hu et al., 1994; Borden et al., 1996; Doyle et al.,
1997). Using a pan-Fos antibody, we were able to
detect these proteins in our nuclear extracts from
both zymosan-stimulated J774-conditioned medium–
treated and TNF-a-treated ALFs (Figure 9). Treatment
of nuclear extract-bound AP-1 oligonucleotides with
anti-pan-Fos antibodies resulted in a supershift of all
detectable complex 2 to form complex 3 (Figure 9,
arrow 3), indicating all complex 2 binding activity
contains Fos proteins. Complex 3 showed a quantita-
tive distribution similar to that for complex 2. Com-
plex 1 was unaffected by treatment with this antibody.
This data supports the conclusion by Borden et al.
(1996) that differential regulation of collagenase-3
compared with collagenase-1 is not mediated by qual-
itative changes in Fos proteins but suggests quantita-
tive changes are involved.

DISCUSSION

Induction of interstitial collagenase expression is a
hallmark of both acute and chronic inflammatory pro-
cesses, whether or not these states ultimately lead to
fibrosis. In this study, we investigated the role of
mediators elaborated by particulate-activated macro-
phages in the induction of collagenase expression in
lung fibroblasts. In a model of acute inflammatory
lung disease resulting from the intratracheal instilla-
tion of silica into rat lungs, we find abundant rat
collagenase-3 gene expression within early silicotic
granulomas. The collagenase-1 gene is not found in
rodents, and its activity is presumed to be compen-
sated for by collagenase-3. Most, if not all, collage-
nase-3 gene expression in this model is derived from
fibroblastic cells within granulomatous lesions that are
in close proximity to macrophages. We find that mac-

rophages from the lungs of silicotic rats and macro-
phages or J774 cells activated by particulates in vitro
elaborate factors that induce fibroblast collagenase-3
gene expression. Unlike other models in which TNF-a
is sufficient to induce MMP expression, this induction
is dependent on the combined effects of TNF-a- and
12-lipoxygenase-derived metabolites.

We have presented an in vitro model system for the
analysis of the mechanisms responsible for macroph-
age-mediated induction of rat collagenase-3 gene ex-
pression in lung fibroblasts. Stimulation of primary
macrophages or the macrophage-like J774 cell line by
silica in vitro did not perfectly model in vivo stimu-
lation of alveolar macrophages by silica, as evidenced
by the reduced ability to elaborate factors that stimu-
late fibroblast collagenase expression. However, treat-
ment of J774 cells by zymosan resulted in the produc-
tion of factors that display all the characteristics of the
activity derived from primary lung macrophages ac-
tivated by particulates in vitro and, more importantly,
from macrophages isolated from the lungs of silicotic
rats. Zymosan is a highly phagocytic particulate de-
rivative of yeast cell wall that induces growth factor
(including TNF-a) production in macrophages (Clau-
dio et al., 1995). It is unclear why primary alveolar
macrophages or the J774 cell line did not respond to
silica in vitro by producing the collagenase-3-stimu-
lating activity. Previous studies have shown, however,
that this cell line will not produce appreciable TNF-a
in response to silica (Claudio et al., 1995). It is likely
that the complete activation of macrophages in vivo
involves costimulation with silica and an undefined
mediator (soluble or structural) not present in our
tissue culture system. Significantly, the response of
increased collagenase-3 expression by the fibroblasts
is dependent on continuous exposure to the macro-
phage mediators (Figure 8B) and on fibroblast second-
ary mechanisms (Figure 8C).

The role of TNF-a was directly assessed in this
model, because it is a macrophage-derived cytokine
sufficient to induce human collagenase-1 expression
(Brenner et al., 1989). TNF-a expression was induced
in particulate-activated macrophages, but recombi-
nant TNF-a alone did not induce rat collagenase-3
expression in rat lung fibroblasts. However, neutral-
ization of TNF-a in activated macrophage-conditioned
medium resulted in abrogation of the induction in
ALF rat collagenase-3 gene expression. This is in
agreement with the proposed activity of the protein
factor(s) in zymosan-stimulated macrophage-condi-
tioned medium and reveals that TNF-a is necessary
but insufficient for the macrophage-mediated induc-
tion of ALF rat collagenase-3. These results agree with
the critical role shown for TNF-a in the development
of silicosis (Piguet et al., 1990). These data also reveal
a possible mechanism for TNF-a in macrophage-me-
diated fibroblast activation in lung injury but support
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the hypothesis that this cytokine is not exclusively
involved.

Although TNF-a alone can induce interstitial colla-
genase in many mesenchymal cell types, the insuffi-
ciency of this cytokine to induce rat collagenase-3 in
rat lung fibroblasts may be due to tissue-specific dif-
ferences as well as to differences in the regulation of
the genes encoding collagenase-1 and -3. TNF-a treat-
ment alone was not sufficient to induce collagenase-3
induction (or maximal AP-1 activation) in rodent lung
fibroblasts but was sufficient for induction of collage-
nase-3 in rodent skin fibroblasts. Others have reported
a highly tissue-specific regulation for this gene (Mitch-
ell et al., 1996). Maximal induction of interstitial colla-
genase gene expression (collagenase-1 or -3) involves
nuclear localization of factors that bind AP-1 sites,
predominantly c-fos (Nakabeppu et al., 1988; Borden et
al., 1996). Interestingly, we find that the zymosan-
activated macrophage-conditioned medium induction
of ALF rat collagenase-3 expression corresponds with
maximal nuclear AP-1 binding activity, whereas
TNF-a alone does not induce maximal AP-1 activity or
collagenase-3 expression. It is possible that the lung
uses novel mechanisms for the local production of
interstitial collagenase by resident cells.

Arachidonic acid metabolism has long been appre-
ciated as a component of inflammatory diseases of
many organs, including the lung, because of the in-
duction of metabolites associated with the disease pro-
cess. Cyclooxygenase (e.g. prostaglandins) and lipoxy-
genase (e.g. leukotrienes) products can affect multiple
aspects of the disease process, including cell recruit-
ment, cell proliferation, and cellular function (Goetzl
et al., 1995). Increases in 5- or 15-lipoxygenase have
been reported in patients with idiopathic pulmonary
fibrosis (Wilborn et al., 1996) or asthma (Bradding et
al., 1995), respectively. Prostaglandins (Clohisy et al.,
1994) and leukotrienes (Medina et al., 1994; Rajah et al.,
1997) have previously been shown to induce MMP
production. Our data reveal that closely related ara-
chidonic acid metabolites derived from 12-lipoxygen-
ase can induce rat collagenase-3 gene expression. Al-
though 15-lipoxygenase is prominent in human
pulmonary macrophages, its function seems to be
compensated for by leukocyte 12-lipoxygenase in ro-
dents (Funk, 1996). Our data strongly suggest that the
bioactive lipid activity in conditioned medium from
zymosan-stimulated J774 cells is derived from 12-li-
poxygenase. We speculate that TNF-a in cooperation
with secreted lipoxygenase-derived arachidonic acid
metabolites is responsible for the induction of fibro-
blast collagenase-3 gene expression that occurs in ex-
perimental silicosis. An analogous role could be per-
formed by 15-lipoxygenase activity in the human
lung, which has previously been reported to be in-
creased in human pulmonary disease.

Our data show that activated macrophages are spa-
tially and temporally associated with the induction of
matrix-degrading metalloproteinase activity in resi-
dent fibroblasts and elaborate mediators sufficient for
this induction. Fibroblast migration into granulation
tissue is an early event in wound repair, regardless of
whether the result is restoration of normal tissue ar-
chitecture or fibrosis. This recruitment is likely medi-
ated by numerous molecules including growth fac-
tors, chemotactic cytokines, and matrix components.
However, release from the fibrillar collagen-rich ma-
trix surrounding these cells would seem to be abso-
lutely necessary for cell migration to initiate. An anal-
ogous situation exists in tumor evolution, where
matrix degradation is necessary for tumor cell inva-
sion and metastasis. In fact, tumor cell invasiveness
can be modulated by eicosanoid-mediated collagenase
expression (Leppert et al., 1995; Liu et al., 1996; Reich
and Martin, 1996). Expression of interstitial collage-
nase by fibroblasts within granulomatous lesions may
be required for their migration within developing le-
sions. Alternatively, this induction of rat collagenase-3
expression may represent a futile attempt by certain
populations of fibroblasts to abate the fibrotic process.
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