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Ruiz, Victor, Rosa Ma. Ordóñez, Jaime Berumen,
Remedios Ramı́rez, Bruce Uhal, Carina Becerril, An-
nie Pardo, and Moisés Selman. Unbalanced collagenases/
TIMP-1 expression and epithelial apoptosis in experimental
lung fibrosis. Am J Physiol Lung Cell Mol Physiol 285:
L1026–L1036, 2003. First published July 25, 2003; 10.1152/
ajplung.00183.2003.—In this study, we examined the sequen-
tial expression of several matrix metalloproteinases (MMPs),
tissue inhibitors of metalloproteinases (TIMPs), and growth
factors as well as the presence of apoptosis in a model of
pulmonary fibrosis induced in rats with paraquat and hyper-
oxia. Animals showing neither clinical nor morphological
changes with this double aggression were classified as “resis-
tant”. Rats were killed at 1, 2, 3, and 6 wk, and lungs were used
for collagen content, gene expression by real-time PCR, gela-
tinolytic activity by zymography, apoptosis by in situ DNA
fragmentation, and protein localization by immunohistochem-
istry. Our results showed a significant decrease of collagenases
MMP-8 and MMP-13, with an increase of TIMP-1 and trans-
forming growth factor-�. Immunoreactive TIMP-1 was in-
creased in experimental rats and primarily localized in alveolar
macrophages. Expression of gelatinases MMP-2 and MMP-9
mRNAs was not affected, but lung zymography revealed an
increase in progelatinase B, progelatinase A, and its active
form. Epithelial apoptosis was evident from the first week,
whereas at later periods, interstitial cell apoptosis was also
noticed. Resistant animals behave as controls. These findings
suggest that an imbalance between collagenases and TIMPs,
excessive gelatinolytic activity, and epithelial apoptosis partic-
ipate in the fibrotic response in this experimental model.

gelatinases; tissue inhibitor of metalloproteinases-1

PULMONARY FIBROSIS is the final result of many severe
lung injuries, and it is characterized by an initial
diffuse inflammatory reaction or epithelial injury/acti-
vation followed by fibroblast/myofibroblast prolifera-
tion and extracellular matrix accumulation (34). The
molecular mechanisms involved in the extensive struc-
tural disorganization/remodeling that characterize the
fibrotic response are not completely understood but
probably involve disequilibrium of some matrix metal-
loproteinases (MMPs) and tissue inhibitors of metallo-
proteinases (TIMPs) (33, 36, 45).

The MMP family consists of 23 human enzymes that
collectively degrade extracellular matrix components and
exert selective proteolysis of cell surface receptors, adhe-
sion molecules, chemokines, cytokines, and growth fac-
tors (28, 30, 58). Human MMPs have been classified into
six different subgroups of closely related members with
rather distinctive but often overlapping substrate speci-
ficities: collagenases, gelatinases, stromelysins, matril-
ysins, membrane type MMPs, and other MMPs. Collag-
enases (MMP-1, MMP-8, and MMP-13) degrade mainly
fibrillar collagens, whereas gelatinases (MMP-2 and
MMP-9) have, among others, substrate affinity for base-
ment membrane type IV collagen. The TIMP family is
composed of four members (-1, -2, -3, and -4) that bind to
the active site of MMPs. In addition to their inhibitory
effects on MMPs, some of them show other properties,
such as association with latent MMPs, cell growth-pro-
motingactivity,cellsurvival-promotingactivity,andapop-
tosis (3, 15, 16, 29, 58).

Importantly, modifications in MMP and TIMP ex-
pression or activity may participate in not only enhanc-
ing the exaggerated accumulation of extracellular ma-
trix, but also through the disruption of the basement
membranes that seems to play a role in lung fibrogen-
esis (13, 33, 39, 42). MMPs and TIMPs are regulated by
a number of growth factors. Transforming growth fac-
tor (TGF)-� inhibits MMP-1 and stimulates TIMP-1
production (19, 27, 38). Its downstream gene transcrip-
tional activity includes an increase in connective tissue
growth factor (CTGF) (49). Other important profibrotic
or matrix modulating genes are platelet-derived
growth factor (PDGF) and angiotensin, which have
also been implicated in human and/or experimental
fibrosis (2, 9, 24, 46).

On the other hand, a considerable body of literature
suggests that the integrity of the alveolar epithelium
and alveolar apoptosis is a critical determinant in the
pathways that initiate fibrogenesis in the lung (1, 11,
17, 18, 20, 51, 52). Alveolar epithelial cells express
functional Fas, and activation of Fas in vivo induces
epithelial cell apoptosis and lung fibrosis in mice (11,
17, 18). Likewise, fibroblasts from human fibrotic lungs
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induce epithelial apoptosis, and fibroblastic foci are
usually found close to abnormal or denuded alveolar
epithelium (51, 52).

With these precedents, our aims were: 1) to deter-
mine the sequential expression of MMP-8 and MMP-13
(collagenases-2 and -3), MMP-2 and MMP-9 (gelati-
nases A and B), TIMP-1, -2, and -3, TGF-�1, CTGF,
angiotensin, and PDGF-A in an established rat model
of pulmonary fibrosis, and 2) to define the timing and
location of cell apoptosis. We report here that progres-
sion to fibrosis is characterized by decreased expres-
sion of MMP-8 and MMP-13, with increased expression
of TIMP-1 and TGF-�1, and persistent alveolar epithe-
lial apoptosis.

MATERIALS AND METHODS

Experimental model. The experimental model of diffuse
pulmonary fibrosis was developed in rats as described previ-
ously (7, 44). Wistar male and female rats were obtained from
the same source at the same time and reproduced in our
animal facility by the simple rotation method of breeding.
Because the Wistar rat is an outbreed strain, we used a
breeding system known as “minimum inbreeding for the
bred” (4). Adult rats, weighing 200–250 g, received 2.5 mg/kg
of paraquat (1,1�-dimethyl-4,4�-bipyridinium; Sigma Chemi-
cal, St. Louis, MO) twice weekly for 6 wk through intraperi-
toneal injections. During all 6 wk, rats were placed into a
160-liter Plexiglas exposure chamber that was continuously
ventilated with a mixture of oxygen and room air that main-
tained O2 concentration at 80%. In these chambers, the
animals had sufficient space to move around and to drink and
eat normally. Control animals received 1.5 ml of saline solu-
tion intraperitoneally and were exposed to room air during
the experimental period. The protocol was approved by the
Ethical Committee on Use and Care of Animals from the
National Institute of Respiratory Diseases (Mexico).

Animal body weights were recorded every week, and visual
examination of animal health was made daily. Animals ex-
posed to 80% oxygen plus episodic administration of para-
quat were killed beginning at 1, 2, 3, and 6 wk of exposure.
Control animals were exposed to the paraquat vehicle and
room air. Eight animals were studied at each time interval.
Animals displaying low body weight together with respira-
tory insufficiency manifested by bradypnea, nasal twitching,
and/or cyanosis were killed at the earliest designated sam-
pling interval. Additionally, eight resistant rats were also
studied. Resistant rats were defined as animals that received
6 wk of paraquat plus hyperoxia but gained weight, did not
develop signs of respiratory insufficiency, and morphologi-
cally showed minimal lung lesions or no lesions at all.

After death, the left lungs were used for morphology,
immunohistochemistry, and collagen determination, whereas
the right lungs were used for Northern blot, real-time PCR,
and lung tissue zymography. Because the model is charac-
terized by diffuse inflammatory lesions followed by wide-
spread fibrotic reaction involving both lungs (43, 44), we
considered that lung sampling for all analyses represented
the overall lesions.

Morphology. For histology and immunohistochemistry, the
left lungs were instilled through a tracheal cannula at a
constant pressure of 7 cmH2O with 4% paraformaldehyde in
PBS and embedded in paraffin. Sections were stained with
hematoxylin-eosin and Masson’s trichrome.

Detection of DNA fragmentation in situ. Cell death was
explored in control and experimental lung tissues with a

DNA fragmentation detection kit (Klenow-FragEL; Onco-
gene, Darmstadt, Germany) following the manufacturer’s
instructions. Briefly, deparaffinized lung sections were incu-
bated with 100 �l of 20 �g/ml proteinase K at room temper-
ature for 20 min. Samples were rinsed with 1� Tris-buffered
saline (TBS) and incubated with 1 �g/�l of DNase I in 1�
TBS/1 mM MgSO4 at room temperature for 20 min. Endog-
enous peroxidase was inactivated with 30% H2O2 in metha-
nol. Specimens were then covered with 1� Klenow equilibra-
tion buffer at room temperature for 30 min, following with 60
�l of Klenow labeling reaction mix. The slides were incubated
in a humidified chamber at 37°C for 1.5 h. Samples were
covered with 100 �l of blocking buffer at room temperature
for 10 min, incubated with 100 �l of diaminobenzidine at
room temperature for 15 min, and counterstained with 100 �l
of methyl green.

Hydroxyproline measurement. Lung fragments from con-
trols and paraquat plus oxygen-exposed rats were analyzed
for hydroxyproline content as an estimate of collagen content.
Lung samples were dried and hydrolyzed in 1 ml of 12 N HCl
for 24 h at 110°C, and hydroxyproline colorimetric analysis
was performed as described by Woessner (57). All assays
were done in triplicate, and data are expressed as micro-
grams of hydroxyproline per milligram of lung tissue.

Immunohistochemistry. Immunoreactive TIMP-1 was
identified in lung tissue sections as previously described (36,
45). Briefly, after deparaffinized tissue sections were rehy-
drated and blocked with 3% H2O2 in methanol followed by
antigen retrieval in a microwave in 10 mM citrate buffer, pH
6.0, for 5 min. Tissue sections were treated with an antibody
diluent with background reducing components (Dako,
Carpinteria, CA) diluted 1:100 in PBS and then incubated
with anti-TIMP-1 antibody (rabbit polyclonal; 200 �g/ml di-
luted 1:100; Santa Cruz, CA) at 4°C overnight. A secondary
biotinylated anti-immunoglobulin followed by horseradish
peroxidase-conjugated streptavidin (BioGenex, San Ramon,
CA) was used according to the manufacturer’s instructions.
3-Amino-9-ethyl-carbazole (BioGenex) in acetate buffer con-
taining 0.05% H2O2 was used as substrate. The sections were
counterstained with hematoxylin. The primary antibody was
replaced by nonimmune serum for negative control slides.

Lung tissue gelatin zymography. Lung samples (20 mg/ml)
from control and experimental animals were homogenized in
10 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate (Sigma), 20 mM HEPES, pH 7.5, plus 150 mM
NaCl. After centrifugation, aliquots of supernatants contain-
ing 10 �g of protein were used to analyze lung tissue gelati-
nase activity in a gelatin substrate SDS gel as previously
described (33). Serum-free conditioned medium from human
lung fibroblasts and from U2-OS cells stimulated with phor-
bol 12-myristate 13-acetate were used as MMP-2 and MMP-9
markers, respectively. Like gels were incubated but in the
presence of 20 mM EDTA. Gelatinolytic activities were quan-
tified using 1D image analysis software (Eastman Kodak,
Rochester, NY) considering the area and intensity of lysis
bands. Results were expressed as relative units (net inten-
sity � 10�4 per 10 �g of lung protein).

Detection of TGF-�1 by ELISA in lung extracts. Aliquots of
supernatants obtained from lung homogenates were used to
determine biologically active and total TGF-�1 by using an
immunoassay system (Promega, Madison, WI). Activation of
the latent form to detect total (active � latent) protein was
performed by acid treatment following the manufacturer’s
instructions.

RNA isolation and Northern blot analysis. Total RNA was
extracted from lung tissue using TRIzol reagent (Life Tech-
nologies, Grand Island, NY). RNA quality was assessed by
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resolution on denatured 1% agarose gels and measurement of
absorbance ratios at 260/280 nm. Total RNA (15 �g/lane) was
fractionated on a 1% agarose gel containing 0.66 M formal-
dehyde (8). rRNA was visualized with ethidium bromide, and
the fractionated RNA was transferred onto a Nytran transfer
membrane (NEN, Boston, MA) by capillary blotting over-
night. RNA was immobilized by being baked at 80°C for 2 h
and then prehybridized at 42°C for 18 h in 5� SSC, 50%
formamide, 5� Denhardt’s solution, and 0.5% SDS contain-
ing 100 �g/ml of denatured salmon sperm DNA. Hybridiza-
tion was carried out at 42°C for 18 h in hybridization buffer
containing 50% dextran sulfate plus heat-denatured 32P-
labeled cDNA probes. Membranes were washed in 2� SSC,
0.1% SDS at 42°C, followed by 0.25� SSC, 0.1% SDS at 55°C
and 0.1� SSC, 0.1% SDS at 65°C. After being dried, mem-
branes were exposed to Kodak BIOMAX MS film at �70°C
with an intensifying screen. Equal loading of RNA samples
was monitored by assessing the mRNA level of glyceralde-
hyde-3-phosphate dehydrogenase. The cDNA probes were
radiolabeled with [32P]dCTP to specific activity of 200 � 106

dpm/�g using a multiprime DNA labeling kit (NEP-103;
Dupont, Wilmington, DE).

RT-PCR and quantitative real-time PCR amplification.
One microgram of total RNA was reverse transcribed using 2
�g of random primers and Moloney murine leukemia virus
reverse transcriptase according to the manufacturer’s proto-
col (Advantage RT-for-PCR Kit; Clontech, Palo Alto, CA).

Quantitative real-time PCR amplification was performed
using i-Cycler iQ Detection System (Bio-Rad, Hercules, CA).
PCR was performed with cDNA working mixture in a 25-�l
reaction volume containing 3 �l of cDNA, 20 mM Tris �HCl,
pH 8.3, 50 mM KCl, 2 mM MgCl2, 200 �M dNTP, 1 �M
specific 5� and 3� primers, 1.25 units of Taq DNA polymerase
(Roche, Branchburg, NJ), and 10 nM fluorescein and dye
SYBR green I 1:50,000 (Roche, Indianapolis, IN). A dynamic
range was built with each product of PCR on copy number
serial dilutions of 1 � 108, 1 � 106, 1 � 104, 1 � 102, and 1 �
10; all PCRs were performed in triplicate. Standard curves
were calculated referring the threshold cycle (the PCR cycle
at which a specific fluorescence becomes detectable) to the log
of each cDNA dilution step (40, 47, 54). Results were ex-
pressed as the number of copies of the target gene normalized
to 18S rRNA. Results are shown as percent of controls.

Some primers for PCR reactions were obtained from pre-
viously published rat sequences (10, 31, 40, 56), whereas the
rest were outlined with http://bioweb.pasteur.fr/seqanal/
interfaces/eprimer3.html and analyzed for specificity in Ba-
sic Local Alignment Search Tool (Table 1). All primers were
obtained from GIBCO-BRL (Life Technologies). The cycling
conditions for PCR amplification to MMP-2, MMP-9, MMP-
13, CTGF, PDGF-A, and angiotensinogen were performed

using the following protocol: initial activation of Amplitaq
Gold DNA polymerase at 95°C for 7 min, 40 cycles of dena-
turation to 95°C/30 s, annealing to 58°C/30 s, and extension
to 72°C/30 s. For amplification of TIMP-1, -2, -3, and TGF-�1,
the annealing temperature was increased to 60°C. Specific
amplification was confirmed by the presence of one single
peak in the melting curve plots. Additionally, the PCR prod-
ucts were analyzed in agarose gel electrophoresis.

Statistical analysis. Values are expressed as means � SE
of the mean. Differences between experimental groups and
controls were analyzed by using Dunnett’s test. P � 0.05 was
considered statistically significant.

RESULTS

General characteristics. Two clinical/morphological
responses were manifested in the animal group receiv-
ing paraquat plus 80% oxygen. 1) Animals termed
“susceptible” exhibited constant loss of body weight
and progressive respiratory insufficiency beginning at
1 or 2 wk of exposure; some of these susceptible rats
suffered acute weight loss and severe respiratory dis-
tress. 2) Approximately 20% of the exposed animals did
not present weight loss, although they did not gain
weight at the same rate as controls (Table 2) and
showed no discernible respiratory symptoms through-
out the 6 wk of exposure, when they were killed. These
rats were named “resistant”.

Histology and in situ DNA fragmentation. Morpho-
logical changes of the lung parenchyma at each sam-
pling time are shown in Fig. 1. Control animals at all
time points exhibited normal alveolar architecture
(Fig. 1A). At 1 wk of exposure, multifocal interstitial
and alveolar inflammation was observed, as was
cuboidalization of the alveolar epithelium. Inflam-
mation included polymorphonuclear and mononu-
clear cells (Fig. 1B). At 2 and 3 wk of exposure,
the inflammatory process was predominantly mono-

Table 1. Genes and primers for real-time PCR

Gene Sense Primer (5� to 3�) Reverse Primer (5� to 3�) Product bp Reference or Accession No.

R18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 140 (40)
MMP-13 CATCCATCCCGAGACCTCAT GCATGACTCTCACAATGCGA 324 M60616
MMP-2 CTATTCTGTCAGCACTTTGG CAGACTTTGGTTCTCCAACTT 309 (56)
MMP-9 AAATGTGGGTGTACACAGGC TCCTTGGGGCTCTCAATTTC 309 (56)
TIMP-1 GACCACCTTATACCAGCGTT GTCACTCTCCAGTTTGCAAG 333 L29512
TIMP-2 CAACCCCATCAAGAGGATTC CGCAAGAACCATCACTTCTC 416 U14526
TIMP-3 CAGTACATTCACACGGAAGC TCTGTGGCATTGCTGATGCT 392 NM000362
TGF-�1 TGGAAGTGGATCCACGCGCCCAAGG GCAGGAGCGCACGATCATGTTGGAC 242 (31)
PDGF-A AAGCATGTGCCGGAGAAGCG TCCTCTAACCTCACCTGGAC 305 (10)
CTGF CCGGATCCGAGCTTTCTGGCTGCACC GGCTGCAGTCTCCGTACATCTTCCTG 250 A gift from J. Lasky, Tulane Univ.
Angiotensin GTTTGTTTGGACACACTGGGGT ACAAGGGGACAGTGTGCATT 174 M121112.1

Table 2. Body weight at death

0 wk 1 wk 2 wk 3 wk 6 wk

Control 198�13 207�4 252�16 278�14 291�15
Susceptible 207�11 190�18 185�9 170�10 165�16
Resistant 202�9 205�11 223�14 236�17 264�19

Values are means � SE. Body weight measured in grams. Eight
susceptible animals were killed at each time point. Eight resistant
rats were killed at 6 wk.
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nuclear, with interstitial and intra-alveolar lympho-
cytes and macrophages. Foci of densely packed inter-
stitial fibroblasts were also found (Fig. 1C, arrow). At
6 wk, cell infiltrate was similar, but a more extensive
collagen deposit was observed as was the severe
loss of parenchymal lung architecture (Fig. 1D). Re-
sistant animals exhibited normal alveolar structures
with minimal or no inflammation or fibrosis, and, in
general, resembled that of control animals (Fig. 1E).

In situ DNA fragmentation showed apoptotic cell
death from the first to the sixth week (Fig. 1G).
Apoptosis was diffusely distributed in the lung pa-
renchyma and was mainly noticed in alveolar epithe-
lial and bronchiolar cells (Fig. 1, G and H). At longer
periods (6 wk), apoptotic nuclei were also observed in
interstitial cells (Fig. 1I). Areas of intra-alveolar
apoptotic inflammatory cells were also seen through-
out the experiment. Resistant rats behaved as con-

Fig. 1. Histology and in situ DNA frag-
mentation in control and experimental
lungs. Deparaffinized lung sections
from animals killed at the indicated
sampling intervals were prepared for
hematoxylin and eosin and Masson’s
trichrome staining (left; A and C, 20�
original magnification; B, 40�; D and
E, 10�) or for in situ DNA fragmenta-
tion (right; F and J, 20�; G–I, 40�). A
fibroblastic focus is indicated by the ar-
row in C. In G–I, brown nuclei represent
apoptotic cells (arrows), whereas green
nuclei correspond to living cells.
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trols (Fig. 1F), and few, if any, apoptotic cells were
found (Fig. 1J).

Lung collagen expression and content. Paraquat plus
oxygen-exposed rats showed a progressive increase of
lung collagen when compared with control animals,
paralleling morphological results. As illustrated in Fig.
2A, lung collagen quantified by hydroxyproline was
	50% increased over control levels at the third and
sixth weeks (P � 0.05). Resistant rats showed normal
values. Similarly, paraquat plus hyperoxia exposure
resulted in a marked upregulation of pro-
1(I) collagen
transcript levels that was also observed at the third
and sixth weeks (Fig. 2B).

Real-time PCR. An example of a real-time PCR ex-
periment is shown in Fig. 3A. The reaction was linear
over nine orders of magnitude of starting cDNA stan-
dards, with a detection sensitivity of 10 molecules and
efficiency of 95.3% (Fig. 3A). Correlation coefficients of
such standard curves were consistently �0.99. Figure
3B illustrates the melt-curve plot of the amplified PCR
cDNAs shown in Fig. 3A, demonstrating the amplifica-
tion of one specific product.

Levels of MMP-2, MMP-8, MMP-9, MMP-13,
TIMP-1, TIMP-2, TIMP-3, TGF-�1, PDGF-A, CTGF,
and angiotensinogen gene expression were assessed by
quantitative real-time PCR in aliquots from whole lung
homogenates of experimental and control rats. The
effect of paraquat plus hyperoxia treatment was selec-
tive and showed temporal differences. Regarding
MMPs (Fig. 4), the most marked effect was a signifi-
cant reduction in the mRNA expression of both collag-
enases MMP-8 and MMP-13 from the first to the sixth
week compared with controls (Fig. 4, A and B). Resis-
tant rats showed no significant changes compared with
control animals. No significant difference in lung gela-
tinases A and B (MMP-2 and MMP-9) mRNA expres-

sion was found between controls and experimental
samples (not shown).

As illustrated in Fig. 5, TIMP-1 exhibited a signifi-
cant increase from the second week until the final
period of the experiment. Resistant rats did not show
differences with controls. By contrast, TIMP-2 and
TIMP-3 showed no changes at any time (not shown).

TGF-�1 gene expression showed a significant in-
crease from the first- until the third-week interval of
paraquat plus oxygen exposure (Fig. 6A). Likewise,
analysis of lung homogenates revealed a significant
increase of total (active and latent) TGF-�1 protein
levels at 2 and 3 wk (P � 0.01 and 0.05, respectively;
Fig. 6B). The majority of this protein was in the latent
(inactive) form, measurable in the bioassay only after
acid activation. The amount of spontaneously active
TGF-�1 was low (5–10 ng/ml) and was found elevated
in the experimental animals at 2 wk of paraquat plus
oxygen exposure (P � 0.05; Fig. 6C). Levels of resistant
rats were similar to controls. PDGF-A, CTGF, and
angiotensinogen mRNA levels showed no differences
with control lungs (not shown).

Lung localization of TIMP-1 by immunohistochemis-
try. Immunoreactive TIMP-1 was not detected in nor-
mal lungs (Fig. 7A). By contrast, lungs from rats in-
jured with paraquat plus hyperoxia showed, from the
first week on, increased TIMP-1 expression mainly
localized in alveolar macrophages and occasionally in
bronchiolar and alveolar epithelial cells and in smooth
muscle cells from vessels (Fig. 7, B–D). No differences
in TIMP-1 cell localization were observed with the
progression of the lung lesions, but the inhibitor was
primarily noticed in injured areas. Negative controls
incubated with nonimmune serum were negative
(Fig. 7E).

Lung tissue zymography. Aliquots of lung tissue ex-
tract supernatants from control and experimental an-
imals containing 	10 �g of protein were used. A rep-
resentative zymogram showing two samples from each
time period is represented in Fig. 8. Compared with
control rats, experimental animals receiving the dou-
ble aggression showed from the first week on an in-
crease in pro-MMP-2 and its active form represented
by the lower molecular band of 	62 kDa. A two- to
threefold increase was revealed by densitometric quan-
tification of the surface and intensity of lysis bands of
zymograms derived from five different animals in each
group (Fig. 8). Resistant animals behaved similarly to
control. Likewise, an increase in the band correspond-
ing to MMP-9 was noticed mainly at 3 and 6 wk in most
injured animals (Fig. 8). At these periods, densitomet-
ric quantification showed a twofold increase compared
with controls. A mild increase was observed in some
resistant animals, but no significant difference was
observed when compared with controls.

DISCUSSION

As discussed earlier (43, 44), an acceptable experi-
mental model of diffuse interstitial pulmonary fibrosis
should 1) be progressive and potentially lethal; 2) de-

Fig. 2. Lung collagen quantification. A: relative content of hy-
droxyproline per dry weight. A significant increase of hydroxyproline
can be observed after the 3rd wk (w) of exposure to paraquat and
hyperoxia. The resistant (R) animals behave as unexposed animals.
*P � 0.05. B: Northern blot analysis showing upregulation of 
1(I)
collagen expression at 3 and 6 wk. GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase. C, controls.
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velop clinical and functional data of pulmonary insuf-
ficiency; and 3) resemble the histological features of the
human disease. Previous morphological and biochemi-
cal characterization of the model used here demon-
strated that each of these criterion is fulfilled (44).

An important additional observation in the present
study was the finding of resistant animals. Thus his-

tology and collagen accumulation data suggest that
although most animals appeared to be susceptible to
the combination of paraquat plus hyperoxia, others
survived 6 wk with only minor or no lesions at all.
These resistant rats displayed weight gain and com-
plete lack of respiratory insufficiency throughout the
exposure period. Although it is theoretically feasible

Fig. 3. A, top: amplification of R18S detected by changes in fluorescence (CF RFU) in a real-time PCR setting.
Thirty-six samples in triplicate were assayed against 5 DNA standards spanning 8 logs. A, bottom: standard curve
of threshold cycle against known quantities of DNA standards. B: melt-curve plots representing products from the
amplification shown in A.
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that some animals surviving 6 wk had developed at
earlier time points more severe lesions from which they
recovered before death, a sequential analysis of body
weights at earlier time points does not support such an
interpretation.

Lung fibrosis may be regarded as pathological wound
repair after injury with excessive fibroproliferation and
accumulation of extracellular matrix. Nevertheless,
the molecular mechanisms involved in the extensive
structural remodeling that characterizes the fibrotic
response are not completely understood. However, a
growing body of evidence strongly suggests that abnor-
mal expression/activity of MMPs and TIMPs plays a
role in this process (13, 33–36, 45). In this work, a

noteworthy decreased expression of the two major col-
lagenases present in adult rat, equivalent orthologs of
human neutrophil collagenase (MMP-8) (5) and colla-
genase-3 (MMP-13) (12), was observed. These enzymes
share the unique ability to cleave the native helix of
fibrillar collagens, which are the most abundant pro-
teins in fibrotic tissues. In addition, we found that
TIMP-1 expression was increased in parallel to fibrosis
development. These findings support the notion that
an imbalance between the process of matrix degrada-
tion and their inhibition actively participates in the
development of lung fibrogenesis and that progression
of fibrosis is associated with inhibition of matrix break-
down. Interestingly, resistant animals showed no
changes in collagenases or TIMP-1 expression com-
pared with control rats.

Studies regarding the putative role of MMP-8 or
neutrophil collagenase in pulmonary fibrosis are lack-
ing. MMP-8 preferentially degrades type I collagen,
and it has been recently suggested that this enzyme,
when cloned in an adenoviral vector and delivered to
cirrhotic rat livers, is able to markedly reverse the
fibrotic lesion (14). Likewise, although high levels of
MMP-8 have been found in bronchoalveolar lavage
from patients with idiopathic pulmonary fibrosis, the
presence of this enzyme in situ is practically nonexist-
ent (21, 45).

Fig. 4. Quantitative real-time PCR. Gene expression of matrix me-
talloproteinases (MMP)-13 (A) and MMP-8 (B) normalized for R18S
rRNA in 6–8 control and experimental lung cDNA samples. Results
are expressed as percent of controls. *P � 0.01; **P � 0.05.

Fig. 5. Comparison of tissue inhibitors of metalloproteinases
(TIMP)-1 mRNA levels relative to 18S rRNA in control and experi-
mental rats using real-time PCR. A significant increase of the target
gene is observed from the 2nd wk. **P � 0.05; *P � 0.01.

Fig. 6. A: real-time PCR for transforming growth factor (TGF)-�1.
An increased gene expression is observed in the first 3 wk. *P � 0.01;
**P � 0.05. B and C: levels of active and total (active � latent)
TGF-�1 in lung homogenates. *P � 0.01; **P � 0.05. C, control.
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On the other hand, remodeling of fibrillar collagen in
mouse and rat tissues has been widely attributed to the
activity of MMP-13, the main collagenase identified in
this species. In humans, MMP-13 was originally iden-
tified in breast carcinoma (12) and is characterized by
a potent degrading activity against a wide spectrum of
extracellular matrix proteins besides fibrillar collagen.
MMP-13 has been suggested to play a major role in the
pathogenesis of tissue destruction in rheumatoid ar-
thritis (37). However, its expression has not been re-
vealed in human normal or fibrotic lung tissue (45).

MMP-13 gene expression has been previously eval-
uated in bleomycin-induced fibrosis in mice, but in
contrast to our findings, no changes were found (48). In
the present study, we also looked for murine collage-
nase-like A, the putative ortholog of human MMP-1 in
murines (6), but gene expression was found only in
embryonic rat and not in adult normal or experimental
lungs (not shown).

TIMP-1 gene expression was consistently upregu-
lated in the injured rats evolving to fibrosis. The inhib-
itor was primarily expressed on alveolar macrophages
but also in alveolar epithelial cells, and it was spatially
restricted to areas of lung injury. In this context, it is
important to emphasize that TIMP-1 seems to play a
major role in lung fibrosis in rodents. This inhibitor has
been shown to be markedly upregulated during exper-
imental lung fibrosis, and it even seems to be selec-
tively and markedly increased in a murine model of
bleomycin-induced pulmonary fibrosis (25, 48). Fur-

thermore, high levels of TIMP-1 are present early after
bleomycin exposure and persist for weeks after the
initial insult (25). Moreover, it has been recently dem-
onstrated that a crucial difference between a fibrosis-
prone and a fibrosis-resistant mouse strain after tran-
sient lung overexpression of active TGF-�1 is associ-
ated with the regulation of TIMP-1 (22). Thus the
susceptible C57BL/6 showed a strong upregulation of
TIMP-1 gene in their lungs in vivo and in their fibro-
blasts in vitro in contrast to a weak induction in the
resistant BALB/c, suggesting that the differences in
extent of lung fibrosis might be in part due to altered
extracellular matrix turnover provoked by TIMP-1 ex-
pression.

In our study, the increased expression of TIMP-1
preceded increased accumulation of collagen, suggest-
ing that fibrillar matrix proteins are laid down into a
microenvironment in which matrix degradation is al-
ready reduced.

The mechanisms underlying the increase of TIMP-1
may be at least partially related to an upregulation of
TGF-�, a prototype of a profibrotic factor found ele-
vated at the gene and protein level during the first 3
wk. It is well known that the fibrogenic effect of TGF-�
is not only caused by stimulation of matrix synthesis
but also by a complex regulation of MMP and TIMP
interaction, including stimulation of TIMP-1 expres-
sion (19, 27, 38). It is important to emphasize that
although TGF-� provokes a decrease of expression of
MMP-1 and MMP-8, it seems to be a potent inducer of

Fig. 7. TIMP-1 immunolocalization in experimental and control lungs. A: no signal is observed in normal lung. B:
TIMP-1 immunoreactive bronchiolar epithelial cells after 2-wk exposure to paraquat and hyperoxia. C: immuno-
reactive signal in some inflammatory and alveolar epithelial cells. D: positive free alveolar macrophages. Inset: 2
intensely stained interstitial macrophages. E: negative control omitting the primary antibody.
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MMP-13 gene expression, at least in vitro (32, 53).
However, in vivo studies using transgenic mice over-
expressing TGF-� have suggested a downregulatory
effect (41).

MMP-2 did not display changes in gene expression;
however, an important increase mainly in the lung
active form was observed from the beginning of the
double aggression. This finding would suggest an up-
regulation of membrane type 1 MMP (30, 58). Results
regarding MMP-9 were to some extent paradoxical.
Thus whereas no changes were observed at the gene
expression level, an increase of MMP-9 protein was
noticed in zymograms. This finding may be attributed,
at least partially, to the leukocyte infiltrate since these
cells carry the preformed enzyme in specific granules
(30, 58). MMP-2 and MMP-9 activities have broad
substrate specificity, which includes type IV collagen,
the main component of basement membrane, and in-
creased activities of these enzymes may contribute to
its disruption. In this context, it has been suggested
that epithelial basement membrane integrity plays an
important role in determining normal lung reepitheli-
alization or a fibrotic response (34). In bleomycin-in-
duced lung fibrosis, a coincidental increase of MMP-9
activity and disruption of the alveolar epithelial base-
ment membrane have been found (59). Interestingly,

both MMPs have been found elevated in human pul-
monary fibrosis (13, 44). Additionally, it is important to
emphasize that gelatinases have other non-matrix sub-
strates that can enhance a fibrotic reaction. Thus, for
example, cell surface-localized MMP-9 is able to pro-
teolytically cleave latent TGF-�, providing a poten-
tially important mechanism for TGF-� activation and
tissue remodeling (60).

Alveolar epithelial loss, putatively caused by apop-
tosis, is a common finding in pulmonary fibrosis, and
several mechanisms seem to be involved (11, 17, 18,
52). Lung fibroblasts obtained from patients with idio-
pathic pulmonary fibrosis induce alveolar epithelial
cell apoptosis by secreting angiotensin peptides (55),
whereas Fas-signaling pathway has been found up-
regulated in epithelial cells from both human and
experimental fibrotic lungs (11, 18, 26). Actually, it has
been demonstrated that a single instillation of bleomy-
cin leads to the appearance of apoptosis in bronchial
and alveolar epithelial cells that in turn is accompa-
nied with a progression of fibrosis (18). In our study,
increased apoptotic epithelial cell death was observed
from the first week and continues for �6 wk of para-
quat plus hyperoxia exposure, suggesting that may
also play a role in the development of fibrosis, altering
epithelium self-renewing. Importantly, although epi-

Fig. 8. Lung tissue zymography. Sam-
ples containing 	10 �g of protein were
mixed with an equal volume of sample
buffer containing 3% SDS. Zones of en-
zymatic activity appear as clear bands
over a dark background. Gelatinolytic
activity bands were inhibited by
EDTA. Serum-free conditioned me-
dium from human lung fibroblasts was
used as MMP-2 marker (middle) and
from phorbol 12-myristate 13-acetate-
stimulated U2-OS cells as marker of
MMP-9 (bottom). *P � 0.01; **P �
0.05. paraquat � hyperoxia-suscepti-
ble-exposed animals after 1, 2, 3, and 6
wk (1W, 2W, 3W, 6W).
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thelial cells within lesions undergo heavy labeling of
fragmented DNA, this process was less intense in nor-
mal regions of the parenchyma, which is consistent
with a pivotal role for apoptosis in determining the rate
of epithelial repair (50). Interestingly, resistant rats
mostly behave like control noninjured animals.

DNA fragmentation labeling of interstitial and alve-
olar inflammatory cells within lesions at all periods of
the experiment was suggestive of clearance of these
cells by apoptosis. Likewise, some interstitial apoptosis
could also correspond to fibroblasts as part of the lung
remodeling process.

In summary, we found a strong correlation between
decreased gene expression of interstitial collagenases
and increased gene expression of TIMP-1 and TGF-�
with morphological and biochemical evidence of extra-
cellular matrix accumulation, suggesting that dysregu-
lated matrix remodeling is likely to contribute to the
pathology of paraquat plus hyperoxia-induced pulmo-
nary fibrosis. Increases in gelatinolytic activity and
epithelial apoptosis were also important features of
this model that preceded the fibrotic response. The
basis for differences in susceptibility among animals is
at present unknown but will be an interesting topic for
future inquiry.
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