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Abstract
Study Objectives—Abnormal remodeling of the extracellular matrix (ECM) has been
implicated in the pathogenesis of bronchopulmonary dysplasia. However, the contribution of lung
parenchymal cells to ECM remodeling after mechanical injury is not well defined. The objective
of these studies was to investigate in vitro the release of MMP-2 and -9 and their respective
inhibitors TIMP-2 and -1, and to explore potential regulation by IL-10.

Design—Mouse fetal epithelial cells and fibroblasts isolated on E18–19 of gestation were
exposed to 20% cyclic stretch to simulate lung injury. MMP-2 and MMP-9 activity were
investigated by zymography and ELISA. TIMP-1 and TIMP-2 abundance were analyzed by
Western blot.

Results—We found that mechanical stretch increased MMP-2 and decreased TIMP-2 in
fibroblasts, indicating that excessive stretch promotes MMP-2 activation, expressed as the
MMP-2/TIMP-2 ratio. Incubation with IL-10 did not change MMP-2 activity. In contrast,
mechanical stretch of epithelial cells decreased MMP-9 activity and the MMP-9/TIMP-1 ratio by
60–70%. When IL-10 was added, mechanical stretch increased the MMP-9/TIMP-1 ratio by 50%.

Conclusions—We conclude that mechanical stretch differentially affects MMP-2/9 and their
inhibitors in fetal lung cells. IL-10 modulates MMP-9 activity through a combination of effects on
MMP-9 and TIMP-1 levels.
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Introduction
Many infants born prematurely require mechanical ventilation for survival. However,
excessive stretch of the lungs by mechanical ventilation plays a key role in the development
of bronchopulmonary dysplasia (BPD), the most common and serious chronic lung disease
in premature infants [1, 2]. Inflammatory cells such as neutrophils and macrophages
recruited to the lungs during mechanical injury exacerbate the inflammatory response by
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releasing proinflammatory cytokines and chemokines. Moreover, release of cytokines by
lung parenchymal cells, such as epithelial cells and fibroblasts, may also contribute to the
pathogenesis of lung injury secondary to mechanical ventilation [3–6].

In addition to release of cytokines, abnormal remodeling of the extracellular matrix (ECM)
significantly contributes to the development of BPD [7]. Matrix metalloproteinases (MMPs)
are a family of zinc-dependent endopeptidases known for their ability to cleave many
components of the ECM. They play crucial roles in lung morphogenesis, growth, and repair
after injury [8]. Specifically, MMP-2 and MMP-9 have been associated with inflammatory
lung injury [9] and increased levels of these MMPs have been observed in response to
hyperoxia as well as in COPD and emphysema [10–12]. MMP-2 (72-kDa gelatinase or
gelatinase A) is secreted mainly by noninflammatory cells (fibroblasts, endothelial and
epithelial cells), whereas MMP-9 (92-kDa gelatinase or gelatinase B) is secreted mainly by
inflammatory cells (neutrophils, monocyte–macrophages) [8]. However, under various
forms of stimulation, MMP-9 has been shown to be released by resident cells such as
alveolar epithelial cells and fibroblasts [13]. MMP-2 and MMP-9 are present in inactive pro
forms which are then secreted into the extracellular environment where they are activated.
The activities of MMP-2 and MMP-9 can be regulated through cytokines as well as through
their natural inhibitors, tissue inhibitor of MMPs (TIMP)-1 and -2, respectively, that bind to
active MMPs in a 1:1 stoichiometric ratio [9]. After inflammation and lung injury,
remodeling of the ECM is an important process necessary for successful healing and repair
of lung tissues. It is thought that the pathologic tissue degradation and remodeling that
occurs in diseases such as asthma, acute respiratory distress syndrome (RDS), pulmonary
fibrosis, and emphysema is due to an imbalance between lung tissue-degrading proteases
and their inhibitors [14]. A balance between the MMPs and TIMPs is necessary for normal
matrix turnover [15]. Furthermore, studies in newborn infants and baboons have also
implicated abnormal ECM remodeling in the pathogenesis of BPD [16, 17].

While it is known that MMPs are present at sites of inflammation, it is unclear whether their
upregulation contributes to inflammation or is a mechanism to facilitate fast ECM
remodeling and wound repair [10]. Additionally, the response of parenchymal lung cells on
release of MMPs and TIMPs by mechanical stretch is unknown. Therefore, the objective of
this study was to investigate in vitro the response of epithelial cells and fibroblasts to injury
induced by mechanical stretch. We hypothesized that activation of MMP-2/9 is affected by
stretch. We further speculated that the anti-inflammatory cytokine IL-10 modulates MMPs’
activity.

Materials and Methods
Cell Isolation and Stretch Protocol

Animal experiments were performed in compliance with the Lifespan Institutional Animal
Care and Use Committee, Providence, RI. Fetal mouse lungs were obtained from timed-
pregnant C57BL6 mice at embryonic days (E) 18–19 (saccular stage of lung development),
and fibroblasts and epithelial cells were isolated as previously described [18]. Briefly, after
collagenase or dispase digestion, cell suspensions were sequentially filtered through 105-,
30-, and 15-µm nylon meshes using screen cups (Sigma). Clumped nonfiltered cells from
the 30- and 15-µm nylon meshes were collected after several washes with DMEM to
facilitate the filtration of nonepithelial cells. Further epithelial cell purification was achieved
by incubating the cells in 75-cm2 flasks for 30 min. Nonadherent cells were collected and
cultured overnight in 75-cm2 flasks containing serum-free DMEM. For fibroblast isolation,
the filtrate from the 15-µm nylon mesh was plated onto 75-cm2 flasks and incubated at 37°C
for 30–60 min to allow fibroblasts to adhere, then maintained overnight in serum-free
DMEM. After overnight culture, cells were harvested with 0.25% (wt/vol) trypsin in 0.4
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mM EDTA and plated (around 50% confluency) on Bioflex multiwell plates (Flexcell
International, Hillsborough, NC) precoated with fibronectin (1.5 µg/cm2). Monolayers were
maintained in culture for 1–2 days until they were approximately 80% confluent and then
were mounted in a Flexcell FX-4000 Strain Unit. Before stretch, cells were washed with
DMEM media and fresh serum-free DMEM was added to each well. For samples incubated
with IL-10, a final concentration of 300 ng/ml of mouse recombinant IL-10 (R&D Systems,
417-ML-025/CF) was added for 30 min before the experiments. The dose of IL-10 was
chosen based on previous studies from our laboratory demonstrating that this concentration
decreases the release of proinflammatory cytokines and chemokines in fetal epithelial cells
[4] and fibroblasts [19] exposed to mechanical stretch. Samples without preadministration of
IL-10 underwent the same incubation period in order to keep samples consistent. An
equibiaxial cyclical strain regimen of 20% was applied at intervals of 40 cycles/min for 48
h. This regimen, which roughly corresponds to a lung inflation of 80% of total lung capacity
in adult rats [20], was chosen to mimic lung cell injury. Cells were grown on nonstretched
membranes in parallel and were treated in an identical manner to serve as controls.

Gelatin Zymography Analysis of MMP-2 and MMP-9
Supernatants from each sample were loaded onto a 10% Zymogram (Gelatin) gel
(Invitrogen, Carlsbad, CA) and processed according to the manufacturer’s
recommendations. The amount of supernatant loaded was normalized to the corresponding
cell lysate concentration for each sample and diluted with Novex Tris–Glycine SDS sample
buffer (Invitrogen). Gels were stained with SimplyBlue Safestain (Invitrogen) and MMP
activity was visualized as clear bands against a dark blue background. Molecular weights for
pro and active MMP-2 and -9 were confirmed using recombinant MMPs as positive
controls.

Active MMP-2
Supernatants from stretched and nonstretched samples were collected and concentrated to
the same volume per sample using a 30-kDa MWCO Centricon® (Amicon®).
Corresponding monolayers were lysed with RIPA buffer containing protease inhibitors.
Lysates were centrifuged and total protein content was determined by the bicinchoninic acid
method. Because there are no commercially available ELISA kits for the detection of active
MMP-2 from mouse cells, we have modified the use of the Amersham MMP-2 Biotrak
Activity Assay System (GE Healthcare Bio-Sciences Corp., Piscataway, NJ), which is
manufactured to detect active human MMP-2. Therefore, in order to detect active mouse
MMP-2 levels in supernatants, the plates precoated with anti-human MMP-2 antibody were
discarded and substituted with a 96-well Costar flat-bottom clear assay plate coated at room
temperature overnight with 20 µg/ml of anti-mouse active MMP-2 antibody (R&D
Systems), diluted in coating buffer (0.05 M carbonate/bicarbonate). In the morning, wells
were washed three times with 300 µl of 0.05% Tween-20 in PBS and the plate was blocked
at room temperature with 1% BSA in PBS for a minimum of 1 h. Wells were then washed
again with 0.05% Tween-20 in PBS, making the plates ready for sample addition. The assay
was then conducted following the manufacturer’s protocol specific for detection of lower
endogenous MMP-2 levels. Recombinant mouse/rat MMP-2 (R&D Systems), diluted in
MMP-2 assay buffer [50 mM Tris, 10 mM CaCl2, 150 mM NaCl, 0.05% (w/v) Brij-35, pH
7.5], was used to make a standard curve of absorbance, with concentrations ranging from
0.19 to 12 ng/ml. p-Aminophenylmercuric acetate (APMA) was used to activate MMP-2
only in wells containing standards in order to ensure that endogenous levels of active
MMP-2 were detected in samples. Concentrations of active MMP-2 in supernatants were
extrapolated from the standard curve and normalized to cell lysate concentrations.
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Active MMP-9
The Fluorokine® E Enzyme Activity Assay for detection of Human Active MMP-9 (R&D
Systems) was modified in the same manner as the Biotrak Activity Assay kit in order to
detect the amount of active MMP-9 present in the supernatants. A 96-well Costar flat-
bottom black assay plate was coated at room temperature overnight with 20 µg/ml anti-
mouse MMP-9 antibody (R&D Systems, AF909), diluted in coating buffer. The next day the
plates were washed, blocked, and washed again in the same manner as for MMP-2 detection
and the Fluorokine® E Enzyme Activity Assay was then conducted according to the
manufacturer’s protocol. Recombinant mouse MMP-9 (Anaspec, 72069), diluted with
calibrator diluent from the kit, was used as a standard for the assay in concentrations ranging
from 0.25 to 8 ng/ml. APMA was added only to wells containing standards in order to
ensure that endogenous levels of active MMP-9 were detected in samples. Concentrations of
MMP-9 in supernatants were extrapolated from a standard curve of fluorescence and the
resulting values were normalized to the corresponding cell lysate concentrations.

Western Blot Analysis of TIMP-1 and TIMP-2
Equal amounts of protein lysate samples were fractionated by NU-PAGE-Bis–Tris (4–12%)
gel electrophoresis (Novex, San Diego, CA) and transferred to polyvinylidene difluoride
membranes. Blots were hybridized with polyclonal antibody against the 22-kDa TIMP-2
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) or the 32-kDa TIMP-1 (R&D Systems).
Recombinant mouse TIMP-1 Western Blotting Standard (R&D Systems) was used as a
positive control in order to help distinguish bands. Secondary antibody was conjugated with
horseradish peroxidase; blot was developed with an enhanced chemiluminescence (ECL)
detection assay (Amersham Pharmacia Biotech, Piscataway, NJ). Membranes were then
stripped and reprobed with antibodies to GAPDH (to control for protein loading) and
processed as described before. The intensity of the bands was analyzed by densitometry.

Gene Expression of MMP-2 and MMP-9
Total RNA was isolated as previously described [21] and purified further using the Turbo
DNA-free kit (Ambion, Austin, TX). One microgram of total RNA was reverse-transcribed
into cDNA using the iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA)
according to the manufacturer’s instructions. Pre-designed TaqMan® MMP-2
(Mm00439498_m1*) and MMP-9 (Mm00442991_m1*) primers were purchased from
Assays-on-Demand™ Gene Expression Products (Applied Biosystems). To amplify the
cDNA by qRT-PCR, 2 µl of the resulting cDNA was added to a mixture of 10 µl of TaqMan
Gene Expression Master Mix (Applied Biosystems) and Assays-on-Demand Gene
Expression Assay Mix containing forward and reverse primers and TaqMan-labeled probe
(Applied Biosystems). Standard curves were generated for each primer set and
housekeeping gene GAPDH. Linear regression revealed efficiencies between 96 and 99%.
Therefore, fold expressions of stretched samples relative to controls were calculated using
the ΔΔCT method for relative quantification (RQ) as previously described [22]. Samples
were normalized to GAPDH. The reactions were performed in a 7500 Fast Real-Time PCR
System (Applied Biosystems) with the following parameters: 50°C for 2 min, 95°C for 10
min, and 45 cycles of 95°C for 15 s and 60°C for 1 min. All assays were performed in
triplicate.

Statistical Analysis
Results are expressed as mean ± SEM from at least three experiments, using different litters
for each experiment. Data were analyzed with ANOVA followed by post-hoc tests, and
Instat 3.0 (GraphPad Software, La Jolla, CA) was used for statistical analysis; P < 0.05 was
considered statistically significant.
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Results
Gelatinase Activity

The effect of mechanical stretch on the gelatinolytic activity of MMP-2 and MMP-9 was
initially evaluated by gelatin zymography. As seen in Fig. 1, zymography gel pointed to a
decrease of pro-MMP-9 levels in epithelial cells after mechanical stretch; however, the
signals were too weak to obtain reliable results. In contrast, MMP-2 was clearly present in
both cell types. Mechanical stretch did not affect MMP-2 in epithelial cells; however, active
MMP-2 (62 kDa) increased in fibroblasts after mechanical stretch. Given the limitations of
this technique, we decided to evaluate the effect of stretch and IL-10 on MMP-2 and
MMP-9 using a customized ELISA assay as described in “Materials and Methods”.

Mechanical Stretch Releases Active MMP-2 in Mouse Lung Fibroblasts
Levels of MMP-2 have been shown to be increased in the lung after hyperoxia [23] and
mechanical stretch [24]. Therefore, we sought to investigate the release of MMP-2 in mouse
fetal lung cells subjected to mechanical stretch. Culture supernatants were collected,
concentrated, and analyzed by a customized ELISA assay as described in Materials and
Methods. After 48 h of stretch, active MMP-2 increased by 30% in the supernatant of
fibroblasts compared to unstretched samples (23.5 ± 0.9 vs. 30.5 ± 1.5). Similar results were
obtained in samples incubated with recombinant IL-10 (22.7 ± 1.35 vs. 32 ± 3.2; n = 5; P <
0.05) (Fig. 2a). In contrast, no changes were observed in fetal epithelial cells exposed to
similar experimental conditions (Fig. 2b). The effect of mechanical stretch on MMP-2
activation seems to occur at the post-transcriptional level, given that mechanical stretch did
not change MMP-2 mRNA expression (data not shown).

Effects of Stretch and IL-10 on TIMP-2 Levels and MMP-2/TIMP-2 Ratio
Because MMP-2 activity is also modulated by its natural inhibitor TIMP-2, we also explored
the effect of mechanical stretch on TIMP-2 expression. As shown in Fig. 3a, mechanical
stretch of fetal fibroblasts decreased TIMP-2 by 35% when compared to unstretched
samples (0.66 ± 0.01 vs. 0.40 ± 0.06; n = 5; P < 0.05). In contrast, in stretched samples
incubated with IL-10, TIMP-2 did not change when compared to controls. Results were also
analyzed as the MMP-2/TIMP-2 ratio, an indicator of MMP-2 activity. Figure 3b shows that
the mechanical stretch increases the MMP-2/TIMP-2 ratio by 2.5-fold (35.97 ± 1.85 vs.
88.83 ± 20.95; n = 5; P < 0.05, non-parametric Kruskal–Wallis test). In samples treated with
IL-10, mechanical stretch did not change the MMP-2/TIMP-2 ratio when compared to
samples without IL-10. Taken together, these data show that mechanical stretch induces
MMP-2 activity in fetal fibroblasts and this effect is not altered by the addition of IL-10.

Mechanical Stretch Decreases Release of MMP-9 in Mouse Epithelial Cells
Given the important role played by MMP-9 in lung remodeling [13], we investigated next
the effects of mechanical stretch on MMP-9 activation. Figure 4a demonstrates that after 48
h of stretch, the level of active MMP-9 found in the supernatant of epithelial cells decreased
by 60% (0.9 ± 0.07 vs. 0.37 ± 0.11; n = 4; P < 0.05). In contrast, in the presence of IL-10,
mechanical stretch did not decrease active MMP-9 (0.81 ± 0.14 vs. 0.62 ± 0.23). These data
suggest that IL-10 may modulate MMP-9 activity in cells exposed to mechanical stretch.
Both mechanical stretch and the addition of IL-10 did not affect the activity of MMP-9 in
fibroblasts (Fig. 4b). Similar to MMP-2, mechanical stretch did not affect MMP-9 gene
expression (data not shown).
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Effects of Mechanical Stretch and IL-10 on TIMP-1 and MMP-9/TIMP-1 Ratio
We then evaluated the effect of mechanical stretch on the MMP-9 inhibitor TIMP-1. In
samples without IL-10, mechanical stretch did not affect TIMP-1 protein levels (0.83 ± 0.04
vs. 0.61 ± 0.05). When IL-10 was added, TIMP-1 increased by twofold in unstretched
samples (0.83 ± 0.04 vs. 1.65 ± 0.23) and decreased by 50% in samples exposed to
mechanical stretch (1.65 ± 0.23 vs. 0.85 ± 0.27) (Fig. 5a). We then investigated the MMP-9/
TIMP-1 ratio and found that mechanical stretch decreases MMP-9/TIMP-1 by 70% (1.15 ±
0.11 vs. 0.34 ± 0.05; n = 4; P < 0.05). In samples incubated with IL-10, this ratio increased
by 50% when compared to controls (0.57 ± 0.09 vs. 1.2 ± 0.30) (Fig. 5b). Altogether, our
data indicate that mechanical stretch of fetal epithelial cells decreases MMP-9 activity
(MMP-9/TIMP-1) and the opposite effect was observed in samples incubated with IL-10.

Discussion
The main findings of this study are that activation of MMP-2 and MMP-9 is affected by
mechanical stretch in fetal lung cells. In addition, we observed that this response is selective
for different cell types. Excessive mechanical stretch increases active MMP-2 and decreases
active MMP-9 released into supernatant from lung fibroblasts and epithelial cells,
respectively. Furthermore, we found that IL-10 modulates MMP-9 activity through a
combination of effects on MMP-9 and TIMP-1 levels.

MMP-2 and MMP-9 play key roles in pericellular basement membrane turnover by
degrading type IV collagen, a main component of the basement membrane. MMP-2 in
particular is important for branching morphogenesis and alveolarization [25, 26]. In
addition, MMP-2 has been associated with the development of acute lung injury [27].
Previous in vitro studies have shown that mechanical stretch increases MMP-2 in lung
endothelial cells [24], airway and vascular smooth muscle cells [28, 29], and atrial myocytes
[30]. It has also been shown that MMP-2 levels are increased after injury induced by
hyperoxia [23]. Consistent with these observations, we found an increase of active MMP-2
in the supernatant of fibroblasts exposed to injurious stretch. Because the activity of MMP-2
is regulated via the antiprotease TIMP-2, we also investigated how mechanical stretch
affects TIMP-2. We were unable to detect TIMP-2 protein in the supernatant; therefore, we
used TIMP-2 protein in the cell lysate instead. These data further support activation of
MMP-2 in fibroblasts due to mechanical stretch. Stretch not only releases active MMP-2 but
also decreases levels of the MMP-2 inhibitor TIMP-2. Therefore, the activity of MMP-2,
expressed as MMP-2/TIMP-2 ratio, was significantly increased after stretch (Fig. 3b).
Although past investigations have found that IL-10 can regulate MMP-2 activity directly
[31–33] or indirectly via TIMP-2 [34], our studies show that IL-10 does not modulate
MMP-2 activity in fetal lung cells. This discrepancy could be attributed to differences in the
experimental system, such as stimulus applied or cell response specificity.

The mechanism by which mechanical stretch stimulates MMP-2 is not well understood. It
has been shown, for example, that MMP-2 activation can be regulated at the cell surface,
requiring preliminary binding to a receptor complex formed by the membrane-bound MT1-
MMP and TIMP-2 [9]. Another potential mechanism is via proinflammatory cytokines.
Recent data from our laboratory [19] have shown that fibroblasts exposed to similar
experimental conditions release several proinflammatory cytokines and chemokines,
including IL-1β and TNF-α, among others. Both TNF-α and IL-1β have been shown to
increase levels of MMP-2 [35, 36].

Previous investigations have found that low MMP-2 levels at birth are associated with the
development of BPD [16, 37]. In contrast, other studies have shown an association of
increased MMP-2 levels and inflammation. For example, MMP-2 knockout mice
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demonstrate less inflammation in pulmonary airways [34, 38, 39]. Furthermore, inhibition of
MMP-2 has been shown to protect against injury induced by mechanical ventilation [27].
Our in vitro data support the latter studies and suggest that activation of MMP-2 by
mechanical stretch might be injurious to the lung.

Contrary to MMP-2, we observed that mechanical stretch decreased the release of active
MMP-9 into the supernatant of epithelial cells. In contrast, neither mechanical stretch nor
the addition of IL-10 affected the activity of MMP-9 in fibroblasts. One plausible
explanation is that MMP-9 is secreted predominantly by inflammatory cells and unlikely to
play a key role in fibroblasts. Our results agree with previous investigations in which
isolated epithelial cells showed a decrease of MMP-9 after hyperoxic injury [12]. As
discussed in the “Introduction”, MMPs are activated upon release into the extracellular
environment and their activity can be regulated through their natural inhibitors, TIMPs. The
active form/inhibitor ratio is often used as surrogate for the in vivo enzymatic activity.
Therefore, activation of MMP could be due to an increase of the active form, a decrease of
the inhibitor, or a combination of both. Our data in Fig. 4a show that stretch decreases active
MMP-9. TIMP-1 is an inhibitor of MMP-9 and thus if MMP-9 goes down we might expect
that TIMP-1 should go up in response to stretch, but in Fig. 5a TIMP-1 does not change.
These data indicate that the effect of stretch on the decrease of MMP-9 activity observed in
Fig. 5b is not mediated via TIMP-1. Incubation with IL-10 prevented stretch-mediated
decrease of MMP-9 (Fig. 4a), suggesting that IL-10 may modulate the activity of MMP-9 in
epithelial cells exposed to stretch. When the MMP-9 inhibitor was investigated, we found
that TIMP-1 was decreased by stretch in the presence of IL-10 (Fig. 5a). Although
mechanical stretch in the presence of IL-10 did not change active MMP-9 when compared to
controls (Fig. 4a), the fact that mechanical stretch plus IL-10 decreased TIMP-1 (Fig. 5a)
shifted the balance (expressed as MMP-9/TIMP-1) to MMP-9 activation and that is what is
reflected in Fig. 5b.

Another observation derived from these studies is the increase of TIMP-1 protein levels
mediated by IL-10 (see Fig. 5a, control vs. control + IL-10). The increase of TIMP-1 by
IL-10 has been previously shown in alveolar macrophages from smokers [40], prostate
tumor cells [41], and hepatic fibrosis [32]. The mechanism by which IL-10 affects TIMP-1
could be by increasing gene transcription of TIMP-1 [42] or indirectly by inhibiting
proinflammatory cytokines. The increase of TIMP-1 by IL-10 in control samples can be
partially responsible for the increase of the MMP-9/TIMP-1 ratio after stretch, given that as
the denominator (TIMP-1) increases, the ratio (active MMP-9/TIMP-1) goes down and
therefore we able to observe major differences when compared to stretch samples (Fig. 5b).
However, IL-10 also has a direct effect on MMP-9 itself, independent of TIMP-1, as
reflected by the lack of increase of TIMP-1 in cell exposed to stretch plus IL-10 when
compared to stretch alone (Fig. 5a). Therefore, the overall effect of IL-10 on MMP-9
activity can then be explained as a combination of its effect on TIMP-1 activity and MMP-9
levels.

Whether an increase of MMP-9 is beneficial or harmful during inflammation is not resolved.
Some studies have found an increase of MMP-9 and the MMP-9/TIMP-1 ratio in extremely
premature baboons with BPD [17] and after hyperoxic injury [43]. In contrast, other
investigations have observed that lack of MMP-9 worsens lung injury [44, 45]. Support for
the beneficial role of MMP-9 comes from investigations focused on the MMP-9/TIMP-1
ratio. Lanchou et al. [10] found that when the MMP-9/TIMP-1 ratio favored MMP-9
production, the propensity to develop ARDS was lower and patients experienced a quicker
healing time. In another study, levels of TIMP-1 were seen to be higher in smokers than in
nonsmokers, indicating more inhibition of MMP-9, which is a possible contributor to the
development of emphysema [40]. The recruitment of inflammatory cells such as neutrophils
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and macrophages to sites of injury and their subsequent release of MMP-9 may be another
mechanism whereby the immune system works to protect and repair tissues, releasing
MMP-9 to initiate matrix remodeling and assist in wound repair rather than contribute to
inflammation [46]. Our data support a beneficial role of MMP-9 in lung injury, given that
injurious mechanical stretch decreased MMP-9. Our studies also suggest a potential
protective role of IL-10.

In summary our in vitro data show that excessive mechanical stretch of fetal lung
parenchymal cells induces a differential effect on MMP-2 and MMP-9 activation. IL-10 may
modulate some of these responses, specifically MMP-9 activity, by acting on both MMP-9
and TIMP-1 release to shift the ratio in favor of MMP-9 activity. Given that IL-10 is a
potent anti-inflammatory cytokine, we speculate that these results might have clinical
relevance in ameliorating lung injury induced by mechanical ventilation. Further studies are
required to elucidate the exact mechanisms of this anti-inflammatory activity and are
currently being explored.
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Fig. 1.
Gelatinase activity in the supernatant of fetal lung cells. Supernatant from epithelial cells
and fibroblasts were collected from unstretched (C) and monolayers exposed to 20% cyclic
stretch (S). Samples, normalized to the corresponding cell lysate concentrations, were loaded
onto a 10% Zymogram (Gelatin) gel and processed according to the manufacturer’s
recommendations. MMP activity was visualized as clear bands against a dark blue
background. Molecular weights for pro and active MMP-2 and MMP-9 were confirmed
using recombinant MMPs as positive controls. This gel is representative from two
independent experiments
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Fig. 2.
Effect of mechanical stretch and IL-10 on MMP-2 release from fibroblasts and epithelial
cells. Release of MMP-2 into the supernatant of E18–19 fibroblasts (a) and epithelial cells
(b) exposed to 20% mechanical stretch for 48 h in the presence or absence of rIL-10 (300
ng/ml). Unstretched cells served as controls. Supernatants were collected and processed by a
customized ELISA, as described in “Material and Methods”. Values are in ng/ml and are
mean ± SEM from three to five different experiments. *P < 0.05
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Fig. 3.
Effect of mechanical stretch and IL-10 on TIMP-2 and MMP-2/TIMP-2 ratio. a E18–19
fibroblasts were harvested and subjected to 20% mechanical stretch for 48 h. Unstretched
samples were used as controls. Levels of TIMP-2 present in cell lysates before and after
stretch in the presence and absence of IL-10 were measured by Western blots. Results were
normalized to GAPDH. Upper panels are representative blots. Data in the lower panel are
mean ± SEM from five different experiments. *P < 0.05. b Values of MMP-2 release into
the supernatant were divided by the corresponding values of TIMP-2 in the cell lysate. *P <
0.05
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Fig. 4.
Effect of mechanical stretch and IL-10 on MMP-9 release in epithelial cells and fibroblasts.
Release of MMP-9 into the supernatant of E18–19 epithelial cells (a) and fibroblasts (b)
exposed to 20% cyclic stretch for 48 h in the presence or absence of rIL-10 (300 ng/ml).
Unstretched cells served as controls. Supernatants were collected and processed by ELISA,
as described in “Material and Methods”. Values are in ng/ml and are mean ± SEM from
three to five different experiments. *P < 0.05
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Fig. 5.
Effect of mechanical stretch and IL-10 on TIMP-1 and MMP-9/TIMP-1 ratio. a E18–19
epithelial cells were harvested and subjected to 20% mechanical stretch for 48 h.
Unstretched samples were used as controls. Levels of TIMP-1 present in cell lysates before
and after stretch in the presence and absence of IL-10 were measured by Western blots.
Results were normalized to GAPDH. Upper panels are representative blots. Data in the
lower panel are mean ± SEM from five different experiments. *P < 0.05. b Values of
MMP-9 release into the supernatant were divided by the corresponding values of TIMP-1 in
the cell lysate. *P < 0.05
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