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Summary

Background Matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinase
(TIMPs) have been suggested to be involved in the pathogenesis of asthma. Their expression in
airway smooth muscle (ASM) cells could be involved in collagen turnover and migration of
these cells and thus may contribute to airway remodelling.
Objective To examine the effect of pro-fibrotic growth factors TGF-b and platelet-derived
growth factor (PDGF) on the expression of MMPs/TIMPs in cultured human ASM cells and to
examine the role of MMP in the migration of ASM cells.
Methods ASM cells were stimulated with TGF-b and/or PDGF. Expression and activity
of MMP-1, MMP-2, MMP-3, TIMP-1 and TIMP-2 were evaluated by quantitative RT-PCR,
Western blot and zymography. Modified Boyden-chamber migration assay was performed
to investigate the effect of secreted MMP-3 and TIMP-1 on ASM-cell migration.
Results PDGF strongly up-regulated the expression of MMP-1 at mRNA and protein levels.
PDGF, when combined with TGF-b, caused synergistic up-regulation of MMP-3. TIMP-1 was
additively up-regulated by TGF-b and PDGF. These growth factors had no effect on the
expression of MMP-2 and TIMP-2. U0126, an extracellular signal-regulated kinase (ERK)
pathway inhibitor, inhibited the up-regulation of MMP-1 by PDGF. The synergistic/additive
up-regulation of MMP-3 and TIMP-1 was inhibited by U0126 and SB431542, a Smad pathway
inhibitor. Supernatant from ASM cells in which MMP-3 production was knocked down by
RNA interference showed a decreased migratory effect on ASM cells, whereas supernatant
from cells with suppressed TIMP-1 expression resulted in increased migration.
Conclusion Our results suggest that PDGF with/without TGF-b could facilitate migration of
ASM cells by modification of MMP–TIMP balance through the ERK pathway.
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Introduction

In the airway of asthmatics, several pathological changes
have been described as characteristic features of airway
remodelling [1]. The reticular basement membrane of
the airway is thickened in asthmatics and abundant
deposition of extracellular matrix (ECM) protein such
as collagen I, III and V and fibronectin in the basement
membrane has been described [2, 3]. Increased collagen
deposition is also reported in and around the air-
way smooth muscle (ASM) bundles [4] and between
the basement membrane and smooth muscle (SM) bundles
[5].

Another aspect of airway remodelling is the increased
volume of ASM bundles [6–8]. We and others reported
that the distance between ASM muscle bundles and the
reticular basement membrane was smaller in asthmatics
than normal control [9, 10]. Studies of ASM migration
have reported the potential involvement of growth factors
[11], ECM proteins [12], cysteinyl leukotrienes [13] and
chemokines [14, 15] in the process.

Matrix metalloproteinases (MMPs) are a family of
zinc-dependent proteinases that can degrade ECM. Synth-
esis and function of MMPs are regulated at the transcrip-
tional level, by activation of precursor zymogens and by
interaction with endogenous inhibitors, tissue inhibitors
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of metalloproteinases (TIMPs). The role of MMP/TIMP
expression in the pathogenesis of asthma has been sug-
gested in many studies [16, 17]. However, the majority of
these studies focused on their expression in epithelial cells
and submucosal inflammatory cells. The principal MMPs
expressed by epithelial cells are MMP-1, MMP-8 and
MMP-9, whereas inflammatory cells express MMP-8,
MMP-9 and MMP-12. Expression of MMPs by ASM cells
has been recently reported. ASM cells express mainly
MMP-1, MMP-2, MMP-3 and MMP-14 but not MMP-8
and MMP-9 [18]. To date, there are few reports on the
regulation of MMP/TIMP expression in ASM cells by
asthma-related cytokines [19–24].

TGF-b is a pro-fibrotic cytokine, which stimulates
fibroblasts and ASM cells to synthesize ECM proteins
[25]. Increased TGF-b immunoreactivity and mRNA were
observed in asthmatic airways [26]. TGF-b expression
correlated with disease severity, BM thickness [27] and
subepithelial fibrosis [26]. The increased expression of
TGF-b did not decrease after treatment with oral corticos-
teroids [28]. Platelet-derived growth factor (PDGF), a
potent stimulant of ASM-cell migration [11, 29] and
proliferation [30, 31], is another growth factor potentially
involved in airway remodelling in asthma. PDGF-BB
enhanced procollagen-I synthesis by cultured airway
fibroblasts from patients with severe asthma [32]. Acti-
vated macrophages and eosinophils are capable of synthe-
sizing and secreting PDGF [33].

In remodelled airway in asthma, the role of MMPs
expressed by ASM cells is not well understood. Degradation
of ECM by MMPs is required for tumour-cell migration and
invasion [34]. In the pathogenesis of atherosclerosis, vascu-
lar SM cells migrate from media to intima to form plaques, a
process which is mediated by expression of MMPs [35, 36].
Thus, it is plausible that ASM cells degrade surrounding
ECM and migrate from their original bundles towards the
epithelium to form new bundles [37]. In this study, we
hypothesized that growth factors related to airway remodel-
ling could modify expression of MMP/TIMP in human ASM
(HASM) cells and that this modification might affect the
migratory capacity of the cells.

Materials and methods

Airway smooth muscle cell culture

HASM cells were isolated from central airway segments
(0.5–1.0 cm diameter) in pathologically uninvolved seg-
ments of resected lung specimens from subjects with lung
cancer and were grown as described previously [38–40].
The subjects did not have atopy, asthma or chronic
obstructive lung disease. ASM cells from passage fourth
to seventh were used for experiments. At confluence in
six-well plates, ASM cells were serum deprived for 24 h
before treatment with growth factors (rh-TGF-b and/or

rh-PDGF). Recombinant human growth factors were pur-
chased from R&D (Minneapolis, MN, USA). In inhibition
experiments, an inhibitor of the signalling pathway was
added 30 min before the addition of growth factors.
Inhibitors [SB432542 (TGF-b type-1 receptor kinases
ALK-4, 5 and 7 inhibitor), U0126 (inhibitor of MEK1/2,
the upstream kinases of extracellular signal-regulated
kinase (ERK)), SP600125 (c-Jun N-terminal kinase (JNK)
inhibitor) and SB203580 (stress-activated protein kinase 2
(SAPK2) inhibitor, p38 pathway)] were purchased from
Sigma-Aldrich (St Louis, MO, USA). These drugs were
dissolved in dimethylsulphoxide (final concentration of
0.1%, v/v) and added to the medium. The same amount of
the vehicle was added to control medium.

Quantitative RT-PCR

Total RNA extraction from ASM cells, cDNA synthesis, real-
time PCR using a LightCyclers (Roche Applied Sciences,
Laval, QC, Canada), and data analysis was performed as
described previously [40]. Specific primer sets were de-
signed for MMP-1, MMP-2, MMP-3, TIMP-1 and TIMP-2
from the reported sequence (GenBank accession no.:
NT_033899, NT_010498, NT_033899, NT_079573 and
NT_010641) (Table 1) and amplicons were confirmed by gel
electrophoresis to be the expected size. Ribosomal protein
S9 (S9) (BC020462) was used as an internal control (house-
keeping gene) [40]. The cycling parameters were, for MMPs/
TIMPs, 94 1C for 15 s, 55 1C for 20 s and 72 1C for 20 s for 50
cycles. The value obtained for each gene was standardized
to the value for S9 to produce an expression ratio.

Western blot analysis

After treatment of cells with growth factor(s) for 48 h,
supernatants were collected for Western blot analysis.
Supernatants were concentrated 15-fold for detection of
MMPs/TIMPs using Nanoseps Centrifugal Devices, 3K (Pall

Table 1. Sequences of the primers used for PCR and predicted sizes of
amplicons

Product Primers

Predicted
size of amp-
licon (bp)

MMP-1 Sense: 50-GATGTGGAGTGCCTGATGTG-30 194
Antisense: 50-ACCCTCAGAGACCTTGGTGA-30

MMP-2 Sense: 50-ATGGCAAGTACGGCTTCTGT-30 172
Antisense: 50-CGGTCGTAGTCCTCAGTGGT-30

MMP-3 Sense: 50- GCAGTTTGCTCAGCCTATCC-30 214
Antisense: 50-GAGTGTCGGAGTCCAGCTTC-30

TIMP-1 Sense: 50-GGATGGACTCTTGCACATCA-30 138
Antisense: 50-GGGATGGATAAACAGGGAAAC-30

TIMP-2 Sense: 50-AAGATGTTCAAAGGGCCTGA-30 200
Antisense: 50-CTCTTCTTCTGGGTGGTGCT-30

MMP, matrix metalloproteinase; TIMP, tissue inhibitors of
metalloproteinase.
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Life Sciences, ON, Canada). Concentrated supernatants
loaded to the gels were adjusted by protein amount of cell
lysates of each sample. Thirty to fifty microlitre of concen-
trated samples were heat-denatured in SDS, reduced with b-
mercaptoethanol and separated by electrophoresis on a 10%
polyacrylamide gel followed by transfer to PVDF membranes
(HybondTM-P, GE healthcare, Little Chalfont, UK). Mem-
branes were blocked by 5% bovine serum albumin for 1h at
room temperature and incubated with antibodies; 1 : 1000
for MMP-1 and TIMP-1 (Novus Biologicals, Littleton, CO),
1 : 5000 for MMP-3 (Sigma-Aldrich) overnight at 4 1C and
then donkey anti-rabbit IgG conjugated to horseradish
peroxidase (GE healthcare) at 1 : 10000 for 1h at room
temperature. For detection, ECL plus Western blotting Detec-
tion Reagent (GE healthcare) was used according to the
manufacturer’s instructions. HyperfilmTM (GE healthcare)
was exposed to the chemiluminescence for 10min, devel-
oped and digitally scanned. Molecular mass was estimated
by comparison with Precision Plus ProteinTM Standards (Bio-
Rad Laboratories, Hercules, CA) and densitometric quantifi-
cation of the protein bands was performed with ImageJ
(NIH). For standardization, cell lysates of the same prepara-
tion as the conditioned medium (CM) were collected using
lysis buffer containing 1% NP-40, 1% CHAPS and one tab of
protease inhibitor cocktail (Complete Mini, Roche Applied
Science, Indianapolis, IN) in 10mL of 10mM HEPES pH 8.0.
Amount of total protein from each cell lysate was determined
by RC-DCTM Protein Assay kit (Bio-Rad). Detection of
phosphorylated- or total-ERK in the cell lysates was per-
formed as described before [40].

Zymography

Gelatin or casein zymography was performed to detect
proteolytic activity using supernatant (15-fold concen-
trated) after 48 h stimulation with growth factors. Seven to
ten microlitre of samples adjusted by protein amount of cell
lysates were mixed with�14mL of zymogram sample buffer
(Bio-Rad) and, under non-denaturing conditions, loaded
onto a 10% precast zymogram gel with gelatin (Bio-Rad)
for detection of MMP-2 or 12% zymogram gel with casein
(Bio-Rad) for MMP-1. After electrophoresis at a constant
20 mA for 3 h, gels are incubated in re-naturation buffer
(Bio-Rad) at room temperature for 30 min followed by
development in development buffer (Bio-Rad) at 37 1C
overnight. Gels were stained with 0.5% Coomassie blue for
1 h and decolourized with a solution of 40% v/v methanol
and 10% v/v acetic acid until bands become apparent.
Images of the gels were digitally scanned.

MMP activity assay

Proteolytic activity of MMP-3 in the CM was determined
by MMP-3 activity assay according to the manufacturer’s
instructions (GE Healthcare).

RNA interference

MMP-3 or TIMP-1 expression was inhibited by siRNA for
MMP-3 (siMMP-3) or siRNA for TIMP-1 (siTIMP-1)
(siGENOMETM SMARTpool reagent, Dharmacon, Lafay-
ette, CO, USA) by transfection using LipofectamineTM

(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s protocol. Briefly, 1�105 cells in 2 mL of SmGM-
2 medium without antibiotics were seeded into each well
of a six-well plate and cultured to�50% confluency. ASM
cells were transfected with siRNA mixed with Lipofecta-
mine in 500 mL of Opti-MEMs medium (Gibco, Burling-
ton, ON, Canada). The final concentration of siRNA was
40 nM. For control preparations, cells transfected with
control siRNA (siCONTROL Non-Targeting siRNA #2,
Dharmacon), treated with LipofectamineTM only, or trea-
ted with Opti-MEMs medium only was prepared. Medium
was refreshed 6 h after transfection. For preparation of
samples of medium for migration assay, 5 ng/mL of TGF-b
and 20 ng/mL of PDGF were added when changing med-
ium and these CM were harvested after 48 h. Thus, CM was
collected from siMMP-3 (or siTIMP-1)-treated cells (i.e.
MMP-3-poor CM or TIMP-1-poor CM) or three control
preparations (i.e. MMP-3-rich CM or TIMP-1-rich CM).

Migration assay

Cell migration assays were performed using a modified
Boyden chamber (Neuroprobe, Cabin John, MD, USA).
A polycarbonate membrane (8.0-mm pore sieve) was
coated with 100 mg/mL of type-III collagen (Sigma), which
is a substrate for MMP-3 and is increased in asthmatic
airway [41], overnight at 4 1C and air dried in a laminar
flow hood for 1 h, and placed between upper and lower
chambers. ASM cells were starved without growth factors
and FBS for 24 h, harvested with trypsin (0.025%) and
EDTA (0.02%) and re-suspended in CM collected after the
RNA interference assay described above (8.0�105 cells/
mL). The ASM cells were added to the upper chamber. In
the lower chamber, PDGF (5 ng/mL of final concentration)
was added as a chemoattractant to the same CM as the
upper chamber. After 6 h of incubation at 37 1C with 5%
CO2, the membranes were peeled off. Cells on the upper
face of the membrane were scraped off and the cells
migrated to the lower side were fixed and stained with
Diff-Quick (Dade Behring Inc., Newark, DE, USA). The
number of migrated cells was counted in five random
fields under �200 magnification.

MTT assay for cell survival and proliferation

HASM cells were grown in 96-well plates to �50%
confluency. After 24-h starvation, cells were treated with
siRNA or signal pathway inhibitors with/without growth
factors. After 48 h, cell survival or proliferation was
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assessed by colorimetric 3-(4,5-dimethyl-2-thiazolyl)
-2,5-diphenyltetrazoliumbromide (MTT) assay according
to the manufacturer’s protocol (Millipore, Billerica,
MA, USA).

Statistical analysis

Data are presented as mean�SEM. Statistical comparisons
between treatment and control were performed using
Student’s t-test or ANOVA (for time-course experiments)

followed by Bonferroni’s post hoc test where appropriate.
A value of Po0.05 was considered significant.

Results

Induction of MMP-1, MMP-3 and TIMP-1 by PDGF and
TGF-b

Concentrated supernatants from ASM cells after 48 h sti-
mulation with PDGF and/or TGF-b were used for
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Fig. 1. Protein expression and activity of matrix metalloproteinase (MMP)/tissue inhibitors of metalloproteinase (TIMP) in conditioned media of human
airway smooth muscle cells and their modification by platelet-derived growth factor (PDGF) and/or TGF-b. Photos are representatives of at least five
experiments. (a) Gelatin zymography. (b and c) Casein zymography. (d, e, f, g, i) Western blot analysis. (h) MMP-3 activity determined by MMP activity
assay. Graphs are means�SEM of densitometric quantification of the bands expressed as relative values to vehicle control (without stimulation).
�Po0.05, ��Po0.1. Comparisons are vs. vehicle control if not indicated. Note that the y-axis scales are different. PC, positive control; LM, lane marker.
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zymography and Western blot analysis. Gelatin zymogra-
phy showed stable expression of 72 kDa gelatinase (pro-
form of MMP-2) and its 62 kDa active form (Fig. 1a). By
casein zymography, a low level of MMP-1 was detected at
baseline and PDGF increased the activity at a minimum
concentration of 10 ng/mL (Fig. 1b). TGF-b suppressed the
PDGF-induced expression of activated MMP-1 but slightly
(Fig. 1c).

By Western blot analysis, PDGF induced the expression
of MMP-1 (Fig. 1d) and TIMP-1 (Fig. 1e). The effect of
PDGF or TGF-b alone on MMP-3 was not significant (Fig.
1g). However, when the growth factors were combined,
synergistic effects on protein expression and activity of
MMP-3 were demonstrated (Figs 1g and h). This synergis-
tic effect was not seen on MMP-1 expression (Fig. 1f). The
growth factors in combination also increased the expres-
sion of TIMP-1 protein, although again the response was
not synergistic (Fig. 1i).

Quantitative RT-PCR

Following 24 h stimulation with the growth factors,
mRNA in ASM cells was quantified by RT-PCR. The effect
of PDGF (20 ng/mL) was larger on MMP-1 [7.6�3.6 fold,
Fig. 2a (left)] compared with effects on MMP-3 [1.9�0.4
fold, Fig. 2a (middle)] and on TIMP-1 [1.6�0.4 fold,
Fig. 2a (right)] consistent with protein expression. The com-
bination of PDGF and TGF-b had a synergistic effect on
mRNA expression of MMP-3 [21.9�10.6 fold by 20 ng/mL of

TGF-b and 20 ng/mL of PDGF, Fig. 2a (middle)], in contrast
to the effect on TIMP-1 [4.2�1.8 fold by 20 ng/mL of TGF-b
and 20 ng/mL of PDGF, Fig. 2a (right)] and on MMP-1
[Fig. 2a (left)]. PDGF and TGF-b alone and in combination
had no effect on mRNA levels of MMP-2 and TIMP-2 (data
not shown). Time course experiments of mRNAexpression at
4–24h are shown in Fig. 2b.

Reduction of MMP-3 and TIMP-1 expression in ASM cells
by RNA interference

To investigate the effect of MMP-3 on ASM-cell migra-
tion, we used an RNA-interference technique to block
MMP-3, which was highly up-regulated by combined
stimulation of PDGF and TGF-b. siMMP-3 showed 74%
and 83% inhibition of MMP-3 mRNA by quantitative
RT-PCR compared with control siRNA (siControl) at 24
and 48 h (Fig. 3a). Upon stimulation with a combination of
PDGF and TGF-b for 24 and 48 h, mRNA of MMP-3 was
up-regulated, and this up-regulation was inhibited by
82% and 80% in siMMP-3-treated cells compared with
siControl-treated cells (Fig. 3b). Protein levels of MMP-3
in CM after stimulation with TGF-b and PDGF determined
by Western analysis were decreased to 14�4% by treat-
ment with siMMP-3 at 48 h compared with treatment with
siControl (Fig. 3c). Proliferation of the cells was not
affected by siMMP-3 (109�9% (mean�SD) in comparison
with siControl, n = 6). To investigate the role of TIMP-1,
one of the inhibitors of MMP-3, in ASM migration,
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measured by quantitative RT-PCR. (a) Cells stimulated with platelet-derived growth factor (PDGF) and/or TGF-b for 24 h were quantified for mRNA of
MMP-1 (left), MMP-3 (middle) and TIMP-1 (right). (b) Time course stimulation experiment with TGF-b (diamond), PDGF (square) and their combination
(triangle). Values are expressed as mean�SEM of three to five independent experiments. Value of vehicle control (without stimulation) was set as 1 and
relative values were expressed. (same for Figs 5e and f) �Po0.05, ��Po0.01, #P = 0.05. Comparisons are vs. vehicle control if not indicated. Note that
the y-axis scales are different.

�c 2009 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 39 : 1370–1380

1374 I. Ito et al



TIMP-1 expression was blocked by siTIMP-1 in TGF-b/
PDGF-treated ASM cells. Protein levels of TIMP-1 in CM
were suppressed to 38�14% at 48 h (Fig. 3d).

MMP-3 silencing inhibits, while TIMP-1 silencing
facilitates, migration through collagen-III-coated
membrane

To examine whether MMP-3 secreted by ASM cells regu-
lates migration of the cells through membrane coated with
type-III collagen, migration assays were performed. In
MMP-3-poor CM (medium from cells treated with siMMP-
3), the number of cells that migrated was significantly
smaller than MMP-3-rich CM (medium from cells treated
with siControl) (Fig. 4a). This suggests that MMP-3 sec-
reted by ASM cells has a role in facilitating migration
through type-III collagen. Further, we investigated the
role of TIMP-1 in ASM migration. In TIMP-1-poor CM
(CM treated with siTIMP-1), the number of migrated cells
increased compared with TIMP-1-rich CM (CM treated
with siControl) (Fig. 4b).
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with medium only (untreated) (Same for Fig. 4). (a, b) mRNA levels of
MMP-3 were quantified in un-stimulated cells (a) and in cells stimulated
with TGF-b (5 ng/mL) and platelet-derived growth factor (PDGF)
(20ng/mL) (b). White bar shows 24 h stimulation and black shows 48 h.
Values from cells transfected with control siRNA without stimulation of
growth factors were set as 1. Western blot analysis on MMP-3 suppression
by siMMP-3 (c) and on TIMP-1 suppression by siTIMP-1 (d) in supernatants
of cells stimulated with TGF-b (5 ng/mL) and PDGF (20ng/mL) for 48 h.
Means�SEM of densitometric quantification of the bands expressed as
relative values (%) to siCTRL are indicated under the bands. TIMP-1
expression in (c) or MMP-3 expression in (d) on the same membrane is
shown as reference to show specific inhibition of each siRNA. Photos are
representative of at least five experiments. �Po0.05 and ��Po0.01
compared with siCTRL.
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Up-regulation of MMPs and TIMPs by PDGF and TGF-b
involves ERK and Smad pathways

To investigate which signal pathway regulates the
up-regulation of mRNA encoding MMPs and TIMP-1 by
PDGF and/or TGF-b, we tested the effects of various
selective inhibitors followed by quantitative RT-PCR.
Phosphorylation of ERK by PDGF with/without TGF-b
was observed by Western analysis of cell lysates up to
120 min stimulation (Fig. 5a). 10 mM of MEK1/2 inhibitor
U0126 and TGF-b type-1 receptor kinases (ALK 4, 5 and 7)
inhibitor SB431542 effectively inhibited phosphorylation
of ERK and Smad2 by either PDGF with/without TGF-b,
respectively (Figs 5b, c and d). 10 mM of p38 inhibitor
SB203580 and JNK inhibitor SP600125 were also con-
firmed to inhibit phosphorylation of p38 and JNK, respec-
tively (data not shown). Neither U0126 nor SB431542
affected cell viability (data not shown). U0126 blocked

the effect of PDGF on the up-regulation of mRNA for
MMP-1 (Fig. 5e) and TIMP-1 (data not shown). Other
MAPK inhibitors, SB203580 and SP600125 did not
affect their up-regulation by PDGF (data not shown). The
up-regulation of mRNA of MMP-3 and TIMP-1 by combi-
nation of PDGF and TGF-b were inhibited by either U0126
or SB431542 (Fig. 5f). Further, we checked if phosphor-
ylation of ERK is enhanced by combined stimulation of
PDGF and TGF-b. Combination of growth factors showed
only minimal increase of p-ERK compared with that
induced by PDGF alone (Fig. 5a).

Discussion

In this study, we investigated expression and regulation of
MMP-1, MMP-2, MMP-3, TIMP-1 and TIMP-2 in HASM
cells. PDGF up-regulated MMP-1 more than MMP-3 and
TIMP-1, and the combination of PDGF and TGF-b caused
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Fig. 5. (a–c) Western blot analysis of cell lysates using antibodies for phosphorylated or total extracellular signal-regulated kinase (ERK)1/2. (a)
Phsphorylation of ERK in airway smooth muscle cells treated with platelet-derived growth factor (PDGF) (20 ng/mL), TGF-b (5 ng/mL) or combination of
the both. Effective abrogation of phosphorylation of ERK by 10mM of U0126 (b and c) and phosphorylation of Smad2 by 10mM of SB431542 (d). (e and f)
Effect of signal pathway blockers for mRNA expression of matrix metalloproteinase (MMP)-1, MMP-3 and tissue inhibitors of metalloproteinase (TIMP)-
1, which were up-regulated by growth factor(s). Effects of inhibition were compared with TGF-b/PDGF-treated, non-inhibited samples. Values are
expressed as means�SEM of three experiments. �Po0.05, ��Po0.01. Comparisons are vs. treatment with TGF-b (5 ng/mL) plus PDGF (20 ng/mL)
without inhibitor, if not indicated.
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synergistic up-regulatory effects on the expression of
MMP-3 and an additive effect on TIMP-1. The ERK path-
way appears to be a key signalling pathway in mediating
the effects of PDGF and TGF-b in combination. MMP-3
produced by ASM cells stimulated with PDGF/TGF-b might
play a role in facilitating migration of these cells.

In active/unstable asthma, MMPs are increased to a
greater extent in bronchoalveolar lavage fluid and sputum
than are the TIMPs [42, 43], whereas in chronic/stable
asthma, TIMPs predominate over MMPs [44, 45]. Because
the main sources of MMP-9 in the bronchial tissue are
epithelial cells and inflammatory cells including eosino-
phils, neutrophils and macrophages [46], many studies on
MMPs in asthma have focused on expression of MMPs in
these cells [47, 48]. At present, studies on MMP/TIMP
expression by ASM cells are quite limited and the sig-
nificance of MMPs secreted by ASM cells in the context of
airway remodelling is still unknown. This fact prompted
us to perform this study.

MMP protein expression is regulated primarily at the
transcriptional level [49]. MMP-2 is expressed by a wide
variety of cells and modification of expression by cyto-
kines or growth factors is generally minimal [22, 50–52].
In contrast, other MMPs such as MMP-1, MMP-3 and
MMP-9 are responsive to cytokines/growth factors and
are considered to be regulated similarly [49]. Transcrip-
tion of MMP-1 and MMP-3 is induced by PDGF and, with
few exceptions, reduced by TGF-b. However, in ASM cells,
MMP-1 was up-regulated much more by PDGF compared
with MMP-3. TGF-b, when combined with PDGF, evoked a
substantial synergistic up-regulation of MMP-3 but this
phenomenon was not observed for MMP-1. These findings
suggest that there may be a unique mechanism of differ-
ential regulation of MMP-1 and MMP-3 by growth factors
in ASM cells.

Regarding the synergistic effect between PDGF and TGF-
b, one possible mechanism is induction of TGF-b by PDGF
[53, 54] or induction of PDGF by TGF-b [55, 56] as shown in
other types of cells as well as SM cells. But this does not
seem to be pertinent to our result because, although we have
used maximally effective concentrations of PDGF or TGF-b
to stimulate cells, the combination of both growth factors
still synergized in the induction of MMP-3 expression. One
possible mechanism of the synergy would be co-operative
interaction of signal pathways.

We demonstrated that inhibition of the ERK pathway
abrogated the up-regulation of MMP-1 by PDGF and that
the ERK and Smad pathways played an important role in
the up-regulation of MMP-3 and TIMP-1 by PDGF and
TGF-b. Mechanisms of signal crosstalk between Smad
pathway and MAPK pathway have recently been investi-
gated. The MEK–ERK pathway may either enhance or
repress the Smad pathway in several ways. ERK-
dependent phosphorylation of the linker region in R-Smad
inhibited [57] or enhanced [58] nuclear translocation of

R-Smad. Phosphorylation in the linker region of Smad4 by
ERK led to accumulation of Smad4 in the nucleus and
resulted in a maximal transcriptional response [59]. In
contrast, phosphorylation of ERK induced by EGF was
suppressed by TGF-b in glioma cells [60] and pancreatic
carcinoma cell lines [61], but the phosphorylation of ERK
was not affected in fibroblasts [61]. In our experiment, the
degree of enhancement of PDGF-induced ERK phosphor-
ylation by TGF-b was not large enough to explain the
synergistic effect on the expression of MMP-3 observed
between PDGF and TGF-b (Fig. 5a). Signals downstream of
ERK may be enhanced by TGF-b to increase PDGF-induced
expression of MMP-3 and TIMP-1.

MMPs participate in a variety of conditions including
normal cell migration (e.g. trophoblasts and osteoclasts),
wound healing and diseases such as invasion of cancer
cells and migration of vascular SM cells in atherosclerotic
disease [34, 62]. ASM cells may potentially migrate in the
airway but there are few reports on the role of MMPs in
migration of the cells. Our results suggest that pro-fibrotic
growth factors, which induce production of ECM by
fibroblasts and ASM cells, can also induce MMPs to
facilitate migration of ASM cells. In contrast, over-
expression of TIMP-1 inhibited migration of vascular SM
cells in animal models [63, 64], which is also consistent
with our result. On the basis that the degree of up-
regulation was apparently dominant in MMP-3 compared
with TIMP-1 in protein levels (Figs 1g and i) and net
activity of MMP-3 in CM increased to 2.70�0.47 times by
treatment with TGF-b/PDGF (Fig. 1h), one might expect
that migration of the cells would be facilitated in environ-
ment rich in TGF-b and PDGF. It was not possible to
compare TGF-b/PDGF-treated medium and non-treated
medium in cell migration because the presence of these
growth factors would directly influence migration of ASM
cells. How the balance between MMPs and TIMPs affects
migration of ASM cells is awaiting elucidation. By acti-
vating the turnover of collagens by up-regulating produc-
tion of collagens and MMPs from ASM cells, these growth
factors may have a role in modifying the composition of
the subepithelial ECM to facilitate the process of airway
remodelling. RGD sites of collagens, which are revealed
after structural alteration of collagens, affect cell attach-
ment through integrins and may have a role in modulat-
ing cell migration [65]. Moreover, by degradation of ECM,
inflammatory mediators, growth factors and chemokines
sequestered in ECM can be released and activated, further
promoting airway remodelling. MMPs may influence ASM-
cell migration by degrading ECMs into unique chemotactic
fragments [66]. Thus, MMPs have several possible ways to
function as modifiers of ASM-cell migration.

In conclusion, expression of MMPs and their modifica-
tion by pro-fibrotic growth factors such as TGF-b and PDGF
in ASM cells may contribute to SM-cell hyperplasia and the
increased muscle mass in asthma. Targeting MMPs could be
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a potential therapeutic tool to prevent one aspect of airway
remodelling caused by SM-cell migration.
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