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I

Background: The balance between matrix metalloproteinase-9 (MMP-9) and tissue inhibitor of
metalloproteinase-1 (TIMP-1) may be critical in extracellular matrix remodelling, a characteristic of
asthmatic airways. An excess of TIMP-1 over MMP-9 has been associated with chronic airflow obstruction
but the mechanisms underlying this association remain unknown. Recent computed tomographic (CT)
studies indicate that airway wall thickening is associated with chronic airflow obstruction.
Methods: Sputum levels of MMP-9, TIMP-1, and their molar ratio were examined in 26 patients with stable
asthma and their relationship with pulmonary function and airway wall thickness, assessed by a validated
CT technique which measured wall area corrected by body surface area (WA/BSA), the ratio of WA to
outer wall area (WA%), and the absolute wall thickness corrected by !BSA of a segmental bronchus (T/
!BSA), was examined.
Results: Sputum MMP-9 levels were inversely correlated with WA% and TIMP-1 levels were positively
correlated with WA/BSA and T/!BSA. The MMP-9/TIMP-1 molar ratio was inversely correlated with
WA% and T/!BSA and positively correlated with post-bronchodilator values of mid-forced expiratory flow
and maximum expiratory flow at the quartile of lung volume.
Conclusion: Excess TIMP-1 may have a pathogenetic role in airway wall thickening in asthmatic patients
which may result in chronic airflow obstruction.

nflammation of the airway is a characteristic feature of
asthma. Pathological repair of chronic inflammation may
result in airway remodelling characterised by hypertrophy
and hyperplasia of airway smooth muscle, submucosal gland
hyperplasia, goblet cell hyperplasia, and vascular proliferation. Structural changes also include deposition of extracellular matrix (ECM), such as collagen and fibronectin, in
the subepithelial basement membrane (SBM) or in the
submucosa, around or within airway smooth muscle bundles,
and possibly in the adventitia.1 2
Matrix metalloproteinases (MMPs), a family of zinc- and
calcium-dependent enzymes, are responsible for the degradation of ECM.3 Among MMPs, MMP-9 is overexpressed in the
serum and/or diseased organs of patients with several
disorders characterised by tissue destruction, such as
rheumatoid arthritis and pulmonary emphysema.4 5 MMP-9
is considered to be involved in the pathophysiology of these
disorders, presumably by degrading ECM. In patients with
asthma, MMP-9 is increased in sputum or bronchoalveolar
lavage (BAL) fluid under stable conditions,6 7 during spontaneous exacerbations,8 and after local allergen challenge.9
MMP-9 has also been suggested to enhance the migration
of inflammatory cells into the airways10 through ECM
destruction.11
As a counterbalance, tissue inhibitor of metalloproteinase1 (TIMP-1) inhibits the enzymatic activity of MMP-9 by
stoichiometric 1:1 binding.12 TIMP-1 is considered to have
fibrogenic properties resulting from inhibition of MMP-9 and
promotion of cell growth of fibroblasts or myofibroblasts.13 In
several fibrotic diseases, such as progressive systemic
sclerosis14 and idiopathic pulmonary fibrosis,15 TIMP-1 is
overexpressed and considered to accelerate fibrosis and ECM
deposition. In the sputum or BAL fluid of patients with stable

asthma, TIMP-1 is increased compared with healthy controls
and is overproduced relative to MMP-9.6 16 Additionally, an
excess of TIMP-1 over MMP-9 in the sputum or serum of
asthmatic patients has been associated with chronic airflow
obstruction.6 17
Necroscopic studies indicate that airway wall thickening is
involved in the pathophysiology of asthma.18 We have
established a technique of helical computed tomography
(CT) to quantify airway wall thickness which has shown that
the airways of asthmatic patients are thickened in vivo.19 20
The degree of thickening may relate to the severity of disease
and airflow obstruction.19–22 Chronic airflow obstruction
associated with overproduction of TIMP-1 might therefore
theoretically result from deposition of ECM and consequent
thickening of the airway wall.6 17 We therefore investigated
the relation of sputum levels of MMP-9 and TIMP-1 and their
molar ratio with airway wall thickness as assessed by CT in
patients with stable asthma.

METHODS
Subjects
Twenty six patients with stable asthma from our outpatient
clinic were studied. Asthma was diagnosed according to the
American Thoracic Society criteria. At the time of diagnosis,
airway hyperresponsiveness was proven in 15 patients by a
continuous inhalation methacholine challenge;23 the mean
(range) Dmin, a marker of airway sensitivity, in these 15
Abbreviations: Ao, outer area of the bronchus; BSA, body surface
area; ECM, extracellular matrix; FEF25–75%, mid forced expiratory flow;
FEV1, forced expiratory volume in 1 second; MMP-9, matrix
metalloproteinase-9; SBM, subepithelial basement membrane; T,
absolute airway thickness; TIMP-1, tissue inhibitor of metalloproteinase1; WA, airway wall area
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Sputum induction and processing
Sputum induction and processing were performed according
to the methods of Pin,24 with slight modification.25 Briefly, the
subjects were premedicated with inhaled salbutamol
(200 mg) and then inhaled hypertonic (3%) saline solution
from an ultrasonic nebuliser (MU-32, Azwell Inc, Osaka,
Japan) for 15 minutes. Adequate plugs of sputum were
separated from saliva and first treated with 0.1% dithiothreitol (Sputasol, Oxoid Ltd, Hampshire, UK) followed by
Dulbecco’s phosphate buffered saline (PBS). After centrifugation, supernatants of sputum were stored at 280˚C. Cell
differentials were determined by counting at least 400 nonsquamous cells stained by the May-Grünwald-Giemsa
method.
Zymography
Zymography on SDS-gelatin was used to determine gelatinase activity3 in sputum according to a method previously
described.7 25 Each supernatant obtained from sputum was
diluted (1:3) with PBS and 30 ml of the sample was subjected
to electrophoresis on 11% polyacrylamide gels containing
1 mg/ml gelatin in the presence of sodium dodecyl sulfate
(SDS-PAGE) under non-reducing conditions. After electrophoresis, gels were washed in Triton X100 for 1 hour, rinsed
briefly, and incubated at 37˚C for 24 hours in buffer
containing 100 mM TRIS HCl pH 7.40 and 10 mM CaCl2.
After incubation the gels were stained with Coomassie
Brilliant Blue R250 and then destained in a solution of
7.5% acetic acid with 5% methanol. Zones of enzymatic
activity were indicated by negative staining: areas of
proteolysis appeared as clear bands against a blue background.
Measurement of MMP-9 and TIMP-1
The absolute values of MMP-9 and TIMP-1 levels in sputum
were measured using enzyme immunoassay kits (Fuji
Chemical Industries Ltd, Toyama, Japan).25 Assays were
performed following the manufacturer’s instructions. The
MMP-9 assay detects pro (92 kDa) and intermediate forms of
MMP-9 with 83 kDa as well as their complexed forms with
TIMP-1. The TIMP-1 assay detects free or complexed forms of
TIMP-1. This kit does not crossreact with TIMP-2. The
detection limits were 3.1 ng/ml for MMP-9 and 1.2 ng/ml for
TIMP-1.
CT scans and analysis of airway wall thickness
CT scanning and analysis was performed as reported
previously.19 26 Briefly, using a Toshiba X-Vigor CT scanner
(Toshiba, Tokyo, Japan), helical CT scanning was performed
at 120 kVp, 50 mA, 3 mm collimation, and pitch 1. Images
were reconstructed using the FC 10 algorithm at 2 mm
spacings. A targeted reconstruction of the right lung was
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performed using a subject-specific field of view (FOV) (153–
214 mm). These CT data were transferred to a Power PC
personal computer via magneto-optical disk and analysed
using custom software written in C programming language
(Symantec C++, Symantec Corp, CA, USA). For the airway
analysis, a cross section of the apical bronchus of the right
upper lobe at its origin was selected by a consensus reading of
two pulmonologists (HM and AN). The following airway
parameters were then measured automatically on the
computer: luminal area, short and long radii of the lumen,
and absolute airway thickness (T). Outer area of the
bronchus (Ao), airway wall area (WA) and percentage wall
area (WA%, WA/Ao 6 100) were calculated, under the
assumptions that the airway was a true circle in the cross
sectional plane and that T was constant throughout the wall.
Because airway size may be affected by body size, WA and T
were normalised using body surface area (BSA).19 26 Airway
wall thickness was estimated as WA/BSA, WA%, and T/!BSA.
A detailed description of these measures has been published
previously.26

Pulmonary function
Using a Chestac-65V (Chest MI Corp, Tokyo, Japan), we
measured FEV1, mid forced expiratory flow (FEF25–75%), and
maximum expiratory flow at the quartile of FVC (MEF25%)
15 minutes after inhalation of 200 mg salbutamol via metered
dose inhaler to assess the degree of chronic airflow
obstruction.
Statistical analysis
Stat View software (SAS Institute Inc, Cary, NC, USA) was
used. The results are expressed as mean (SD). Relationships
between data were analysed using Spearman’s rank correlation test. p values of ,0.05 were considered significant.

Table 1 Characteristics and outcomes of study
patients (n = 26)
Age (years)
Sex (F/M)
Disease duration (years)
Disease severity (steps 1:2:3:4)*
Atopic status (yes/no)
FEV1 (%pred)`
FEV1 (%pred)1
FEV1/FVC (%)1
FEF25–75% (%pred)1
MEF25% (%pred)1
Inhaled steroid (mg/day)
WA/BSA (mm2/m2)
WA% (%)
T/!BSA (mm/m)
Sputum MMP-9 levels (ng/ml)
Sputum TIMP-1 levels (ng/ml)
Molar ratio of MMP-9/TIMP-1

53.8 (16.3)
11/15
8.6 (8.3)
1:9:13:3
16/10
95.8 (17.2)
102.1 (17.8)
78.3 (9.7)
73.2 (30.7)
54.8 (27.2)
816 (270)
17.9 (3.8)
66.7 (5.6)
1.2 (0.1)
598.2 (388.6)
855.0 (497.3)
0.22 (0.13)

FEF25–75%, mid-forced expiratory flow; MEF25%, maximum
expiratory flow at the quartile of lung volume; WA/BSA,
wall area/body surface area; WA%, 100 6WA/outer area
of the bronchus; T, absolute airway thickness; MMP,
metalloproteinase; TIMP, tissue inhibitor of
metalloproteinase.
Values are given as mean (SD).
*Severity of the disease was determined based on the Global
Initiative for Asthma.
Patients were considered atopic when one or more specific
IgE antibodies against cat dander, dog dander, weed, grass
pollen, mold and house dust mite were positive.
`Pre-bronchodilator and 1post-bronchodilator values.
Data from 25 patients taking inhaled steroids (expressed in
equivalent doses of beclomethasone dipropionate).
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patients was 1.96 (0.01–9.53) units. Reversibility of airflow
obstruction to 200 mg salbutamol (12% and 200 ml increase
in forced expiratory volume in 1 second (FEV1)) was
demonstrated in six patients (mean (SD) pre/post-bronchodilator FEV1 2.36 (0.85) l/2.81 (1.02) l), and the remaining
five patients had peak expiratory flow (PEF) variability of
more than 20%. Patients were considered to have stable
asthma if the disease had been fully controlled for at least
1 month.7 Twenty of the 26 patients had never smoked; the
remaining six were ex-smokers who had ceased smoking at
least 1 year before the study and had smoked a maximum of
10 pack-years. Emphysema was ruled out by CT images in all
subjects including the six ex-smokers.
The study was approved by the ethics committee at our
institution and written informed consent was obtained from
all participants.
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Table 2 Correlation coefficients (r values) between sputum markers and airway wall
thickness or post-bronchodilator pulmonary function
TIMP-1 levels

Molar ratio of
MMP-9/TIMP-1

0.24
20.47
20.15
0.24
0.11
0.20

0.42*
0.15
0.41*
0.12
20.26
20.21

20.12
20.64`
20.541
0.25
0.41*
0.42*

WA/BSA, wall area/body surface area; WA%, 1006WA/outer area of the bronchus; T, absolute airway
thickness; FEF25–75%, mid-forced expiratory flow; MEF25%, maximum expiratory flow at the quartile of lung volume;
MMP, matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinase.
*p,0.05, p,0.03, `p,0.003, 1p,0.01.

RESULTS
The clinical characteristics and outcomes of the 26 patients
are shown in table 1. One patient regarded as of step 1
severity was treated only with a short acting inhaled b
agonist as required. Others were treated with inhaled
corticosteroids for at least 3 months before the study. Two
of the 26 patients were examined for MMP-9 or TIMP-1
levels alone because the sputum samples of these patients
were too small to analyse both. As reported previously,6 25
zymographic analysis of sputum samples from the patients
showed a major band of enzymatic activity at 92 kDa which
corresponds to pro-MMP-9 (data not shown).
Table 2 shows correlation coefficients between the sputum
indices and the measures of airway wall thickness or airflow
obstruction. Sputum MMP-9 levels were inversely correlated
with WA% and TIMP-1 levels were positively correlated with
WA/BSA and T/!BSA. The MMP-9/TIMP-1 molar ratio was
inversely correlated with WA% (fig 1) and T/!BSA and
positively correlated with post-bronchodilator values of
FEF25–75% and MEF25% but not with FEV1 (table 2). No
significant correlation was observed between disease duration or severity and the sputum indices (data not shown).
The MMP-9 levels were significantly correlated with the
absolute number of sputum neutrophils (r = 0.47, p = 0.036)
and marginally with that of macrophages (r = 0.43,
p = 0.058). The TIMP-1 levels tended to correlate with the
absolute number of neutrophils (r = 0.38, p = 0.099). No
significant correlation was found between sputum eosinophil
number and either MMP-9 or TIMP-1 levels (data not
shown).

DISCUSSION
This is the first study to evaluate the relationship between
airway wall thickness (assessed by CT scanning) and sputum
levels of MMP-9, TIMP-1, and their molar ratio in asthmatic
patients. We have shown that an absolute increase in TIMP-1
or its relative excess over MMP-9 in the asthmatic airway

WA%

80

H

= 0.64, p = 0.002

70

60
0

0.1

0.2

0.3

0.4

0.5

MMP-9/TIMP-1 molar ratio

0.6

Figure 1 Correlation between WA% (100 6 wall area/outer area of
the bronchus) and MMP-9/TIMP-1 molar ratio.

may be associated with airway wall thickening, as well as
with chronic airflow obstruction.
Vignola and colleagues have shown that the molar ratio
between MMP-9 and TIMP-1 in the sputum of asthmatic
patients is positively correlated with FEV1. The patients had
not received any form of corticosteroids during the 2 months
before the study. The authors indicated that the excess of
TIMP-1 may lead to airflow obstruction, possibly by a role in
the pathogenesis of ECM remodelling.6 Bossé and colleagues
have evaluated the relationship between the responsiveness
of FEV1 to oral corticosteroid treatment (methylprednisolone
40 mg/day for 2 weeks) and the pretreatment serum molar
ratio of MMP-9/TIMP-1 in severe asthmatic patients requiring high doses of inhaled corticosteroids.17 The baseline
serum MMP-9/TIMP-1 ratio strongly correlated with the
degree of increase in FEV1 after oral corticosteroid treatment.
The authors concluded that the excess of TIMP-1 may lead to
irreversible airflow obstruction, possibly through airway
fibrosis. Our findings that the sputum MMP-9/TIMP-1 ratio
correlated with FEF25–75% and MEF25% are consistent with
those of Vignola et al6 and Bossé et al,17 both showing an
association between the excess TIMP-1 and airflow obstruction. Unlike these studies, we used post-bronchodilator
values of pulmonary function which are more indicative of
‘‘irreversible’’ functional changes. We also used sputum
samples which provide a more direct measure of airway
pathophysiology than serum samples as used by Bossé et al.17
The reason why the molar ratio was only associated with
FEF25–75% and MEF25% but not with FEV1 in our study may
be that a fixed airflow obstruction was limited to the
peripheral airways only because our patients may have had
milder disease than those in the previous studies.6 17
Correlations between the sputum indices and peripheral
airflow obstruction are relevant because induced sputum is
considered to originate not only from the central but also
from the small airways and alveoli.27
We have shown, for the first time to our knowledge, an
association between excess TIMP-1 and whole airway wall
thickening. Specifically, the sputum TIMP-1 levels were
positively correlated with—and the molar ratio of MMP-9/
TIMP-1 inversely correlated with—airway wall thickness as
assessed by CT scanning. Although CT scanning cannot
identify the pathological details that may contribute to
airway wall thickening, ECM deposition in the airways
through excess TIMP-1 probably contributed to the observed
thickening. A recent study of a murine model of asthma
employing chronic ovalbumin challenge shows that the
TIMP-1 level in BAL fluid is increased after 12 weeks of
repeated antigen challenge and that this increase is sustained
during the following 20 weeks with the same treatment. In
parallel, excessive collagen deposition in the lung emerges at
16 weeks of treatment and persists thereafter. The authors
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deduce a possible association between the increase in TIMP-1
and ECM deposition in their model.28 In the airways of
patients with asthma, ECM deposition is seen not only in the
SBM but also around smooth muscle cells and possibly in the
adventitial layer,2 which may gather volume and contribute
to the whole airway wall thickening. In fact, the degree of
SBM thickening correlates with the degree of airway wall
thickening as assessed histologically29 and by CT scanning.22
TIMP-1 excess may therefore be associated with ECM
deposition and consequent whole airway wall thickening.
The latter may be related to chronic airway obstruction as
suggested by previous CT studies.19–22
In our study, sputum MMP-9 levels correlated significantly
with the number of neutrophils and marginally with the
number of macrophages. Our results are consistent with
those of previous human6 10 and murine studies.28 These cells
might therefore be potential sources of MMP-9 in the
asthmatic airways, although eosinophils are also considered
as candidate cells by other investigators.30
Uncontrolled airway inflammation or uncontrolled disease
status may potentially affect airway wall thickness. All 26
patients in our study had experienced full symptom control
for at least 1 month, and all but one had been treated with
inhaled corticosteroids for at least 3 months. We selected
these patients for our study to reduce the effect of
inflammation as much as possible in order to better address
the ‘‘irreversible’’ component of airway wall thickening using
CT.21 22 Although the levels of sputum indices might or might
not have been modified by corticosteroid treatment,31–33 the
association we found between the sputum indices and
pulmonary function is consistent with those of a previous
study6 conducted in patients not treated with corticosteroids.
The three measures of airway wall thickness used in our
study are distinct from each other. WA/BSA may not be
affected by bronchoconstriction, unlike WA% or T/!BSA;
WA% is a corrected index of airway wall thickness by airway
size, whereas T/!BSA indicates an absolute thickness of the
wall.34
One possible limitation of our study is that sputum levels
of MMP-9 and TIMP-1 might not reflect the actual behaviour
of the enzymes within bronchial tissue. However, both
mucosal expression35 and sputum levels6 of MMP-9 as well
as TIMP-1 are consistently increased in patients with asthma
compared with healthy controls. Increases in TIMP-1 relative
to MMP-9 in induced sputum33 and increased expression of
TIMP-1 in bronchial tissue31 are consistently observed
following systemic or inhaled corticosteroid treatment. It is
therefore reasonable to assume that sputum levels of MMP-9
and TIMP-1 may indirectly reflect their levels in the airway
mucosa.
In conclusion, the data from the present study suggest the
involvement of excess TIMP-1 in the development of airway
wall thickening and chronic airflow obstruction in asthmatic
patients. The regulatory mechanisms responsible for the
balance between MMP-9 and TIMP-1, and its possible
pharmacological modulation, need to be addressed in future
studies.
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P

roliferation of bronchial smooth muscle (BSM) cells occurs in the airways of asthmatic
patients. Glucocorticoids exert antiproliferative effects via CCAAT/enhancer binding
protein a (C/EBPa), an antiproliferative transcription factor. This paper studies
signalling pathways in BSM cell proliferation from 20 asthmatic and 26 non-asthmatic
subjects (lung cancer/CF/emphysema).
A series of elegant experiments (using immunoblotting/electrophoresis) first established
that, in response to glucocorticoid, asthmatic and non-asthmatic BSM cells display similar
glucocorticoid receptor (GR) characteristics, similar anti-inflammatory effects (interleukin
(IL)-6 suppression), and a similar reduction in IL-6 suppression with a GR inhibitor.
However, whereas glucocorticoid significantly suppresses cell proliferation in control BSM
cells (by 24–28%), no such suppression is seen in asthmatic BSM cells. None of the
asthmatic cell lines expressed the C/EBPa transcription factor whereas all controls did
(tissue specific to BSM). Transfection of asthmatic cells with a C/EBPa expression vector
significantly slowed (and allowed steroids to suppress) proliferation.
The authors conclude that asthmatic BSM cell proliferation results from absence of C/
EBPa, which also explains the lack of steroid suppression. Steroid treatment suppresses IL-6
production in both groups, therefore demonstrating two distinct signalling pathways: antiinflammatory (cytokine mediated) and antiproliferative (transcription factor mediated).
Why asthmatic BSM cells lack C/EBPa remains unclear (previous steroid use and
treatment length were often unknown, perhaps influencing in vitro response) and whether
CF or emphysema subjects can be used as controls is debatable. The implication that steroids
do not suppress BSM proliferation in asthma is clearly important and the demonstration of
two distinct signalling pathways merits further investigation.
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