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Background: The ratio of matrix metalloproteinase-9 (MMP-
9) and its inhibitor, tissue inhibitor of metalloproteinase-1
(TIMP-1) may be a marker of the balance between airway tis-
sue destruction and repair. TIMP-1 may potentially contribute
to the pathogenesis of increased submucosal extracellular
matrix deposition in asthma.

Objective: Our purpose was to assess the variation in sputum
MMP-9 and TIMP-1 during acute asthma.

Methods: We evaluated the MMP-9 and TIMP-1 balance in
sputa of 16 asthmatic patients admitted with spontaneous
exacerbation, conducting measurement before (day 1) and
after methylprednisolone infusion therapy (days 2, 3, 5, and 7),
and on remission days.

Results: Peak expiratory flow and eosinophilic cationic protein
levels were significantly (P < .05) improved within 7 days in all
patients. Sputum MMP-9 levels on day 2 tended to be lower
than on day 1, but not significantly. Zymography revealed that
the main enzyme was identified immunologically as MMP-9,
and gelatinase activity on day 1 had a tendency to decrease for
the following 7 days. The TIMP-1 levels gradually increased
until day 5, were significantly (P < .05) high on day 5, and
decreased on day 7. The MMP-9/TIMP-1 molar ratios were
significantly (P < .05) decreased on days 2, 3, 5, and 7 com-
pared with day 1. Sputum levels of MMP-9 and TIMP-1 and
the MMP-9/TIMP-1 molar ratios on day 1 were significantly
higher (P < .02) than those on remission days.

Conclusions: An imbalance between MMP-9 and TIMP-1 was
present in acute asthma, with an excess of MMP-9 resulting in
a high ratio of MMP-9/TIMP-1 before treatment, and over
time with glucocorticosteroid the TIMP-1 levels rose, dropping
the ratio of MMP-9/TIMP-1. It was suggested that overpro-
duction of MMP-9 and TIMP-1 after asthma exacerbation
might contribute significantly to airway tissue remodeling and
that TIMP-1 production in acute asthma might not be sup-
pressed by glucocorticosteroid. (J Allergy Clin Immunol
2000;105:900-905.)
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Abbreviations used
BAL: Bronchoalveolar lavage
BDP: Beclomethasone dipropionate
ECM: Extracellular matrix
ECP: Eosinophil cationic protein
MMP: Matrix metalloproteinase
PEF: Peak expiratory flow
TIMP: Tissue inhibitor of metalloproteinase

The matrix metalloproteinases (MMPs) are a family of
zinc-containing enzymes that degrade the proteins of the
extracellular matrix (ECM). MMPs may be essential for
the invasion of malignant cells or the migration of
inflammatory cells into tissues.* MMP-9 (92-kd gelati-
nase) contributes to the migration of inflammatory cells
through the ECM, basement membrane, and the endothe-
lial layer in asthma. T-cell transmigration through base-
ment membrane in vitro is mediated by MMP-2 and
MMP-93 and in the case of eosinophil by MMP-9.6 Ohno
et al’ reported that the eosinophil was a major cellular
source of MMP-9 in bronchial tissue in asthmatic
patients. On the other hand, it was reported that MMP-9
during status asthmaticus originated from activated neu-
trophils and epithelium.8:9 MMP-9 is most prominent
among MMPs found in bronchoalveolar lavage (BAL)
from untreated asthmatic patients.!0

The major physiologic inhibitors of MMPs are 0l,-
macroglobulin and their specific tissue inhibitors of me-
talloproteinases (TIMPs).11 TIMPs play a significant role
in the regulation of MMP activation in vivo.'2 TIMP-1 is
a sialoglycoprotein with a molecular weight of 28 kd that
inhibits MMPs such as interstitial collagenase (MMP-1),
gelatinase (MMP-2 and MMP-9), and stromelysin
(MMP-3), all of which can degrade the ECM. TIMP-1 is
synthesized and secreted by many connective tissue cells
that also produce MMPs, including fibroblasts, inflam-
matory cells, and endothelial cells.!! TIMP-1 is secreted
in association with MMP-9. TIMP-1 binds noncovalent-
Iy in a 1:1 proportion with MMP-9 or proMMP-9 and
inhibits their enzymatic activity.!3-14 TIMP-1 may poten-
tially contribute to the pathogenesis of the increased
thickness of the basement membrane in asthmal5 and of
the ECM deposition in the airway wall.16

An imbalance between MMPs and TIMPs occurs in a
number of chronic inflammatory conditions, such as
rheumatoid arthritis.! Sputum MMP-9/TIMP-1 imbal-
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ance may be critical in bronchial tissue destruction and
repair, including deposition of ECM in the airway wall in
patients with cystic fibrosis.2 In chronic asthma a
decreased MMP-9/TIMP-1 ratio may have important
consequences for airway obstruction, probably because
of collagen deposition and the increase of airway wall
thickness.17:18 Recently, Bossé et all9 reported that the
serum MMP-9/TIMP-1 ratio could predict the response
to oral corticosteroid therapy in severe asthma; a low
MMP-9/TIMP-1 ratio was observed in patients having
little or no FEV, improvement with corticosteroids. Vig-
nola et al2® reported that the sputum MMP-9/TIMP-1
ratio positively correlated with the FEV, in asthmatic
patients, and Mautino et al2! noted that TIMP-1 levels in
BAL were higher in untreated asthmatic subjects than in
a glucocorticoid-treated group. Treatment with inhaled
corticosteroids may prevent airway remodeling. Howev-
er, the effects of corticosteroid on MMPs and TIMPs are
unknown.

We hypothesized that asthma exacerbation might con-
tribute to airway remodeling by changing the balance of
the MMP-9/TIMP-1 ratio in airways. The kinetics of
sputumn MMP-9 and TIMP-1 in acute asthma have been
little investigated. In this study we examined the time
course of sputum levels of MMP-9, TIMP-1, and MMP-
9 enzymatic activity in acute asthma and determined
whether an imbalance of the MMP-9/TIMP-1 molar ratio
is present before and after the treatment with cortico-
steroids in spontaneous asthma exacerbation.

METHODS
Patients

Twenty-seven asthmatic patients, 23 women and 4 men (aged 53
+ 5 years [mean + SEM]) were recruited from Sapporo Medical
University Hospital and Sapporo Hospital of Hokkaido Raitway
Company. Asthma was diagnosed according to the American Tho-
racic Society guidelines for the diagnosis of asthma.22 None of the
subjects was a current or previous smoker. Atopy was defined by
one or more positive specific serum IgE tested by a commercial kit
(MAST systems, Hitachi Kasei, Tokyo, Japan). The MAST system
includes 16 antigens (house dust, Dermatophagoides pteronyssinus,
ragweed, orchard grass and 2 other grasses, Japanese cedar,
Alternaria, another 4 molds, cat, dog, egg, and soy bean). All
patients were treated with oral theophylline (400 mg/d), inhaled [3,-
agonist when required, and inhaled beclomethasone dipropionate
(BDP), ranging from 200 to 1200 pg per day, according to the inter-
national guidelines.?3 They were admitted to these hospitals for
more than 7 days because of severe or moderate asthma exacerba-
tion and were treated under American Thoracic Society recommen-
dations.?4 The treatment consisted of infusion of methylpred-
nisolone (1-2 mg/kg/d), salbutamol inhalation (5-20 pg/kg/d), and
continuous theophylline drip infusion (400-600 mg/d). All patients
gave informed consent before this study.

Study design

We measured morning peak expiratory flow (PEF) and sputum.
Sputum levels of eosinophil cationic protein (ECP), MMP-9, and
TIMP-1 were measured before (day 1) and after treatment (days 2,
3, 5, and 7). In remission days 3 months or more after this acute
exacerbation, we collected sputum sample and measured MMP-9
and TIMP-1.
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Sputum collection

Spontaneous sputum samples were obtained in the morning dur-
ing acute asthma. In remission days, if spontaneous sputum could
not be obtained, induced sputum was obtained by nebulized hyper-
tonic saline solution. The induction procedure described by Pin et
al?5 was followed but was made safer by beginning with an aerosol
of B,-agonist followed by a 3% saline solution generated by an ultra-
sonic nebulizer (NE-U10B, Omron, Tokyo, Japan) with an output of
1 ml/min and particle size of 4.5 um aerodynamic mass median
diameter. Patients were asked to rinse the mouth, swallow the water,
and blow the nose to minimize coniamination with saliva and post-
nasal drip. They were instructed to cough sputum into a sterile plas-
tic container whenever they felt that sputum might be present. These
procedures were repeated for up to a total of 20 minutes of inhala-
tion until approximately 1 mL of sputum sample was obtained.

The volumes of the sputum samples were determined, and a 4-
fold volume of saline solution was added. The samples were then
mixed gently by touch mixer (MT31, Yamato Scientific, Tokyo,
Japan) for 2 minutes. The homogenized sputum samples were cen-
trifuged at 2000 revolutions/min for 15 minutes. The supernatants
were aspirated and frozen at -80°C for MMP-9, TIMP-1, and ECP
analysis.

Zymography

MMPs present in the sputum sample were detected by their
capacity to degrade gelatin?® according to a method previously
described.10 Briefly, each supernatant of sputum was diluted (1:3)
in nonreducing sample buffer, and 12 pL of the sample was sub-
jected to electrophoresis on 10% polyacrylamide gels containing 1
mg/mL gelatin in the presence of SDS under nonreducing condi-
tions. After electrophoresis, gels were washed in 10 mmol/L. TRIS,
pH 8.0, 2.5% Triton X-100 for 1 hour, rinsed for 30 minutes, and
incubated at 37°C for 24 hours in buffer containing 50 mmol/L
TRIS-hydrochloric acid, pH 8.0, 0.5 mmol/L calcium chloride, and
106 mol/L zinc chloride. After incubation the gels were stained
with Coomassie brilliant blue R250 and then destained in a solution
of 5% acetic acid with 10% methanol. Zones of enzymatic activity
were indicated by negative staining: areas of proteolysis appeared
as clear bands against a blue background. The molecular weight of
the gelatinolytic bands was estimated relative to prestained low-
range molecular weight markers (Bio-Rad Laboratories, Hercules,
Calif). To identify the gelatinolytic activities, samples were subject-
ed to immunoprecipitation with mouse mAb antihuman MMP-9
(Fuji Chemical Industries, Toyama, Japan), as described previous-
1y,10 before being subjected to electrophoresis.

MMP-9 and TIMP-1 assay

Determinations of total MMP-9 and TIMP-1 in induced sputum
were performed by commercially available BIOTRAK ELISA kits
(Amersham, Little Chalfont, UK). The MMP-9 kit detects
proMMP-9, and proMMP-9-TIMP-1 complex, and it has <3%
cross-reactivity with proMMP-1, proMMP-2, proMMP-3, and
active MMP-9. The TIMP-1 kit detects the total TIMP-1, free
TIMP-1, and MMPs-TIMP-1 complex and does not cross-react
with TIMP-2. The detection limit was 4 pg/ml. for MMP-9 and 3.13
pg/mL for TIMP-1.

ECP assay

ECP in sputum was determined by means of a specific and sen-
sitive double-antibody RIA by a Pharmacia ECP RIA kit (Pharma-
cia Diagnostica, Uppsala, Sweden). Reproducibility of the assay
was good; coefficient of variations of intra-assay and interassay
were 8.9% and 7.5%, respectively. The detection limit of the assay
was 2 ng/mlL..
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FIG 1. Analysis of MMPs in sputum by zymography. A representative zymographic analysis of sputum super-

natant samples obtained from one patient. Sputum sample on remission days was submitted to immuno-

precipitation with an anti-MMP-9 antibody before zymographic analysis {lane 1). Arrow, Position of 92-kd

MMP-9; arrowhead, complexed MMP-9. Lane 2, Sample obtained at day 1 of exacerbation; /ane 3, from day

2; lane 4, from day 3; fane 5, from day 7. MW, Molecular weight.
TABLE l. Characteristics of patients

Remission days

No. Age (y) Sex Atopy Severity* FEV, {L) % FEV, predictedt  Treatment (mg/d)
1 63 F Yes 2 1.68 105.0 BDP, 0.2
2 33 F No 2 2.05 76.5 BDP, 0.2
3 68 M Yes 3 ND ND BDP, 0.6
4 64 F Yes 4 1.29 66.8 BDP, 0.8; methylprednisolone, 4
5 52 F No 4 1.29 61.1 BDP, 1.2
6 70 F No 3 0.82 573 BDP, 0.9
7 43 F No 2 ND ND BDP, 0.4
8 51 M Yes 2 ND ND BDP, 0.8
9 49 M Yes 3 3.44 101.2 BDP, 1.2
10 73 F No 3 ND ND BDP, 1.2
11 46 F Yes 2 2.04 83.3 BDP, 0.4
12 64 F No 4 2.03 1153 BDP, 1.2; prednisolone, 7.5
13 27 F Yes 3 242 77.8 BDP, 0.8
14 25 F Yes 3 249 85.9 BDP, 0.8
15 70 F No 2 1.17 73.1 BDP, 0.4
16 43 F Yes 3 243 95.7 BDP, 0.8

ND, Not determined.
*Clinical severity was based on step system of Global Initiative for Asthma.
TPercentage of the predicted value.

Statistical analysis

Data on PEF and sputum levels of MMP-9, TIMP-1, and ECP
are presented as the mean + SEM. Comparisons of the time course
of PEF, sputum MMP-9, TIMP-1, and ECP levels were made
through an ANOVA and Scheffe’s test. The paired ¢ test was used to
compare the sputum levels of MMP-9, TIMP-1, and the MMP-
9/TIMP ratio between day 1 and remission days. Data on subgroups
of subjects were analyzed with a nonparametric test (Mann-Whit-
ney U test). The Pearson correlation and the Fisher test was used to
calculate P valtues for the correlation. Statistical significance was
assumed for P values lower than .05.

RESULTS

Of 27 patients, 7 had infection accompanied with
purulent sputum, 3 had incomplete sample collection,
and 1 needed tracheal intubation and mechanical ventila-

tion. These 11 subjects were eliminated from this study.
The characteristics of the remaining 16 patients are
shown in Table I.

Zymographic analysis of the sputum samples is
shown in Fig 1. The figure shows a representative
zymographic analysis of sputum supernatant samples
obtained from one patient. This patient’s sputum sam-
ple on remission days was submitted to immunoprecip-
itation with an anti-MMP-9 antibody before zymo-
graphic analysis (lane 1). The arrow indicates the
position of 92-kd MMP-9, and the arrowhead shows the
MMP-9/TIMP-1 complex. Lane 2 is the sample
obtained on day 1 of exacerbation, lane 3 is from day 2,
lane 4 from day 3, and lane 5 from day 7. The main
enzyme was identified as MMP-9 in each lane.

The time course of PEFs and sputum ECP levels is
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FIG 2. Time course of PEF and sputum ECP before (day 1) and
after methylprednisolone infusion therapy (days 2-7). Asterisk, P
< .05 versus day 1, ANOVA.

shown in Fig 2, and all patients improved during the 7
days. As shown in Fig 3, the elevated MMP-9 levels on
day 1 trended to decrease in the following 7 days, but not
significantly. The TIMP-1 levels gradually increased
until day 5, at which point they were significantly high (P
< .05), and then decreased on day 7. The MMP-9/TIMP-
1 molar ratios on day 1 were variable from 0.05 to 1.8,
and the percent change of MMP-9/TIMP-1 ratios (the
ratio of day 1 is as 100% in each patient) is shown in Fig
3. The percent changes in the MMP-9/TIMP-1 molar
ratios of days 2, 5, and 7 (P < .01) and day 3 (P < .05)
were significantly lower than those of day 1 (Fig 3).
There was no relationship between sputum ECP and
TIMP-1, ECP and MMP-9, and TIMP-1 and MMP-9 on
day 1 of exacerbation.

We were able to obtain sputum samples on remission
days from 9 of 16 patients (patients 1, 2, 4, 5, 9, 11, 12,
13, and 14 in Table I), with more than 80% of PEF in
each patient’s personal best, and there had been no asth-
ma exacerbation or upper respiratory infection within 1
month. Sputum levels of MMP-9, TIMP-1, and the
MMP-9/TIMP-1 ratio were significantly (P < .02) high-
er on day 1 than those in the remission period (Fig 4).
There were no differences between induced (n = 5) and
spontaneous sputum (n = 4) on remission days in the lev-
els of TIMP-1 and MMP-9.

ng/ml
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FIG 3. Time course of MMP-9, TIMP-1, and percent MMP-9/TIMP-
1 molar ratio in sputum before {day 1} and after methylpred-
nisolone infusion therapy (days 2-7). Percent MMP-9/TIMP-1
molar ratios present the ratio of day 1 as being 100% in each
patient. Asterisk, P < .05; two asterisks, P < .01 versus day 1,
ANOVA.

DISCUSSION

We found that sputum MMP-9/TIMP-1 ratios on asth-
ma exacerbation were significantly high compared with
those on remission days, and they quickly decreased after
asthma therapy, including corticosteroids. From these
results it was suggested that the ECM might have been
destroyed by inflammatory processes before treatment.
Warner et al?7 reported that levels of MMPs but not
TIMP-1 were increased in BAL fluid of patients with
mild asthma 18 hours after endobronchial antigen chal-
lenge. Shute et al28 reported that urinary glycosamino-
glycan levels, degradative products of proteoglycans by
heparanases and proteinases, including neutrophil elas-
tase and MMPs, were increased in acute severe asthma.
In patients with chronic obstructive lung disease, sputum
MMP-9 levels in exacerbation were also significantly
higher than in pre-exacerbation.?? In our study sputum
TIMP-1 levels, MMP-9 levels, and gelatinolytic activity
on day 1 were higher than on remission days; therefore
our results suggested that the ECM and basement mem-
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FIG 4. Comparison of sputum levels of MMP-9, TIMP-1, and MMP-9/TIMP-1 molar ratio between remission

period and asthma exacerbation (day 1).

brane degeneration by MMPs and other proteinases
occurred in the early phase of asthma exacerbation and
that TIMP-1 production might have accompanied or fol-
lowed the increase of MMP-9 to inhibit these processes.

Airway wall remodeling in asthma must be accompa-
nied by degradation of the ECM in addition to synthesis
and deposition of new matrix. The results of our study
support this concept and MMP-9 is the major enzyme
detected in sputum in acute asthma and on remission
days. We could not identify the active form of MMP-9
(84 kd) immunologically because of the lack of commer-
cially available antibodies recognizing the active form of
the enzyme. However, zymography on day 1 showed
MMP-9, MMP-9/TIMP-1 complex, and many other
bands, including the 84-kd band, which suggested the
presence of active MMP-9. Interestingly, the numerous
bands except for MMP-9 and MMP-9/TIMP-1 complex
disappeared quickly after glucocorticosteroid therapy. It
was suggested that glucocortisteroid therapy might
decrease sputum gelatinolytic activity in acute asthma.

This study demonstrated that sputum TIMP-1 levels
on day 1 were higher than on remission days, gradually
increased until day 5, and declined on day 7. From these
observations, it was suggested that an overproduction of
TIMP-1 production might have occurred during days 1 to
5, followed by a decrease on day 7. These findings have
important implications because high levels of TIMP-1
can lead to the deposition of ECM components and
increased thickness of the basement membrane in asthma
and may increase myofibroblast proliferation through its
cell growth—promoting activity.15:30

In our study overproduction of TIMP-1 was not inhib-
ited by asthma therapy, including corticosteroid in acute

asthma. Treatment with inhaled corticosteroids may pre-
vent airway remodeling. However, the effects of cortico-
steroid on MMPs and TIMPs are unknown. Recently
Hoshino et al3! reported that 6-month BDP treatment
increased submucosal TIMP-1 expression and decreased
both submucosal MMP-9 expression and collagen type
IIT deposition, suggesting that corticosteroid treatment of
asthma can reduce subepithelial collagen deposition by
down-regulation of MMP-9 expression and up-regulation
of TIMP-1 expression. It was also reported that a 4-week
treatment with inhaled budesonide (1600 pg/d) did not
affect TIMP-1 levels in the BAL fluid of patients with
mild asthma.32 On the other hand, dexamethasone
inhibits TIMP transcription in alveolar macrophages in
vitro.33 Mautino et al?! reported that the content of
TIMP-1 was approximately 4-fold higher than that of
MMP-9 in BAL fluid from untreated asthma, whereas it
was about 2-fold higher in glucocorticoid-treated asth-
matic subjects. However, direct in vivo effects of gluco-
corticoid on TIMP-1 production have not yet been
demonstrated, and indirect effects by other mediators or
cytokines in acute asthma, which are capable of increas-
ing TIMP-1 production, should be considered (ie, trans-
forming growth factor-f§ and 11.-6.34.35

MMP-9 binds to TIMP-1 in a 1:1 proportion and
inhibits its enzymatic activity. Sputum gelatinolytic
activity in zymography decreased after steroid therapy;
activity of free MMP-9 might possibly decrease by bind-
ing to TIMP-1. Unexpectedly, sputum MMP-9 levels
declined, although not significantly, in our study. In the
assay system for MMP-9 we measured the total of MMP-
9, and we could not distinguish free MMP-9 from the
MMP-9/TIMP-1 complex. We detected the band of



J ALLERGY CLIN IMMUNOL
VOLUME 105, NUMBER 5

MMP-9/TIMP-1 complex in zymography. A possible
reason why sputum MMP-9 levels did not significantly
decrease during the 7 days may be that we measured both
free MMP-9 and inactive MMP-9/TIMP-1 complex.
Indeed, this is the limitation of this study. The assay kit
for TIMP-1 was also incapable of distinguishing free
forms of TIMP-1 from the MMP-9/TIMP-1 complex.
The absolute levels of TIMP-1 were 6- to 10-fold higher
than the MMP-9 levels in our study; thus the influence of
the complex on our results for TIMP-1 levels might be
less than on those for MMP-9. Therefore the increased
levels of TIMP-1 in this study seem to have newly gen-
erated TIMP-1 during the period of asthma attack.

In conclusion, we found that an imbalance between
MMPs and TIMPs was present in acute asthma, with an
excess of MMP-9 implying a high ratio of MMP-
9/TIMP-1 on exacerbation before treatment, meaning
that airway tissue destruction and, over time with corti-
costeroid treatment, the TIMP-1 levels rose, dropping the
ratio of MMP-9/TIMP-1. It was suggested that overpro-
duction of MMP-9 and TIMP-1 in acute asthma might
contribute to airway tissue remodeling and that TIMP-1
production might not be suppressed by glucocortico-
steroids.
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