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& Our objective was to investigate the role of matrix metalloproteinase-9 (MMP-9) and tissue
inhibitor of matrix metalloproteinase-1 (TIMP-1) and their cellular sources in guinea pig asthma
model following ovalbumin (OA) challenge. Twenty guinea pigs were divided into 2 groups: OA-
challenged group were sensitized by intraperitoneal injection with OA and exposed to OA while the
control group used saline in a similar manner. The positive level index (PLI), defined as the per-
centage of positive-stained cells� average optical density, was used to assess the expressing levels of
MMP-9 and TIMP-1. The levels of MMP-9 from OA-challenged group were significantly higher
than those of controls. However, no significant difference of the TIMP-1 levels between the
OA-challenged group and controls were found. MMP-9 was expressed strongly in both inflamma-
tory and structural cells while TIMP-1 was expressed weakly in inflammatory cells and structural
cells. Our results implied that MMP-9 may contribute to tissue remodeling in asthma and both
structural and inflammatory cells within lung tissue are the main cellular sources of MMP-9.
Excessive expression of MMP-9 in the early or acute stage of asthma may be associated with the
initiation of bronchial injury and inflammatory cells accumulation.
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INTRODUCTION

Bronchial asthma is characterized by airways infiltration of inflamma-
tory cells, namely eosinophils and T lymphocytes. Moreover, an imbalance
between matrix degradation and resynthesis leads to an unregulated patho-
logical process instead of normal tissue repair [1]. Structural changes,
including subepithelial fibrosis, epithelial desquamation, goblet cell hyper-
plasia, and smooth muscle hyperplasia, all potentially contribute to the
relatively increased airway narrowing following bronchoconstriction that
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is evident even after intensive anti-inflammatory therapy [2, 3]. These struc-
tural changes are poorly responsive to the current therapeutic strategies in
asthma. Hence, the current goals in asthma research are, first, to identify
key mediators of tissue remodeling, second to correlate physiology with
pathology, and finally to provide better means for limiting airflow obstruc-
tion in asthma.

Matrix metalloproteinase-9 (MMP-9) is one of the matrix metalloprotei-
nases (MMPs) that may play a central role in regulating matrix degradati-
on. Tissue matrix metalloproteinases inhibitor-1 (TIMP-1) is the natural
inhibitor of MMP-9. MMPs and their inhibitors, under normal circum-
stances, degrade damaged matrix and maintain the normal tissue homeo-
stasis. However, under pathological conditions, MMPs and their
inhibitors may be produced in excess and contribute to tissue damage
and activation of inappropriate repair mechanisms. MMP-9 and TIMP-1
are of particular relevance to respiratory diseases, including pulmonary
emphysema, hyperoxic lung injury, foreign body aspiration, and so on
[4–7].

Our study aims to investigate the role of MMP-9 and TIMP-1 in a guinea
pig asthma model following ovalbumin (OA) challenge as well as their
cellular sources.

MATERIALS AND METHODS

Animal Mode

A total of 20 guinea pigs, including 10 males and 10 females with weight
of 300 to 500 g, were purchased from Zhejiang Chinese Traditional Medi-
cine and Drug Academy (No220010017). They were randomly divided into
two groups. The OA-challenged group (10 guinea pigs) was sensitized by
intraperitoneal injection daily with 1 ml 50% OA (Shanghai Chemistry
Reagent Company F20011118) on day 0 to day 14. Starting from day 22,
they were exposed to 1% OA (w=v diluted in sterile normal saline) through
inhalation in a 30� 30� 30 cm3 air-tighted vitreous box for 30 min every
day for 1 week. The control group (10 guinea pigs) were injected with sal-
ine and exposed to inhaled saline in a similar manner.

Animals were sacrificed 8 hr after the last antigen inhalation. Lung
tissue was fixed with 10% buffered neutral formalin. Then 4-mm-thick rou-
tine sections were used for immunohistochemistry study.

Immunohistochemistry

HRP-streptavidin complex method was used in immunohistochemical
study. Goat ImmunoCruz Staining System (sc-2053) purchased from Santa
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Cruz Biotechnology (USA) was used for immunohistochemical study in
lung tissue samples according to the manufacturer’s protocol. Negative
and positive controls were done simultaneously.

The positive level index (PLI), defined as the percentage of positive-
stained cells (P=A)� average optical density (AOD) in 10 random micro-
scopic fields (magnification� 400), was used to assess expressing levels of
MMP-9 and TIMP-1 [8, 9].

Statistical Analysis

Statistical analyses were conducted using SPSS software (10.0). Quanti-
tative data were expressed as mean � sd and Student’s t-test was used to esti-
mate the statistical significance. A 2-tailed p < 0.05 was considered
significant.

RESULTS

All 10 OA-challenged guinea pigs showed cough, wheeziness, and deep
breathe after OA inhalation for 1 week, which mimic the asthmatic reaction
in human.

As shown in Table 1, P=A, AOD, and PLI of MMP-9 in lung tissue of
OA-challenged group were significantly increased compared with the
controls (p < 0.001, respectively). The PLI of MMP-9 in lung tissue of
OA-challenged group increased over 25-fold relative to the controls.
However, P=A, AOD, and PLI of TIMP-1 in lung tissue of OA-challenged
group and controls were not significantly different (p > 0.05, respectively).
The ratio of PLI between MMP-9 and TIMP-1 (MMP-9=TIMP-1 ratio) in
OA-challenged group was significantly higher than that of controls
(p ¼ 0.034).

With regard to the source of MMP-9 and TIMP-1, we found that MMP-9
was expressed strongly in inflammatory cells (e.g., lymphocytes and

TABLE 1 MMP-9 and TIMP-1 Levels of OA-Challenged Group and Control Group

Control group OA-challenged group t value p value

MMP-9 P=A 4.40 � 2.41 61.60 � 14.77 12.089 <0.001
AOD 0.47 � 0.14 0.87 � 0.08 7.538 <0.001
PLI 2.01 � 1.13 53.27 � 13.08 12.342 <0.001

TIMP-1 P=A 4.20 � 1.18 4.40 � 2.95 0.183 0.857
AOD 0.35 � 0.07 0.40 � 0.12 0.981 0.340
PLI 1.50 � 0.80 1.69 � 1.03 0.442 0.664

MMP-9=TIMP-1 (PLI) 1.87 � 0.02 64.76 � 79.65 2.497 0.034

PA ¼ positive-stained cells, AOD ¼ average optical density, and PLI ¼ positive index level.
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macrophages) both in lung tissue and vessel, as shown in Figure 1. More-
over, MMP-9 was positive in structural cells as well (e.g., epithelial cells,
smooth muscle, and fibroblasts), as illustrated in Figure 2. TIMP-1 also
was expressed in inflammatory and structural cells, but it was much weaker
both in OA-challenged guinea pig (Figure 3) and controls.

DISCUSSION

Recent studies demonstrated that basement membranes of lung were
damaged during asthma with the deposition of a provisional extracellular
matrix (ECM) [10, 11]. The integrity of ECM is controlled by a dynamic
equilibrium between synthesis and local degradation of its different compo-
nents. The MMPs are believed to be the main physiological mediators of
ECM degradation [5–7].

In this study, we developed an antigen-challenged guinea pig asthma
model that may mimic the asthmatic reaction in humans. In this model,
an increased expression of MMP-9 in lung tissue from OA-challenged
guinea pig was noted when compared with controls. These results are in
agreement with the study that showed an association among MMP-9,
inflammatory cell accumulation, and cytokine release in sensitized and
challenged mice [12].

FIGURE 1 MMP-9 immunoreactivity in lung section from guinea pigs. Most macrophages and
lymphocytes in lung and lymphocytes in microvasculature were positive (�400).
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FIGURE 2 MMP-9 immunoreactivity in lung section of guinea pigs. Some epithelia and, smooth muscle
and interstitial cells were positive (�400).

FIGURE 3 TIMP-1 immunoreactivity in lung section of guinea pigs. Few monocytes and lymphocytes
were positive (�400).
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There have growing evidences that MMP-9 may be crucial for the
migration of airway inflammatory cells. In vitro studies have shown that
MMP-9 is required for neutrophil, eosinophil and T-lymphocyte migration
through synthetic matrix [13–16]. The increased generation of MMP-9 may
be associated with the initiation of bronchial injury and inflammatory cell
accumulation, which may lead further to inappropriate tissue remodeling
in asthma. However, whether MMP-9 acts directly on these substrates or
via activation of other proteases is still unclear.

Although MMP-9 shared some substrate specificities, this enzyme is
known to be synthesized by different type of cells. Some studies reported
that MMP-9 was produced mainly by inflammatory cells, such as neutro-
phils, lymphocytes, macrophages, and eosinophils [4, 7, 14, 17, 18]. How-
ever, based on our data, MMP-9 is produced by inflammatory cells both
in lung tissue and microvasculature. In addition, structural cells, such as
epithelial cells, smooth muscle, and fibroblasts, strongly expressed MMP-
9 as well. These results indicate that both structural and inflammatory cells
are important sources of MMP-9 and that the recruitment and activation of
inflammatory cells within the microvasculature of the bronchial circulation
is most likely to be the source of MMP-9 in the circulation.

Appropriate regulation of MMPs and their inhibitors is important for
tissue healing. Endogenous TIMPs presumably exert some protective
effects in preventing ECM degradation in tissues. TIMPs also are known
to promote fibroblast hyperplasia [19]. Recent studies demonstrated an
imbalance in the ratio of MMP-9 to TIMP-1 in serum and sputum from asth-
matic subjects [20–22]. In our study, however, the expression of TIMP-1 did
not increase and a significantly higher MMP-9=TIMP-1 ratio was found in
lung tissue from OA-challenged guinea pig in comparison with those of
controls. As this animal model is an acute and early stage model of asthma,
the results imply that it is MMP-9, not TIMP-1, that increases in the early or
acute stage of asthma. Also, the increased expression of MMP-9 may be
associated with initiation of bronchial injury and inflammatory cell
accumulation via matrix degradation. It is might possible that increased
levels of TIMP-1 following MMP-9 will result in the excessive deposition
of ECM component.

SUMMARY

Our findings suggest that MMP-9 produced by structural and inflamma-
tory cells within bronchial tissue contribute to tissue remodeling via matrix
degradation in the early or acute stage of asthmatic model. Excessive
expression of MMP-9 in the early stage of asthma may be associated with
the initiation of bronchial injury and inflammatory cells accumulation.

86 L. F. Tang et al.



REFERENCES

1. Editorial. Matrix Metalloproteinase-9: marker or mediator of tissue damage in asthma? Clin Exp
Allergy 168–171, 2001.

2. Roche WR, Howarth PH, Wilson JW, Bousquet J, Rak S, Pauwels RA, eds. Airway Remodelling,
New York: Marcel Dekker, 137–146, 2001.

3. Corbel M, Caulet-Maugendre S, Germain N, Lagente V, Boichot E. Enhancement of gelatinase
activity during development of subepithelial fibrosis in murine model of asthma. Clin Exp Allergy
33:696–704, 2003.

4. Ohnishi K, Takagi M, Kurokawa Y, Satomi S, Konttinen YT. Matrix metalloproteinase mediated
extracellular matrix protein degradation in human pulmonary emphysema. Lab Invest 78:1077–
1087, 1998.

5. Prado A, Selman M, Ridge K, Barrios R, Sznajdr I. Increased expression of gelatinases and collage-
nase in rat lungs exposed to 100% oxygen. Am J Respir Crit Care Med 154:1067–1075, 1996.

6. Pardo A, Barrios R, Maldonado V, Melendez J, Perez J, Ruiz V, et al. Gelatinases A and B are
up-regulated in rat lungs by subacute hyperoxia. Am J Pathol 153:833–844, 1998.

7. Tang LF, Du LZ, Chen ZM, Zou CC. The extracellular matrix remodeling in children with airway
foreign body aspiration. Pediatr Pulmonol 38:140–145, 2004.

8. Masuda T, Tanaka H, Komai M, Nagao K, Ishizaki M, Kajiwara D, et al. Mast cells play a partial role
in allergen-induced subepithelial fibrosis in a murine model of allergic asthma. Clin Exp Allergy
33:705–713, 2003.

9. Qiu XS, Li QC, Xie CY, Li LH, Wang EH. The correlation between the expression of MMP-9, TIMP-1
and the transfer in non-small cell lung cancer. Zhouhua Jiehe He Huxi Zazhi Chin J Tuberc Resp Dis
26(1):55–57, 2003.

10. James A. Airway remodeling in asthma. Curr Opin Pulm Med 11:1–6, 2005.
11. Chapman HA. Disorders of lung matrix remodeling. J Clin Invest 113:148–157, 2004.
12. Kumagai K, Ohno I, Okada S, Ohkawara Y, Suzuki K, Shinya T, et al. Inhibition of matrix metallo-

proteinases prevents allergen-induced airway inflammation in a murine model of asthma. J Immunol
162:4212–4219, 1999.

13. Delclaux C, Delacourt C, d’Ortho MP, Boyer V, Lafuma C, Farf A. Role of gelatinase B and elastase
in human polymorphonuclear neutrophil migration across basement membrane. Am J Respir Cell
Mol Biol 14:288–295, 1996.

14. Okada S, Kita H, George TJ, Gleich GJ, Leiferman KM. Migration of eosinophils through basement
membrane components in vitro: role of matrix metalloproteinase-9. Am J Respir Cell Mol Biol 17:519–
528, 1997.
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