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Matrix metalloproteinase inhibitor
regulates inflammatory cell migration by
reducing ICAM-1 and VCAM-1 expression
in a murine model of toluene
diisocyanate-induced asthma

Kyung S. Lee, MS,2 Sun M. Jin, BS,2 Hyung J. Kim, MD, PhD, and

Yong C. Lee, MID, PhD2 Chonju, South Korea

Background: Matrix metalloproteinase-9 (MMP-9) has been
reported to play a crucial role in the transmigration of neu-
trophils, lymphocytes, and eosinophils. Neutrophils,
eosinophils, and lymphocytes migrate from the blood to the
lungs in response to inflammatory mediators produced in the
airways and are subsequently released into the circulation.
This traffic is mediated by adhesion molecules. However, little
is known about the migration of inflammatory cells through
the endothelial and epithelial basement membranes in toluene
diisocyanate (TDI)-induced asthma.

Objectives: An aim of this study was to evaluate the effect of
MMP inhibitors on the expression of ICAM-1 and VCAM-1 in
the migration of inflammatory cells in a murine model of TDI-
induced asthma.

Methods: We used a murine model to investigate TDI-induced
asthma to examine the possible involvement of ICAM-1 and
VCAM-1 in the pathogenesis of that disease and the effect of
MMP inhibitors on the expression of ICAM-1 and VCAM-1.
Results: In mice, the following typical pathophysiologic fea-
tures develop in the lungs: increased numbers of inflammatory
cells and increased expression of MMP-9, ICAM-1, and
VCAM-1 mRNA and protein. Administration of MMP
inhibitors reduced the increased numbers of inflammatory
cells and the increased expression of ICAM-1 and VCAM-1
mRNA expression and protein. In addition, MMP inhibitors
significantly abrogated the increased expression of IL-183, IL-4,
and TNF-o. mRNA in lung tissues and levels of IL-1p, IL-4,
and TNF-o in bronchoalveolar lavage fluids after TDI inhala-
tion.

Conclusions: These results suggest that MMP inhibitors regu-
late inflammatory cell migration by reducing ICAM-1 and
VCAM-1 expression and possibly also by suppressing IL-183,
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Toluene diisocyanate (TDI)-induced asthma is charac-
terized by hyperresponsiveness and inflammation of the
airways.! This inflammation is associated with the infil-
tration of lymphocytes, eosinophils, and neutrophils into
the bronchial lumen.!:2 These cellular infiltrates release
various chemical mediators, which can cause airway
hyperresponsiveness.3-5 The recruitment of these inflam-
matory cells from the blood to the site of inflammation is
regarded as an essential event in the development and
maintenance of airway inflammation. The infiltration of
inflammatory cells through endothelial and epithelial
structures has been investigated and shows the involve-
ment of adhesion molecules, cytokines, and chemokines.

Matrix metalloproteinases (MMPs) are major prote-
olytic enzymes that are involved in extracellular matrix
(ECM) turnover because of their ability to cleave all pro-
teins constituting ECM. Previous studies have reported
that MMP-9 might play a role in chronic airway inflam-
mation and remodeling in asthma.t.7?” MMP-9 also
induces the migration of eosinophils, lymphocytes, and
neutrophils across basement membranes.8-10 Recently,
we demonstrated that the administration of an MMP
inhibitor reduces the migration of inflammatory cells
through the endothelial and epithelial basement mem-
branes.!! Recruitment of leukocytes from the circulating
blood into tissues requires a series of cell adhesion mol-
ecule-mediated interactions between the vascular
endothelium and leukocyte cell surfaces. Adhesion mol-
ecules such as ICAM-1 and VCAM-1 are shown to play
important roles in the induction of airway inflammation.
However, little is known about the migration of inflam-
matory cells through the endothelial and epithelial base-
ment membranes in TDI-induced asthma.

In this study, we used a murine model to investigate
TDI-induced asthma to examine the possible involve-
ment of ICAM-1 and VCAM-1 in the pathogenesis of
that disease. An additional aim of the study was to eval-
uate the effect of MMP inhibitors on the expression of
ICAM-1 and VCAM-1.
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Abbreviations used
BAL: Bronchoalveolar lavage
ECM: Extracellular matrix
MMP: Matrix metalloproteinase
TDI: Toluene diisocyanate

METHODS
Animals and experimental protocol

Female BALB/c mice, 10 to 12 weeks of age, free of murine-
specific pathogens, were obtained from the Korean Research Insti-
tute of Chemistry Technology (Daejon, Korea). All experimental
animals used in this study were under a protocol approved by the
Institutional Animal Care and Use Committee of the Chonbuk
National University Medical School. Standard guidelines for labo-
ratory animal care were followed.!2 Mice were sensitized twice by
2 courses of intranasal administration of 3% TDI dissolved in ethyl
acetate/olive oil (1:4) once per day for 5 consecutive days with a 3-
week interval, as previously described.!1:13 Seven days later, mice
were challenged through the airways with 1% TDI dissolved in
ethyl acetate/olive oil (1:4) by ultrasonic nebulization (NE-U12,
Omron, Tokyo, Japan). As a control, mice were sensitized and chal-
lenged with the use of the same protocol but only with the solvent,
ethyl acetate/olive oil (1:4).

Bronchoalveolar lavage (BAL) was performed at 0, 1, 6, 24, 48,
and 72 hours after the challenge. After euthanasia with sodium pen-
tobarbital (100 mg/kg body wt), prewarmed 0.9% NaCl solution
was slowly infused into the lungs and withdrawn. Total cell num-
bers were counted with a hemocytometer. Smears of BAL cells pre-
pared with a Cytospin II (Shandon, Runcorn, UK) were stained with
Diff-Quik solution (Dade Diagnostics of P.R. Inc, Aguada, PR) for
differential cell counting. Two independent, blinded investigators
counted the cells, using a microscope. Approximately 400 cells
were counted in each of four different random locations.

Measurements of IL-15, IL-4, TNF-o, and
MIMP-9 in BAL fluids

Levels of IL-1f, IL-4, and TNF-o. (Endogen, Inc, Woburn,
Mass) and the proform of MMP-9 (pro-MMP-9) (Fuji Chemical
Industries, Toyama, Japan) were quantified by enzyme immunoas-
says according to the manufacturer’s protocols. The hydrolytic
activity of MMP-9 was measured by gelatin zymography as
described previously.o:11

Administration of MMMP inhibitors

Inhibitors of MMPs, MMP inhibitor I (MMPI-I; IC5, for MMP-
9 = 150 umol/L; 4-Abz-Gly-Pro-D-Leu-D-Ala-NHOH; Cal-
biochem, San Diego, Calif), and MMP-2/MMP-9 inhibitor II
(MMPI-II; IC5 for MMP-9 = 30 nmol/L; (2R)-2-[(4-biphenylylsul-
fonyl)amino]-N-hydroxy-3-phenylpropionamide; ~Calbiochem)
were used to inhibit MMP-9 activity. MMPI-I (20 mg/kg body wt
per day IP) dissolved in distilled water or MMPI-II (2 mg/kg body
wt per day IP) dissolved in DMSO was administered 3 times at 24-
hour intervals, beginning 30 minutes before the TDI challenge.

Western blot analysis

Lung tissues were homogenized, washed with PBS, and incubat-
ed in lysis buffer plus a protease inhibitor cocktail (Sigma, St Louis,
Mo) to obtain extracts of lung proteins. Western blot analysis was
performed as described previously.!3 Samples were loaded on 8
SDS-PAGE gels and were separated at 120 V for 90 minutes. The
blots were incubated with an anti-MMP-9 antibody, diluted 1:800,
anti-ICAM-1 antibody, diluted 1:800, or anti-VCAM-1 antibody,
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diluted 1:1000 (all from Santa Cruz Biotechnology, Santa Cruz,
Calif) overnight at 4°C. The membranes were stripped and reblot-
ted with antiactin antibody (Sigma) to verify equal loading of pro-
tein in each lane.

RNA lIsolation and RT-PCR

Total RNA from lung tissues was isolated with the use of a rapid
extraction method (TRI-Reagent), as previously described.!# Total
RNA was reverse-transcribed to cDNA in a buffer. The first-strand
cDNAs were used for the PCR amplification of MMP-9, ICAM-1,
VCAM-1, IL-1B, IL-4, TNF-a, or GAPDH. PCR amplification was
performed by mixing 3 puL of RT reaction with 47 UL of buffer con-
taining 2.5 U of Taq DNA polymerase (Promega, Madison, Wis)
and 30 pmol/L of specific primer pairs for mouse cDNAs of MMP-
9, ICAM-1, VCAM-1, IL-1B, IL-4, TNF-o,, or GAPDH, designed
from published mouse gene sequences.

Densitometric analyses and statistics

All signals were visualized and analyzed by densitometric scan-
ning (LAS-5000; Fuji Film, Tokyo, Japan). Data are expressed as
mean + SD. Statistical comparisons were performed by 1-way
analysis of variance, followed by the Fisher test. Significant differ-
ences between groups were determined by the unpaired Student ¢
test. Correlations were calculated by means of the Spearman rank
test. Statistical significance was set at P < .05.

RESULTS

ICAM-1, VCAM-1, or MMP-9 expression in the
lung tissues and BAL fluids of mice
sensitized and challenged with TDI

ICAM-1 mRNA expression in the lung tissues was sig-
nificantly increased at 24, 48, and 72 hours after TDI
inhalation compared with levels before inhalation or in the
control group. In contrast, no significant change in ICAM-
1 mRNA expression was observed after inhalation of the
vehicle control (Fig 1, A). Western blot analysis also
showed that ICAM-1 protein levels in the lung tissues
were significantly increased at 24, 48, and 72 hours after
TDI inhalation compared with levels before inhalation or
in the control group. No significant changes in ICAM-1
protein levels were observed after inhalation of the vehicle
control (Fig 1, B). VCAM-1 and MMP-9 mRNA expres-
sion were significantly increased at 6, 24, 48, and 72 hours
after TDI inhalation compared with levels before inhala-
tion or in the control group. In contrast, no significant
changes in VCAM-1 and MMP-9 mRNA expression were
observed after inhalation of the vehicle control (Fig 1, C
and E). Western blot analysis revealed that VCAM-1 and
MMP-9 protein levels were significantly increased at 6,
24, 48, and 72 hours after TDI inhalation compared with
levels before inhalation or in the control group. In contrast,
no significant changes in VCAM-1 and MMP-9 protein
levels were observed after inhalation of the vehicle control
(Fig 1, D and F). Gelatin zymography revealed that
pro-MMP-9 levels in the BAL fluids were significantly
increased at 6, 24, 48, and 72 hours after TDI inhalation
compared with levels before inhalation or in the control
group. No significant change in the pro-MMP-9 level was
observed after inhalation of the vehicle control (Fig 1, G).
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FIG 1. Effect of TDI challenge on ICAM-1, VCAM-1, and MMP-9 expression in lung tissues and in BAL fluids.
A, C, and E, RT-PCR of ICAM-1, VCAM-1, and MMP-9. Densitometric analyses are presented as relative ratio
of each molecule mRNA to GAPDH mRNA. Relative ratio of each molecule mRNA in lung tissues of control
mice (Co) is arbitrarily presented as 1. B, D, and F, Western blotting of ICAM-1, VCAM-1, and MMP-9. Den-
sitometric analyses are presented as relative ratio of each protein to actin. Relative ratio of each protein in
lung tissues of control mice is arbitrarily presented as 1. G, Gelatin zymography. Densitometric analyses are
presented as relative ratio of induction of pro-MMP-9 before and after TDI challenge. Pro-MMP-9 in BAL flu-
ids of control mice is arbitrarily presented as 1. H, Enzyme immunoassay of pro-MMP-9. Data represent
mean * SD from 6 independent experiments. EO, Vehicle control; Co, no treatment; Pre, before challenge;
1, 6, 24, 48 and 72 hours, after challenge. *P < .05 vs Pre; #P < .05 vs EO.
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Consistent with the results obtained from the gelatin
zymography, enzyme immunoassays revealed that the
level of pro-MMP-9 was increased after challenge with
TDI (Fig 1, H). Total cells, lymphocytes, neutrophils, and
eosinophils were counted in the BAL fluids at the same
time points, and there were significant correlations
between the level of pro-MMP-9 and the numbers of total
cells (r = 0.729, P = .000), lymphocytes (r = 0.457, P =
.005), neutrophils (r = 0.776, P = .000), or eosinophils (r
=0.699, P = .000) (data not shown).

MMP inhibitors decrease MIMIP-9 mRNA
expression and protein levels in BAL fluids
and lung tissues of TDI-sensitized and TDI-
challenged mice

The administration of an MMP inhibitor (MMPI-I or
MMPI-II) significantly reduced the increase in expres-
sion of MMP-9 mRNA and protein in lung tissues 72
hours after TDI inhalation (data not shown). In addition,
the administration of either MMP inhibitor dramatically
reduced the level of pro-MMP-9 in BAL fluids 72 hours
after TDI inhalation. Consistent with the results obtained
from the gelatin zymography, enzyme immunoassays
revealed that MMP inhibitors decreased the levels of
pro—-MMP-9 in the BAL fluids 72 hours after the TDI
inhalation (data not shown).

MMP inhibitors decrease the increased
numbers of inflammatory cells in BAL fluids
of TDI-sensitized and TDI-challenged mice

Total cell numbers in BAL fluids were significantly
greater from 6 to 72 hours after TDI inhalation compared
with cell numbers before the inhalation or those in the
control group. At 6 hours after TDI inhalation, neu-
trophils were increased in the BAL fluid, and the
increased number of neutrophils continued up to 72
hours after TDI inhalation. The numbers of lymphocytes
and eosinophils in BAL fluids were also increased sig-
nificantly from 6 to 72 hours after TDI inhalation. In con-
trast, no significant changes in cellular components were
observed after inhalation of the control agent, ethyl
acetate/olive oil. The administration of MMPI-I or
MMPI-II significantly reduced the increase in total cells,
in neutrophils, in lymphocytes, and in eosinophils, elicit-
ed in the airway lumen 3 days after TDI inhalation com-
pared with control animals (Fig 2).

MMP inhibitors reduce expression of ICAM-1
and VCAM-1 mRNA and protein in lung
tissues and decrease IL-15, IL-4, and TNF-o,
mRNA expression in lung tissues and IL-1f,
IL-4, and TNF-o. in BAL fluids of TDI-sensitized
and TDI-challenged mice

The administration of an MMP inhibitor (MMPI-I or
MMPI-1I) significantly reduced the increase in expres-
sion of ICAM-1 and VCAM-1 mRNA and protein in the
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FIG 2. Effect of MMPI-I or MMPI-II on total and differential cellular
components of BAL fluids in TDI-sensitized and TDI-challenged
mice. Sampling was performed at 72 hours after treatment with
vehicle only (EO), EO plus TDI, EO plus TDI plus DMSO, EO plus
TDI plus MMPI-I, or EO plus TDI plus MMPI-lIl. Numbers of each
cellular component were counted. Bars represent mean + SD
from 6 independent experiments. TC, Total cell;, MAC,
macrophage; LYM, lymphocyte; NEU, neutrophil; EOS,
eosinophil. *P < .05 vs EO; #P < .05 vs EO+TDI.

lung tissues at 72 hours after TDI inhalation (Fig 3). The
administration of an MMP inhibitor (MMPI-I or MMPI-
1) also reduced significantly the increase in IL-1§, IL-4,
and TNF-o. mRNA expression in the lung tissues (Fig 4,
A through F). In addition, the administration of either
MMP inhibitor dramatically reduced the levels of IL-1f,
IL-4, and TNF-o in BAL fluids 72 hours after the TDI
inhalation (Fig 4, G).

DISCUSSION

In this murine model of TDI-induced asthma, expres-
sion of MMP-9, ICAM-1, and VCAM-1 mRNA and lev-
els of proteins were increased in the lung after TDI chal-
lenge.These effects were MMP dependent in that the
administration of an MMP inhibitor reduced both the
increased numbers of inflammatory cells and the increase
in expression of ICAM-1 and VCAM-1 mRNA and pro-
tein. In addition, MMP inhibitors abrogated the increase
in IL-1P, IL-4, and TNF-o. mRNA expression in lung tis-
sues and in IL-1f, IL-4, and TNF-o levels in BAL fluids
after TDI inhalation.

MMPs are a family of zinc- and calcium-dependent
endopeptidases capable of proteolytically degrading
many components of the ECM. Of the MMPs, MMP-9 is
of particular relevance to asthma. In a murine model,
inhibition of MMP-9 by administration of an MMP
inhibitor decreased antigen-induced airway inflamma-
tion and hyperresponsiveness.!> MMP-9 has been report-
ed to play a crucial role in the transmigration of
eosinophils, lymphocytes, and neutrophils in vitro.8-10
We recently reported that the release of MMP-9 was
upregulated in association with the accumulation of
inflammatory cells in the airways in a murine model of
TDI-induced asthma.ll These findings have suggested
that the inhibition of MMP-9 might be a good therapeu-
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FIG 3. Effect of MMPI-l or MMPI-Il on ICAM-1 and VCAM-1 expres-
sion in lung tissues of TDI-sensitized and TDI-challenged mice.
Sampling was performed at 72 hours after treatment with vehicle
only (EO), EO plus TDI (ET), EO plus TDI plus DMSO (ETD), EO
plus TDI plus MMPI-I (ETMI), or EO plus TDI plus MMPI-II (ETMII).
A, RT-PCR of ICAM-1 and VCAM-1. Densitometric analyses are
presented as relative ratio of ICAM-1 or VCAM-1 mRNA to GAPDH
mRNA. Relative ratio of ICAM-1 or VCAM-1 mRNA in lung tissues
of EO mice is arbitrarily presented as 1. B and C, Western blotting
of ICAM-1 and VCAM-1. Densitometric analyses are presented as
relative ratio of ICAM-1 or VCAM-1 to actin. Relative ratio of
ICAM-1 or VCAM-1 in lung tissues of EO mice is arbitrarily pre-
sented as 1. Data represent mean + SD from 6 independent exper-
iments. *P < .05 vs EO; #P < .05 vs ET.

tic strategy for TDI-induced asthma. In the current study,
we have found that the expression of MMP-9 mRNA and
protein in the lung tissues was significantly increased at
6, 24, 48, and 72 hours after TDI inhalation compared
with the levels before inhalation or in the control group.
Furthermore, pro-MMP-9 levels in the BAL fluids were
significantly increased at 6, 24, 48, and 72 hours after
TDI inhalation compared with the levels before inhala-
tion or in the control group. These findings are consistent
with previous reports that concentrations of MMP-9 were
increased in the BAL fluids, sputum, and serum of asth-
matic patients.!6-18 In this study, the results showed that
there were significant correlations between the level of
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MMP-9 and the numbers of lymphocytes, neutrophils, or
eosinophils. In addition, inhibitors of MMP-9 decreased
the increased numbers of inflammatory cells in BAL flu-
ids of TDI-sensitized and TDI-challenged mice. There-
fore, we conclude that MMP-9 may play a crucial role in
facilitating the migration of these cells to the airways in
TDI-induced asthma.

TDI-induced asthma has been recognized as a disease
resulting from chronic airway inflammation characteris-
tically associated with the infiltration of lymphocytes,
eosinophils, and neutrophils into the bronchial lumen.!-2
There is increasing evidence that cytokine-inducible
leukocyte-endothelial adhesion molecules are important
in the recruitment and migration of leukocytes to the sites
of inflammation.19:20 Vascular endothelial cell adhesion
molecules are now regarded as important contributors to
the migration of leukocytes into inflamed tissues. Repre-
sentative cell adhesion molecules include ICAM-1 and
VCAM-1. ICAM-1 is constitutively expressed on
endothelial and epithelial cells in subjects with or with-
out asthma.2! ICAM-1 is upregulated on the bronchial
vascular endothelium after bronchial allergen challenge
in the allergen-sensitized patients with asthma.?2
VCAM-1 is markedly upregulated on the human
bronchial vascular endothelium of subjects with asthma
who have airflow limitation.23 In this study, we found
that the expression of ICAM-1 and VCAM-1 mRNA and
protein in lung tissues was significantly increased after
TDI inhalation compared with the levels before inhala-
tion or in the control group. Therefore, our data suggest
that ICAM-1 and VCAM-1 may play an important role in
inducing and maintaining TDI-induced asthma.

We administered MMPI-I or MMPI-II to evaluate the
effect of MMP inhibitors on the expression of ICAM-1
and VCAM-1. MMP inhibitors reduced the expression of
ICAM-1 and VCAM-1 mRNA and protein in lung tissues
of TDI-sensitized and TDI-challenged mice. One likely
mechanism for the inhibitory effect of MMPI-I or
MMPI-II on the expression of ICAM-1 and VCAM-1 is
that MMP-9 alters ECM to allow the migration of
inflammatory cells, including neutrophils, lymphocytes,
and eosinophils, to the airways. In this study, the admin-
istration of MMP inhibitors not only reduces MMP-9,
ICAM-1, and VCAM-1 levels in the BAL fluids and/or
lung tissues but inhibits the migration of inflammatory
cells through the endothelial and epithelial basement
membranes. It has long been appreciated that the expres-
sion of ICAM-1 or VCAM-1 is modulated by cytokines
such as IL-1p, IL-4, and TNFE.24-26 Qur data demonstrate
that MMP inhibitors reduce the increased numbers of
inflammatory cells in the airways, which are the source
of IL-1PB, IL-4, and TNF, and then decrease the increased
expression of IL-1p, IL-4, and TNF-o. mRNA in lung tis-
sues and the levels of IL-1P, IL-4, and TNF-a in BAL
fluids of TDI-sensitized and TDI-challenged mice.
Decrease in the expression of ICAM-1 and VCAM-1
mRNA and protein may be due to the reduced IL-1p, IL-
4, and TNF-o. mRNA and protein in the lungs. Thus, the
MMP inhibitors abolish the migration of inflammatory
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FIG 4. Effect of MMPI-I or MMPI-Il on IL-1, IL-4, and TNF-oo mRNA expression in lung tissues and IL-1B, IL-
4, and TNF-a levels in BAL fluids of TDI-sensitized and TDI-challenged mice. Sampling was performed at 72
hours after treatment with vehicle only (EO), EO plus TDI (ET), EO plus TDI plus DMSO (ETD), EO plus TDI
plus MMPI-I (ETMI), or EO plus TDI plus MMPI-II (ETMII). A, C, and E, RT-PCR of IL-1B, IL-4, and TNF-o.. B, D,
and F, Densitometric analyses are presented as relative ratio of each molecule mRNA to GAPDH mRNA. Rel-
ative ratio of each molecule mRNA in lung tissues of EO mice is arbitrarily presented as 1. G, Enzyme
immunoassay of IL-1, IL-4, and TNF-o.. Data represent mean + SD from 6 independent experiments. “P < .05
vs EO; #P < .05 vs ET.
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