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Abstract. Asthma airway remodeling is characterized by the
thickening of the basement membrane (BM) due to an increase
in extracellular matrix (ECM) deposition, which contributes to
the irreversibility of airflow obstruction. Interstitial collagens
are the primary ECM components to be increased during the
fibrotic process. The aim of the present study was to examine
the interstitial collagen turnover during the course of acute
and chronic asthma, and 1 month after the last exposure to
the allergen. Guinea pigs sensitized to ovalbumin (OVA) and
exposed to 3 further OVA challenges (acute model) or 12 OVA
challenges (chronic model) were used as asthma experimental
models. A group of animals from either model was sacrificed
1 h or 1 month after the last OVA challenge. Collagen distribu-
tion, collagen content, interstitial collagenase activity and matrix
metalloproteinase (MMP)-1, MMP-13 and tissue inhibitor of
metalloproteinase (TIMP)-1 protein expression levels were
measured in the lung tissue samples from both experimental
models. The results revealed that collagen deposit in bron-
chiole BM, adventitial and airway smooth muscle layers was
increased in both experimental models as well as lung tissue
collagen concentration. These structural changes persisted
1 month after the last OVA challenge. In the acute model, a
decrease in collagenase activity and in MMP-1 concentration
was observed. Collagenase activity returned to basal levels, and
an increase in MMP-1 and MMP-13 expression levels along
with a decrease in TIMP-1 expression levels were observed in
animals sacrificed 1 month after the last OVA challenge. In the
chronic model, there were no changes in collagenase activity or
in MMP-13 concentration, although MMP-1 expression levels
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increased. One month later, an increase in collagenase activity
was observed, although MMP-1 and TIMP-1 levels were not
altered. The results of the present study suggest that even when
the allergen challenges were discontinued, and collagenase
activity and MMP-1 expression increased, fibrosis remained,
contributing to the irreversibility of bronchoconstriction.

Introduction

Asthma has been defined as a chronic airway inflammatory
disease, characterized by recurrent episodes of wheezing,
coughing, breathlessness and chest tightness secondary to
airway bronchoconstriction (1-3). Even if asthma symptoms
can be reversed with the administration of corticosteroids
and bronchodilators, novel strategies for asthma control
are required (4). Persistent airway obstruction is frequently
observed even in asymptomatic subjects (5,6). The irrevers-
ible airway obstruction is largely caused by prolonged airway
inflammation associated with airway remodeling (7-9).
Epithelial cell injury has been associated with a dysregulated
repair process, characterized by a low proliferative rate of
the epithelium that in turn produces the continuous release
of growth factors and pro-fibrotic mediators (10). Under the
effects of these molecules, fibroblasts and myofibroblasts
increase the synthesis and deposition of extracellular matrix
(ECM) components beneath the epithelium (10).

Thickening of the basal membrane (BM) lamina reticu-
laris due to an increase of type I and type III collagens and
non-collagenous proteins such as fibronectin and tenascin has
been reported as a typical feature that leads to chronic airflow
obstruction (1,10-12). BM structure depends of the relative
rates of synthesis and degradation of ECM molecules (13).
In particular, breakdown is regulated by matrix metal-
loproteinases (MMPs), a group of calcium-zinc-dependent
endopeptidases that modify the majority of the ECM
components (14). MMPs are synthesized as secreted or trans-
membrane zymogens and require proteolytic cleavage of the
amino-terminal domain for their activation (15). According to
their substrate specificity, MMPs are divided into interstitial
collagenases, gelatinases, stromelysins and membrane type
MMPs (14,16). MMP activity is regulated by specific inhibi-
tors, the tissue inhibitors of metalloproteinases (TIMPs) (17).
TIMPs are a group of 4 proteins: TIMP-1, a 28-kDa soluble
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protein, TIMP-2, a 21-kDa soluble/cell surface protein,
TIMP-3, a 21-kDa insoluble protein bound to the ECM,
and TIMP-4, a soluble/cell surface protein with a molecular
weight of 24 kDa (17).

Previous studies demonstrated that among the MMPs,
MMP-9 has an important role in airway remodeling due to
its ability to degrade type IV collagen, the primary compo-
nent of BM, and due to its participation in the angiogenesis
process (18,19). Therefore, MMP-9 has been extensively
studied in asthma, particularly in the pathogenesis of airway
remodeling (20-22). Similarly, chronic airway inflammation
and continuous collagen IV degradation lead to an abnormal
deposit of interstitial collagens that are degraded by other
MMPs such as MMP-1 and MMP-13 (interstitial collage-
nases) (13,23,24). There have been previous studies on the
role of MMP-1 in asthmatic airway remodeling, but none
on MMP-13 (25-28). However, despite these reports, little
is known about interstitial collagen degradation during the
course of airway remodeling.

The aim of the present study was to analyze interstitial
collagen turnover through MMP-1 and MMP-13 protein
expression and collagenase activity during the early and
chronic stages of asthma using asthma experimental models
in guinea pigs. The interstitial collagen metabolism was also
explored 1 month after the last allergen challenge to determine
any changes in the airway remodeling process.

Materials and methods

Animals. Healthy male guinea pigs (strain HsdPoc: DH)
were bred in the animal facilities of the National Institute of
Respiratory Diseases ‘Ismael Cosio Villegas’ (Mexico City,
Mexico) under conventional conditions (filtered conditioned
air; temperature, 21+1°C; 12 h light/dark cycles; 50-70%
humidity; sterilized housing), and provided with ad libitum
access to Harlan® pellets (2,040 Harlan Teklad Guinea Pig
Diet) and sterilized water. The guinea pigs (aged 1 month) were
sensitized to ovalbumin (OVA) and two asthma experimental
models were obtained: An acute model (35 days, n=12) and a
chronic model (125 days, n=12), as described below. Animals
from both experimental models were divided in 2 groups
consisting of 6 guinea pigs each: Group II included animals
sacrificed 1 h after the hyperresponsiveness determination,
and group III consisted of animals sacrificed 1 month after
the last OVA challenge. Guinea pigs exposed to saline solu-
tion were considered as the control groups (group I, n=12).
All animals used for the experimental models and as control
groups had the same age and a similar weight (350-400 g).

The protocol was reviewed and approved by the Science
and Bioethical Research Committees of the National Institute
of Respiratory Diseases ‘Ismael Cosio Villegas’, Mexico. All
experiments were carried out following the Guiding Principles
for the Care and Use of Vertebrate Animals in Research and
Training published by the American Physiological Society,
the Mexican National Protection Laws on Animal Protection
and the General Health Law Related to Health Research
(NOM-062-Z00-1999).

Sensitization procedure and study design. On the first day,
guinea pigs in the experimental groups (n=24) received a single
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intraperitoneal injection of 60 pg/ml OVA (Sigma-Aldrich,
St. Louis, MO, USA) with aluminum hydroxide (1 mg/ml;
Sigma-Aldrich) dispersed in saline solution. Sensitization
was reinforced 8 days later with nebulized OVA (3 mg/ml
saline) delivered for 5 min. Aerosols were produced by a US-1
Bennett nebulizer (Multistage Liquid Impinger; Burkard
Manufacturing Co., Ltd., Rickmansworth, UK; flow,
2 ml/min); 44% of the released mixed particles were <4 ym
in size, 38% were 4-10 ym and 18% were >10 ym. On day 15,
sensitized animals were challenged with nebulized OVA
(1 mg/ml for 1 min). From then on, they were challenged every
10 days with nebulized OVA (1 mg/ml in the first challenge,
and 0.5 mg/ml in the subsequent challenges, for 1 min); the
acute model animals (35 days, n=12) received 3 OVA chal-
lenges and the chronic model guinea pigs (125 days, n=12)
were subjected to 12 OVA challenges (Fig. 1). Control guinea
pigs (n=12) with the same features as the experimental guinea
pigs received saline solution instead of OVA challenges. All
challenges were carried out while the guinea pig was inside
a barometric plethysmograph, allowing us to record the
acute bronchoobstructive response to the antigenic challenge
immediately following OVA delivery, as described below.

Barometric plethysmography. Barometric plethysmography
was conducted as previously described and was used to
confirm the development of antigen-induced airway hyper-
responsiveness in the guinea pig asthma models (29). Freely
moving, un-anaesthetized animals were placed in the plethys-
mographic chambers (Buxco Electronics Inc., Troy, NY, USA)
and dose-response curves to histamine were determined prior
to and following antigen or saline challenge. In all sensitized
animals, the second histamine curve was obtained once the
bronchoconstriction response to the OVA challenge had
subsided, as previously described (30). Bronchoconstriction
induced by histamine or OVA challenge was evaluated as
follows: Pressure inside the plethysmographic chamber was
measured through a differential transducer connected to
a preamplifier. The signal from the chamber was processed
with computer-installed software (Buxco Biosystem XA vl.1;
Buxco Electronics Inc.) in order to calculate several respira-
tory parameters, such as Penh (enhanced pause). This index
was obtained with the following formula:

Penh = [(Te-Rt)/Rt)|(PEP/PIP)

In the equation, Te represents the expiratory time, Rt the
relaxation time, PEP the peak expiratory pressure (cm H,O)
and PIP the peak inspiratory pressure (cm H,0O). The software
was adjusted to only include breaths with a tidal volume of
=1 ml, with a minimal inspiratory time of 0.15 sec, maximal
inspiratory time of 3 sec, and maximal difference between
inspiratory and expiratory volumes of 10%. After the guinea
pig was placed inside the plethysmographic chamber, a 5-min
baseline Penh recording was initiated 5 min later. At 1 min after
OVA or saline solution administration, Penh was recorded at
5 and 10 min, and every 15 min thereafter. Because Penh was
calculated for each breath, the data acquisition protocol from
the Buxco software was set to average values from all breaths
occurring during 15 sec, and then to average these values for
the last 5 min of each period.



OVA-induced airway hyperresponsiveness. Airway hyper-
responsiveness was evaluated in sensitized animals from
the 35 and 125 days model using 2 nebulized histamine
dose-response curves, practiced prior and following an OVA
challenge as previously described (31,32). In the guinea pig,
histamine aerosol administration induces an all-or-none
response (33). Non-cumulative doses of histamine were
administrated (0.01-0.1 mg/ml) through nebulizations lasting
1 min each, and after an initial Penh baseline acquisition. The
time elapsed between the histamine dose-response curves
(~3 h) avoided histamine receptor desensitization (tachyphy-
laxis). Each dose-response curve was ended when the Penh
value obtained following the corresponding histamine dose
reached 3 times its basal level. Following each histamine dose,
a single Penh value was registered; this value corresponded to
an average of the values measured 5 min immediately after the
agonist nebulization. The interval between doses was 10 min.
Once Penh had returned to the initial baseline value (<50%
increment), OVA challenge was administered. The second
histamine curve was performed 3 h after the OVA challenge.

Airway responsiveness to histamine was evaluated by
means of the provocative dose 200% (PD,,,), which is the inter-
polated histamine dose that caused a three-fold increase of the
basal Penh. To evaluate the effect of the antigenic challenge on
the histamine PD,, a ratio was obtained, and each PD,, value
observed following the respective OVA challenge was divided
by the PD,,, value obtained prior to the challenge (33). Penh
values obtained for each histamine dose-response curve were
fitted to a curve using appropriate software (CurveExpert 1.4;
http://curveexpert.software.informer.com/).

At 1 h after the second histamine curve, when Penh values
were ~50% of the basal value, the guinea pigs were sacrificed
with pentobarbital sodium (i.p. 65 mg/kg; Pfizer S.A. de
CV.,, Toluca, Mexico). The right lung was excised and fixed
by manually perfusing neutral buffered 10% formaldehyde
via the intra-arterial route until the lung was exsanguinated.
Lung fragments obtained by sagittal cutting were embedded
in paraffin, and 4 ym-thick lung sections were stained with
Masson's trichrome for collagen deposit identification. The left
lung was prepared for collagen concentration measurement,
interstitial collagenase activity assay and western blot analysis.

Collagen concentration determination. Fresh lung sections of
~50 mg wet weight were dried at constant heat (100°C) until all
reached approximately the same dry weight (30 mg), and the
lung tissue was then hydrolyzed in 6 N HCl at 100°C in a vacuum
for 24 h, prior to being evaporated. Hydroxyproline content was
measured as previously described by Rojkind et al (34). The
amount of collagen in each sample was calculated by multiplying
the hydroxyproline content value by 7.42 on the assumption that
this residue constitutes ~14% of the total amount of amino acids
in the a-chain. Collagen concentration was expressed in milli-
grams of collagen per gram of dry lung tissue.

Interstitial collagenase activity assay. Sections of normal
and experimental lung tissue (0.5 g/ml) were suspended
in 0.1 mM Tris-HCI buffer, pH 7.8, with 0.15 mM NaCl,
10 mM CaCl, and 0.02% sodium azide and homogenized
in a Polytron (Brinkmann Instuments, Inc., Westbury,
NY, USA). Homogenates were centrifuged at 5,000 x g for
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Figure 1. Experimental design. Initially, guinea pigs from both experimental
models received OVA intraperitoneally. After 1 week, a sensitization rein-
forcement was given. The guinea pigs in both groups received a Ist OVA
challenge 2 weeks (day 15) after initial intraperitoneal OVA administration.
Those guinea pigs randomly assigned to the 35 days experimental model
received two further OVA challenges. Each challenge was carried out 10 days
apart from the other. Guinea pigs assigned to the 125 days experimental model
were challenged with OVA in the same manner every 10 days for 12 weeks.
Guinea pigs were sacrificed at 35 and 125 days after antigen-induced airway
hyperresponsiveness was evaluated. A group of guinea pigs from the acute
and from the chronic model were sacrificed 1 month after the last OVA chal-
lenge. OVA, ovalbumin.

15 min at 4°C. Protein concentration was determined in the
supernatant samples using a bicinchoninic acid protein assay
(Pierce Biotechnology, Inc., Rockford, IL, USA) as previ-
ously described (35). Supernatants contained tissue-soluble
proteins that were used to assay collagenase activity and
western blot assays.

Interstitial collagenase activity was determined in the super-
natant samples as previously described by Terato er al (36).
The assay was performed incubating 20 ug sample protein
with 20 ug *H-acetic anhydride-labeled type I collagen (GE
Healthcare Life Sciences, Chalfont, UK) as a substrate (specific
activity 1.6x10° dpm/mg) and 50 mM Tris-HCI, 0.15 mM
NaCl, 20 mM CaCl,, and 0.02% sodium azide, pH 7.4 (TNC
buffer) with or without 80 mM EDTA (final concentration) at
30°C for 24 h. Labeled collagen and clostridium collagenase
(Sigma-Aldrich) and collagen with TNC buffer were used
as positive and negative controls, respectively. To prevent
activity of other proteases, 0. mM phenylmethylsulfonyl-
fluoride (Sigma-Aldrich) and 2.5 mM N-ethylmaleimide
(Sigma-Aldrich) were used. Collagenase activity was limited to
EDTA-inhibitable *H-collagen degradation. The results of the
collagenase activity were expressed as micrograms of degraded
collagen per milligram of sample incubated protein.

Western blot analysis. Western blotting was carried out using
25 ug sample protein per lane in 8% SDS-PAGE gels under
reducing conditions with 5% 2-mercaptoethanol boiled for
10 min. Following electrophoresis, the proteins were transferred
to polyvinylidene fluoride membranes and blocked with 2.5%
non-fatdry milk in 100 mM Tris-HCl buffer,pH 7.5 with 150 mM
NaCl and 0.1% Tween 20 (TTBS buffer). The membranes were
incubated for 90 min at room temperature with the following
antibodies: Mouse anti-MMP-1 (Ab-1) monoclonal antibody
(1:500; cat. no. IM35; EMD Millipore, Billerica, MA, USA),
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mouse anti-MMP-13 (Ab-1) monoclonal antibody (1:500; cat.
no. MAB3321; EMD Millipore), mouse anti-TIMP-1 (Ab-1)
monoclonal antibody (1:500; cat. no. IM32; EMD Millipore)
and rabbit anti-B-tubulin polyclonal antibody (1:250; cat.
no. ab6046; Abcam, Cambridge MA, USA), which served as a
loading control. Unbound antibodies were removed by washing
with TTBS buffer. The primary antibodies were then detected
with a VectaStain ABC kit (Vector Laboratories, Burlingame,
CA, USA) according to the manufacturer's protocol. Bands
detected in the western blot assay were analyzed by densitom-
etry using Kodak Digital Science ID Image Analysis Software,
version 2.0 (Kodak, Rochester, NY, USA) that measures the
area and intensity of the bands. The results were expressed as
densitometry units (DU).

Statistical analysis. All data are expressed as means =+ standard
error. Statistical Analysis was performed using IBM SPSS
20.0 software (IBM SPSS, Armonk, NY, USA). Comparisons
between the control and asthma model group hyperresponsive-
ness data were evaluated by means of unpaired Student's t-tests.
For multiple comparisons, one way or repeated analysis of
variance (ANOVA) followed by Bonferroni's test were used.
Collagen concentration, collagenase activity and western blot-
ting results were analyzed using a Kruskal-Wallis ANOVA by
ranks test with a multiple comparison of mean ranks for all
groups (P<0.05). A Mann-Whitney U test was used to compare
results between the 35 and 125 day experimental models. P<0.05
was considered to indicate a statistically significant difference.

Results

Antigen-induced airway obstruction and hyperre-
sponsiveness. Basal Penh values and initial histamine curve
PD,,, values were similar in animals from the control and
both asthma model groups (data not shown). Saline nebuliza-
tion did not modify Penh basal values in control animals.
OVA challenges in sensitized animals generated a reversible
bronchoconstriction, defined by a transient Penh increment,
which lasted ~2 h. This percentage increase in Penh values in
the experimental models (440.9+33.9% in the 35 days group
and 400+30.8% in the 125 days group) was significantly
higher, as compared with Penh values in the control groups
(112.9£2.9% and 130.2+6.7% in the 35 and 125 days control
groups respectively; P<0.01; Fig. 2).

When hyperresponsiveness to histamine was evaluated, no
changesin PD,, values were observed in the saline-challenged
control animals. Guinea pigs from both asthma models
exhibited a significant decrease in histamine PD,, ratio
as compared with the control group (0.84+0.1 mg/ml and
0.47+0.06 mg/ml for the control and 35 day asthma model
group, respectively; P=0.01; and 1.23+0.21 mg/ml and
0.65+0.06 mg/ml for the control and 125 day asthma model
group, respectively; P=0.04; Fig. 3).

Collagen concentration. Masson's trichrome stain revealed
an increase in collagen deposit (blue stain) in bronchiole BM
(green arrows) and in the adventitial layers (red arrows) in
guinea pigs from both experimental models (groups II; Fig. 4).
Blue bands were also observed in and around airway smooth
muscle (ASM) layers (blue arrows). The increase in connective

GONZALEZ-AVILA et al: COLLAGEN METABOLISM IN AIRWAY REMODELING

500 4

400+

300

200

Rmax
(% baseline Penh)

*— —
100 -—.\H--r"“l-‘-/ &

11 T 1T T T T T T T 1
15! 2nd 3rd 4th 5|h Gth 7|h Bth gth 1 Oﬂ’\ 1 1lh 12!h
Challenge number

Figure 2. Airway bronchoconstriction induced by OVA challenges in sen-
sitized guinea pigs. Bronchoconstriction induced by OVA challenges in
sensitized guinea pigs was recorded and an average of maximum airway
resistance Rmax (acute model white circles and chronic model white
squares) was obtained. Control animals were challenged with physiological
saline solution (acute model black circles and chronic model black squares).
Significant differences were observed between the experimental and con-
trol groups. “P<0.01 and "P<0.01, vs, the respective control group. Symbols
represent means + standard error. Penh, airway obstruction index; OVA,
ovalbumin.
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Figure 3. Airway hyperresponsiveness to histamine induced by OVA chal-
lenge in sensitized guinea pigs. Guinea pigs in both experimental models and
their respective controls were administered increasing doses of nebulized his-
tamine prior to OVA (sensitized) or saline solution (control) administration.
Once the OVA-induced bronchoconstriction subsided, a second histamine
dose-response curve was built. Responses to histamine are expressed as pro-
vocative dose ratio. Histamine PD,, ratio was significantly decreased in both
asthma models compared with their respective control groups. The discon-
tinuous line delimited the border between hyperresponsiveness (below the
line) and hyporresponsiveness (above the line). “P=0.01 and "P=0.04, vs. the
respective control group. Bars represent means =+ standard error. OVA, oval-
bumin; PD,,, provocative dose 200%.

tissue deposit was more evident in group II from the 125 days
model. The increase in collagen deposit remained despite
cessation of the antigen exposition in both models. Epithelial
hyperplasia was observed in bronchioles from both experi-
mental models although it was more evident in animals from
the 125 days model. The bronchiole epithelial hyperplasia
decreased when OVA challenges ceased in the 125 days model
(group III), although it persisted in both experimental models
1 month after the last OVA challenge.

Collagen concentration was estimated by measuring
hydroxyproline tissue content. There was a significant increase in
collagen content in the guinea pigs in group III when compared
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Table I. Collagen concentration in experimental asthma models
(expressed as milligrams of collagen per gram dry lung tissue).

Group 35 days 125 days
I 38.5+1.5 37.6x1.2
II 53.1+19 55.5+4.3
I 73.3+2 84.1+24

Figure 4. Guinea pig bronchiole histopathological features. Collagen fibers
were increased in the bronchiole adventitial layer (red arrows), in the airway
smooth muscle layer (blue arrows), and in the basement membranes (green
arrows) in the tissue samples from guinea pigs of the 35 day experimental
model sacrificed 1 h after hyperresponsiveness determination (group II). The
increase in collagen fibers was more evident in bronchioles from the 125 day
model (group II). Epithelial hyperplasia was also observed in bronchioles in
the guinea pigs of this group. The increase in collagen deposition remained
in the bronchioles 1 month after the last ovalbumin challenge (group III).
Original magnification, x40.

with the respective control groups (group I) (35 day model,
P=0.0003; 125 day model, P=0.0003; Table I). Collagen concen-
tration was significantly higher in group III from the 125 day
model compared with the 35 day model (P=0.015).

Interstitial collagenase activity. In the 35 day model, colla-
genase activity was significantly decreased in the tissue
samples of group II animals (35.1£0.8 ug of degraded
collagen/mg of incubated protein), as compared with group I
and group III samples (72.9+6.7 and 75.7+8.6 ug of degraded
collagen/mg of incubated protein, respectively; P=0.04 and
P=0.02, respectively; Fig. 5).

Regarding the 125 day experimental model, there was a
significant increase in collagenase activity in tissue samples
from group III, as compared with group I (116.9+5.7 and
84.9+4.1 ug of degraded collagen/mg of incubated protein,
respectively; P=0.003). There were no significant differences
between group II and III interstitial collagenase activity.

Following comparison of group II in both models, the
125 day model exhibited a higher collagenase activity, as
compared with the 35 day model (97.8+3.6 and 35.1+0.8 pug
of degraded collagen/mg of incubated protein, respectively;
P=0.003). There were also significant differences among
groups III from the 35 and 125 day asthma models (75.7+8.6
and 116.9+5.3 ug of degraded collagen/mg of incubated
protein, respectively; P=0.004).

All values are expressed as mean =+ standard errors (n=06 for each group).
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Figure 5. Interstitial collagenase activity. Lung homogenates from animals in
the 35 day model group II showed a significant decrease in enzymatic activity
as compared with the 35 day model groups I and II1. "P<0.05 vs. groups I and
III. Interstitial collagenase activity was significantly higher in tissue samples
from the 125 day model group III, as compared with the control group.
“P=0.003, vs. group I. Enzymatic activity was significantly higher in the
125 day model groups compared with the 35 day model groups (groups II,
P=0.003; groups III, 7'P=0.004). Bars indicate means + standard error.

Tissue MMP-1, MMP-13 and TIMP-1 protein expression
levels in the 35 day asthma model. Western blot assays
revealed the presence of MMP-1 as a band of 56-kDa which
corresponds to the MMP-1 active form. This band was found
in tissue homogenates from guinea pigs from every one of the
3 groups in the 35 day experimental model (Fig. 6A). MMP-1
densitometry analysis demonstrated a significant decrease in
MMP-1 expression levels in tissue from group II animals, as
compared with tissue samples from group I1I (49,325.3+3,319.9
and 97,338.1+1,038.1 DU, respectively; P=0.013; Fig. 6B).
There were no significant differences in MMP-1 concentration
between group II and group I (76,641.7+4,250 DU).

The MMP-13 active and latent forms (45- and 60-kDa
bands) were detected in tissue samples from the control
animals (group I), but only the active form was observed in the
samples from groups I and III (Fig. 6A). Furthermore, active
MMP-13 expression levels were significantly decreased in tissue
samples belonging to group III guinea pigs (9,756.3+749.9 DU),
as compared with group I and II (39,118.9+2,263.8 and
57430.4+4,453.3 DU, respectively; P<0.003; Fig. 6B).

TIMP-1 western blot analysis demonstrated the presence
of free TIMP-1 as a band of 28-kDa in the 3 groups (Fig. 6A).
A band of ~20-kDa, which corresponds to unglycosylated
TIMP-1 was observed in the tissue samples of guinea pigs in
group II (37). TIMP-1 polymers likely composed of TIMP-1
complete molecules (56- and 90-kDa bands) or TIMP-1 frag-
ments (45- and 130-kDa bands) were observed in samples
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Figure 6. MMP and TIMP-1 protein expression levels in tissue samples from
the 35 day asthma experimental model. (A) Active MMP-1 and MMP-13
forms were observed in all samples assayed (56- and 45-kDa bands, respec-
tively). Pro-MMP-13 was identified in tissue samples from group II (60-kDa
band). TIMP-1 was present as a 28-kDa band in the majority of tissue
samples. Bands of larger weight which correspond to TIMP-1 polymers or
complexes were also observed. (B) Densitometry analysis showed a signifi-
cant increase in MMP-1 expression levels in samples belonging to group III
as compared with group II ("P=0.013). Group II MMP-13 expression levels
were significantly higher, as compared with those of group IIT ("P=0.003).
TIMP-1 expression levels were significantly increased in group II, as com-
pared with TIMP-1 expression levels in the tissue samples of control animals
(group I; ""P=0.01). Bars represent the mean + standard error. MMP, matrix
metalloproteinase; TIMP, tissue inhibitors of metalloproteinase.

from the 3 groups. The 90- and 130-kDa bands may also
correspond to complexes between TIMP-1 with MMPs or
their degradation fragments. Densitometry analysis revealed a
significant increase in free TIMP-1 in group II tissue samples,
as compared with the control group (24,356+1,150.4 and
5,893.5+1,123 DU, respectively; P=0.01); this was not the case
for the tissue samples obtained from group III guinea pigs
(7,255.34+795.4 DU; Fig. 6B).

Tissue MMP-1, MMP-13 and TIMP-1 protein expression
levels in the 125 day asthma model. Immunoblotting assay
demonstrated the presence of MMP-1 as a band of 56-kDa
(active form) in the tissue samples of animals from all
3 groups (Fig. 7A). MMP-1 expression levels were significantly
higher in group II tissue samples, as compared with tissue
samples obtained from the control animals (95,204.3+4,677.2
and 48,351+4,920.6 DU, respectively; P=0.03), but not with
group III tissue samples (55,058.7+5,196.5 DU; Fig. 7B).
MMP-13 western blotting showed bands of ~45- and
60-kDa (MMP-13 active and latent forms) in almost all tissue
samples from the 3 groups (Fig. 7A). The MMP-13 active
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Figure 7. MMP and TIMP-1 protein expression levels in tissue samples from
the 125 day asthma experimental model. (A) MMP-1 was observed as a
56-kDa band in all samples assayed. Pro-MMP-13 and MMP-13 active forms
were visualized in all groups. TIMP-1 (28-kDa band) as well as TIMP-1
polymers and complexes were also identified in all samples, particularly in
group III animals. (B) A significant increase in MMP-1 expression levels was
observed in tissue samples from group II, as compared with control animals
("P=0.03). MMP-13 expression levels were similar in tissue samples from the
3 groups. TIMP-1 protein expression levels in group II tissue samples were
significantly increased, as compared with group I (“P=0.02). Bars indicate
the mean + standard error. MMP, matrix metalloproteinase; TIMP, tissue
inhibitors of metalloproteinase.

form densitometry analysis revealed no significant differences
among the tissue samples from the 3 groups (Fig. 7B).
Similarly to the 35 days model, TIMP-1 immunoblotting
demonstrated the presence of several bands (45-, 56-, 90-
and 130-kDa bands), specifically in group III tissue samples
(Fig. 7A). Bands of 28-(free TIMP-1) and 20-kDa (unglycocy-
lated TIMP-1), were also observed in the experimental asthma
groups. A significant increase in TIMP-1 expression levels was
observed in tissue samples from group II animals, as compared
with the control group tissue samples (31,099.5+1,740.3 and
13,701.25+1,744.7 DU, respectively; P=0.02; Fig. 7B).

Comparison of MMP and TIMP-1 protein expression in
both experimental asthma models. MMP-1 concentra-
tions were significantly higher in group II from the 125 day
model compared with group II from the 35 day model
(95,204.3+4,677.2 and 49,325.3+3,319.9 DU, respectively;
P=0.05; Fig. 8A). There were also significant differences in
MMP-1 content between group III from the 35 day model
and group III from the 125 day model (97,338.1+1,038.1 and
55,058.7+5,196.5 DU, respectively; P=0.02). There were no
significant differences between groups I in either model.
MMP-13 expression levels were significantly increased in the
tissue samples of group I from the 35 day model, as compared
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Figure 8. Comparison of MMP and TIMP-1 tissue concentrations in the acute
and chronic experimental models of asthma. (A) MMP-1 levels were signifi-
cantly increased in group II from the chronic model (125 days), as compared
with group II from the acute model (35 days; ‘P=0.05). MMP-1 levels were
significantly higher in group III from the 35 days model than group I11
from the 125 days model (“P=0.02). (B) MMP-13 levels were significantly
increased in group I and II from the acute model (35 days), as compared
with the chronic model (125 days; "P=0.008 and “P=0.02, respectively).
Conversely, MMP-13 levels were significantly increased in group III from the
chronic model (125 days), as compared with group III from the acute model
(35 days; “"P=0.02). (C) TIMP-1 concentration was significantly increased
in the 3 groups from the chronic model (125 days), as compared with groups
from the acute model (35 days; "P=0.03, “P=0.03 and “"P=0.008). Bars indi-
cate means + standard error. MMP, matrix metalloproteinase; TIMP, tissue
inhibitors of metalloproteinase.

with group I samples from the 125 day model (39,118.9+2,263.8
and 16,765+3,297.4 DU, respectively; P=0.008; Fig. 8B).
These MMP expression levels were also increased in group II
from the 35 day model compared with tissue samples from
the 125 day group II guinea pigs (57,430.4+4,453.3 and
22,488.5+2,613.3 DU, respectively; P=0.02). Conversely, there
was a significant decrease in MMP-13 protein expression levels
in group III tissue samples from the 35 day model, as compared
with tissue samples from the 125 day model (9,756.3£749.9 and
22,080.8+3,410.9 DU, respectively; P=0.02).
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TIMP-1 concentrations were significantly lower in
the 3 groups from the 35 day model, as compared with the
125 day model: 35 and 125 day groups I, 5,893.5+1,123.03 and
13,701.3£1,744.17 DU, respectively (P=0.03); 35 and 125 day
groups 11, 24,356+1,150.4 and 31,099.5+1,740.3 DU, respec-
tively (P=0.03); and 35 and 125 day groups III, 7,255.3£795.4
and 26,103.8+2,380.7 DU, respectively (P=0.008; Fig. 8C).

Discussion

The present study explored how collagen metabolism changes
in airway tissues from guinea pigs subjected to an acute
(35 days) or a chronic (125 days) experimental model of
atopic asthma. In histological samples stained with Masson's
trichrome, an increase in the deposit of collagen in the
subepithelial and adventitia layers, around the bronchioles and
among smooth muscle fibers was observed, and these changes
were more evident in the 125 day experimental model. An
increase in collagen concentration was observed in lung tissue
samples obtained from those animals that were sacrificed
1 month after the last OVA-challenge, particularly in the
125 days model. Using immunohistochemical techniques or
by measuring HO-proline in lung homogenates from guinea
pig chronic models, previous studies also demonstrated an
increase in collagen deposition (33,38,39). However, data on
interstitial collagen increase in human airway walls remains
controversial. Previous studies have demonstrated an increase
in collagens type I and III underlying the airway epithelium,
whereas other reports suggested that the reticular BM thick-
ening was not due to an abnormal deposition of interstitial
collagens (11,40-44).

Regarding ECM degradation, interstitial collagenase
activity was decreased in animals that received the third OVA
challenge (35 day model). This is consistent with the increase
in collagen concentration observed in the tissue from these
animals. One month later, the enzymatic activity returned
to basal values, although the collagen deposit remained
increased. This pattern in the enzymatic activity is similar to
the one observed in MMP-1 expression, rather than to changes
in MMP-13 synthesis. Similarly, the increase in TIMP-1
quantities contributes to the decrease of collagenase activity
in this group of animals. Conversely, a decrease in TIMP-1
expression levels may be associated with the increase in colla-
genase activity observed 1 month later in the tissue samples
of this experimental model. Notably, in the current study not
only free TIMP-1 was detected (28-kDa band) but also several
other bands that correspond to TIMP-1 polymers and TIMP-1
complexes with MMP degradation fragments. In addition to
the inhibition of MMP enzymatic activity, TIMP-1 has other
functions such as the activation of pro-MMP-9 through the
formation of the pro-MMP-9/MMP-3/TIMP-1 activation
complex (130-kDa band) (45). MMP-9 has an important role
in the pathogenesis of asthma airway remodeling, therefore it
was not surprising to observe increased levels of TIMP-1 as
well as pro-MMP-9 activation complexes in the experimental
models (46.,47).

Collagen metabolism was different in the chronic experi-
mental model due to the number of OVA challenges and/or
due to the differences in the age of the animals. First, colla-
genase activity did not change during OVA treatment (12 OVA
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challenges) with a little but significant increase 1 month after
the last OVA challenge. However, this increase in collagenase
activity was not sufficient to prevent collagen deposition. In this
context, it has been reported that decorin, a small leucine-rich
ECM proteoglycan, is able to prevent collagen degradation
through its interaction with collagen fibrils (48). Moreover, it
has been demonstrated that decorin is increased in tissue from
patients with uncontrolled asthma; tissues from these patients
present morphological changes similar to those described in
the present chronic model animals (49). Despite the probable
inaccessibility of interstitial collagens to the tissues studied,
collagenase activity levels were maintained, possibly due to
the increase in MMP-1 levels. Its synthesis may have been
stimulated by the increase of some ECM components such as
collagen type I and tenascin-C (28). MMP-1 participation in
airway remodeling appears to be more relevant than MMP-13
in the chronic experimental model as well. It has been reported
that MMP-1 expression is increased in airway epithelial cells,
inflammatory cells and particularly ASM cells from asthmatic
patients (25,27,28). In this context, epithelial and ASM hyper-
plasia may be responsible for the MMP-1 expression increase
in our experimental asthma model. In addition, the total
collagenase activity observed in the 3 groups from the chronic
model likely corresponds to MMP-1 and MMP-13 together with
MMP-8, a collagenase that has also been identified in asthmatic
patients (50,51). Further research under identical experimental
conditions is required to corroborate the MMP-8 participation
in interstitial collagen turnover in these experimental models
of asthma. Nevertheless, the important role that MMP-1 has in
ECM metabolism during airway remodeling is evident. It has
been reported that MMP-1 protein concentration was increased
in the outer wall of the small airways of patients with fatal
asthma (27). Furthermore, it has been observed that MMP-1
mRNA transcripts are also increased in sputum cells from
asthmatic patients with decreased FEV, values (52). These data
suggest that an increase in MMP-1 expression is a bad prognosis
for this disease, although according to the results of the present
study, its collagenase activity is not enough to prevent collagen
deposition. It is evident that the molecular mechanism under-
lying the regulation of interstitial MMP synthesis and activation
may also be altered.

Finally, chronic exposure to an allergen may irreversibly
affect the molecular mechanisms underlying collagen synthesis
and degradation. These structural changes that provoke airway
wall thickening are responsible for the persistence and severity
of bronchial obstruction in the asthmatic patient and in experi-
mental asthmatic animals. Therefore, it is conceivable that the
use of a drug that impairs interstitial collagen synthesis and
increases its degradation administrated together with conven-
tional therapy would benefit chronic severe asthma patients.
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