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Abstract

AIM: To study whether matrix metalloproteinase-9
(MMP-9) is a key factor in epithelial damage in the
dextran sodium sulphate (DSS) model of colitis in mice.

METHODS: MMP-9-deficient and wild-type (wt)
mice were given 5% DSS in drinking water for 5 d
followed by recovery up to 7 d. On d 5 and 12 after
induction of colitis, gelatinases, MMP-2 and MMP-9,
were measured in homogenates of colonic tissue by
zymography and Western blot, whereas tissue inhibitor
of metalloproteinases (TIMPs) were measured by
reverse zymography. The gelatinolytic activity was
also determined in supernatants of polymorphonuclear
leukocytes (PMN) isolated from mice blood. Moreover,
intestinal epithelial cells were stimulated with TNF-a. to
study whether these cells were able to produce MMPs.
Finally, colonic mucosal lesions were measured by
microscopic examination.

RESULTS: On d 5 of colitis, the activity of MMP-9 was
increased in homogenates of colonic tissues (0.24 =
0.1 vs 21.3 = 6.4, P < 0.05) and PMN from peripheral
blood in wt (0.5 £ 0.1 vs 10.4 £ 0.7, P < 0.05), but not
in MMP-9-deficient animals. The MMP-9 activity was also
up-regulated by TNF-o in epithelial intestinal cells (2.5 +
0.5 vs 14.7 £ 3.0, P < 0.05). Although colitis also led to
increase of TIMP-1 activity, the MMP-9/TIMP-1 balance
remained elevated. Finally, in the MMP-9-deficient colitic
mice both the extent and severity of intestinal epithelial
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injury were significantly attenuated when compared with
wt mice.

CONCLUSION: We conclude that DSS induced colitis
is markedly attenuated in animals lacking MMP-9. This
suggests that intestinal injury induced by DSS is modu-
lated by MMP-9 and that inhibition of this gelatinase may
reduce inflammation.
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INTRODUCTION

Matrix metalloproteinases (MMPs) comprise a group of
zinc and calcium-dependent endopeptidases that exhibit
differential proteolytic activity against extracellular matrix
(ECM) proteins. Based on substrate specificity, MMPs
have been classically divided into collagenases, gelatinases
(MMP-9 and MMP-2) and stromelysins. These proteinases
are secreted as latent enzymes that require proteolytic
cleavage for activation. However, a subset of MMPs,
known as membrane-type MMPs (MT-MMPs) are not
secreted but instead remain attached to cell surfaces and
activate secreted MMPs!"?. The MMP activity is tightly
controlled by specific endogenous inhibitors of these
enzymes (TIMPs), which complex with MMPs. Four
TIMPs have been described until now and TIMP-1 seems
to be the most important endogenous inhibitor, which
binds to activated interstitial collagenase and gelatinases" .

Ulcerative colitis (UC) is a chronic inflammatory disease
affecting primarily the distal colon and rectum of young
adults and its etiology still remains unclear. Degradation
and remodeling of the ECM is increasingly implicated
in the pathogenesis of several inflammatory disorders,
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such as periodontal disease and rheumatoid arthritis”®, Tn
physiological conditions, MMPs act as part of the normal
connective tissue turnover. However, MMPs released
by diverse cells in response to several cytokines during
inflammation, may lead to excess degradation of ECM and
tissue injury. Previous studies have found both increased
activity and expression of MMPs in colonic tissues of
patients with inflammatory bowel disease (IBD)"",
Moteover, MMP-9 may be a key factor responsible for
accelerated breakdown of ECM in UC, because it was
demonstrated that MMP-9 is abundantly expressed in
patients with UC compared with controls”. Hence, MMP
inhibition has emerged as a potential therapeutic approach
in colonic inflammatory disorders" """, Furthermore, we
have previously demonstrated a significant up-regulation
of MMP-9 expression and activity in a rat model of
colitis induced by dextran sulphate sodium (DSS). In this
experimental model, a synthetic MMP inhibitor (CGS-
27023-A) significantly reduced the extent and severity
of tissue injury'”. However, this compound is a broad
spectrum MMP inhibitor and the relative contribution of
MMP-9 in this experimental model still remains unclear.

In the present investigation, we sought to determine
whether MMP-9 extinction could alter intestinal damage
in a mouse model of colitis induced by DSS. This model
exhibits clinical and morphological features resembling
human UC, including diarrhea and rectal bleeding, diffuse
lesions circumscribed to the mucosa, and predominance
of distal involvement of the large intestine"”. Our findings
support the conclusion that MMP-9 modulates colonic
mucosal injury in this entity.

MATERIALS AND METHODS

Animals

Our studies used the homozygous MMP-9-deficient male
mice with FVB background and wild-type (wt) purchased
from Jackson Laboratories (Ca, USA). The animals were
8 wk to 10 wk old and weighted from 25 g to 30 g They
were maintained in a restricted-access room with control-
led temperature (23°C) and light-dark cycle (12 h:12 h)
and were housed in rack-mounted cages with a maximum
of 10 mice per cage. Mice were allowed to drink and feed
ad libitum. The study was approved by the local Animal
Welfare Committee and conformed to the principles of
laboratory animal care and use (NIH publication 86-23).

Genotyping analysis

Liver samples from selected mice were collected
and genotype was verified by polymerase chain
reaction (PCR) using a sense oligonucleotide primer
(5>-GCATACTTGTACCGCTATGG-3’) and an
antisense oligonucleotide primer (5’-TAACCGGAG
GTCCAAACTGG-3’). For the neomycin cassette,
we also used a sense oligonucleotide primer (5°
-GAAGGGACTGGCTGCTATTG-3") and an antisense
primer (5"-AATATCACGGGTAGCCAACG-37).

All procedures were performed blind with respect to

genotype.

Experimental design

Distal colitis was induced by oral DSS (molecular wt
40000; ICN Biomedicals, Aurora, OH) at 5% in tap watet
ad libitum for 5 d in wt and MMP-9 deficient mice and then
switched to water and monitored for 7 additional days.
At least 15 age and sex matched wt and MMP-9 deficient
mice were studied at the end of 5 d with DSS treatment
and at 7 d after DSS (recovery phase), whereas 15 control
wt and 15 control MMP-9 deficient mice were allowed
free access to drinking water. Body weight was routinely
obtained every second day and mortality was recorded at
any time. Mice were euthanized by cervical dislocation on
d 5 and 12 after induction of colitis. With the use of sterile
equipment, a mid laparotomy was performed, the colon
was removed, opened longitudinally, rinsed with sterile
saline, and divided into two parts by a longitudinal section.
One specimen was homogenized and stored at -20C for
MMPs, TIMPs, TNF-o and myeloperoxidase (MPO) assay.
The second specimen was used for microscopic assess-
ment of mucosal lesions.

Isolation of neutrophils

Mice were anesthetized by an intraperitoneal injection
of ketamine (100 mg/kg, Park Davis, Mortis Plains, NJ).
Blood samples were collected from the abdominal aorta.
Neutrophils were isolated using Histopaque (Sigma Ltd,
England) and erythrocyte removed using hypotonic lysis
with ammonium chloride. The neutrophil count was
determined by using a Neubaver hemocytometer and cell
viability was assessed by trypan blue exclusion. Typically,
the neutrophil preparations were > 98% pure and >
94% viable. The isolated neutrophils were washed and
resuspended in HBSS with calcium and magnesium at a
concentration of 5 X 10’ cells/L and incubated for 12
h at 37°C. The release of MMPs was determined in the
supernatant by zyrnographym.

Cell culture

Caco-2 cells, a human intestinal epithelial cell line, were ob-
tained from the American Type Culture Collection (ATCC,
Rockville, MD). Cells were cultured in 75-cm’ flasks in a
humidified atmosphere containing 5% CO2 at 37°C. Cells
were grown in minimum essential medium supplemented
with pyruvate, sodium bicarbonate, 20% fetal bovine se-
rum, gentamycin sulfate (0.05 mg/mlL), penicillin G (0.06
mg/mL) and streptomycin sulfate (0.01 mg/mL). The
medium was changed every two days and cells were sub-
cultured three times each week. When confluent, cells were
detached using a Trypsin-EDTA solution. For the 7 vitro
experiments, Caco-2 cells were seeded into 24-well plates
(30000 cells per well) in free serum-medium and cultured
in the presence or absence of human recombinant TNF-o
(1 or 10 pg/L) for 24 h. Afterwards, conditioned media
was collected and stored at -20°C for the zymography assay
and Western blot analysis.

Analytical Methods
Zymography: The activity of pro-MMP-9 was measured
as previously described™" in homogenates of colonic
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tissue, supernatants of purified neutrophils and Caco-2
conditioned media. Briefly, samples were subjected to 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) with copolymerized gelatin (0.2%; Sigma
Chemical Co, St. Louis, Mo). After electrophoresis, the
gels were washed with 2% Triton X-100 (2 times, 20 min
each), and then incubated in development buffer (50
mmol/L Tris HCl, 200 mmol/L NaCl, 10 mmol/L CaClz
and 1 umol/L ZnClz,pH = 7.5) at 37°C overnight. Human
recombinant MMP-9 and MMP-2 (Oncogene Research,
Nottingham, UK), conditioned medium of HT-1080
human fibrosarcoma cells and molecular weight markers
were used as standards. After incubation, gels were fixed
and stained in 40% methanol, 10% acetic acid and 0.1%
(wt/v) Coomassie Blue for 1 h and then de-stained. The
low availability of active MMP-9 seen in the zymographies
may be due to its high level of instability and the removal
of active enzyme during the washing of specimens, as it
has been previously suggested”.

Reverse zymography: The TIMP-1 activity was ana-
lyzed in homogenates of colonic tissues, as previously
described™. Briefly, samples were subjected to 15% SDS-
PAGE with copolymerized 0.2% gelatin and human
recombinant MMP-2 (160 pug/L). Human recombinant
TIMP-1 was used as the internal standard. TIMP-1
activity was identified by inhibition of gelatinolysis when
compared with the standard.

Western-blot: Western-blot analysis of MMP-9 was per-
formed in homogenates of colonic tissue and Caco-2 con-
ditioned media, as previously described™. Samples were
denatured and loaded (50 pg/lane) onto 10% (vol/vol)
polyacrylamide gels. Following electrophoresis, proteins
were transferred onto a nitrocellulose membrane (Protran,
Schleider&Schuell) and detected using a rabbit monoclonal
anti-MMP-9 antibody (Chemicon, Ca, USA) at 1:1000 con-
centration and a chemiluminescent substrate (Pierce, Rock-
ford, USA). To account for the inter- blot variations in
MMP immunoreactivity, an internal standard (conditioned
medium of HT-1080 cells, and recombinant MMP-9) was
used"®. Western Blotting with monoclonal anti-beta-actin
(Sigma Chemical Co, St. Louis, Mo) was performed as an
internal control.

Bands quantification: Clear bands were analyzed using
a calibrated densitometer (GS-800, BioRad) and Quantity
One Quantitation analysis software (BioRad, version 4).
Each band was measured in terms of Optical Density
Units of trace quantity (ODu) X mm.

Quantification of TNF-o by ELISA: TNF-q expression
was assayed in colonic tissues. Fragments of colon (40-50
mg) from the proximal region of the rectum were col-
lected from wt and KO animals treated as described above.
Afterwards, colon tissues were placed in 500 mL ice-cold
PBS containing 20 ul. of a proteinase inhibitor cocktail
(Roche Diagnostic GmbH, San Francisco, CA) and im-
mediately sonicated. After 10 min in ice, cellular debris was
removed by centrifugation at 10000 g for 10 min at 4°C
and the protein content of the supernatant was assayed
by Bradford's method. The specific ELISAs for mouse
TNF-o used in these experiments were purchased from
BD Biosciences (San Diego, CA). Murine TNF-o concen-
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A: Grade of crypt lesion Score
Intact crypt

Grade 1: Loss of the basal third 1
Grade 2: Loss of two thirds 2
Grade 3: Loss of entire crypt 3
Grade 4: Erosion 4

B: Extension of each grade of crypt 0-100
lesion as % of total mucosal surface

Crypt lesion score 2 (A xB)
Grade of inflammation, epithelial Score
regeneration or crypt distortion

Absent 0
Mild 1
Moderate 2
Severe 8]

Crypt lesion, acute and chronic inflammation, epithelial regeneration and
crypt distortion are scored separately.

trations in tissue extracts were assayed in duplicate wells
following the manufacturet’s recommendations. The sensi-
tivity of ELISA for TNF-¢, in our laboratory was 20 ng/L.
Data were expressed as pg TNF-o./ ug of total protein.
MPO assay: For the MPO activity assay”’, the colonic
specimen was homogenized in 2 mL phosphate-buffered
saline, using a Tissue Tearor (model 985-370, Biospec,
Racine, WI), and centrifuged. The pellets were again ho-
mogenized in an equivalent volume of phosphate buffer (50
mmol/L, pH 6) containing 0.5% hexadecyltrimethylam-
monium bromide (Sigma) and 5 mmol/L EDTA, sonicat-
ed three times for 30 s each time (Labasonic 2000, Braun),
and centrifuged. Supernatants were used for determination
of tissue MPO activity by a kinetic method. One unit of
enzyme activity is defined as the amount of MPO that de-
grades 1 mmol of peroxide per minute at 25°C.

Histological Measurement of Colonic Lesions

Colonic specimens were fixed in formalin and coded
for blind microscopic measurement of mucosal lesions.
Samples were embedded in paraffin using a “Swiss roll”
technique, and longitudinal sections from cecum to rectum
were prepared and stained with hematoxylin and eosin.
This procedure allows the examination of the entire
specimen from cecum to rectum in every section. Two
pathologists who were unaware of the treatment measured
the extent of mucosal surface involved by crypt lesions as a
percentage of the total colonic surface. For each specimen,
a crypt damage score was obtained by summation of the
products of each grade of crypt damage times the extent
of mucosal surface involved by this grade of damage
(Table 1). In addition, the specimens were graded O to 3
for inflammation (acute + chronic), regenerative changes
(hyperplastic epithelium) and crypt distortion (distorted
epithelium) using the criteria described by Cooper ez a/*.
Acute inflammation scotes evaluated of the presence of
polymorphonuclear neutrophils in the infiltrate, whereas
chronic inflammation scores evaluate the presence of
mononuclear cells.



Santana A et a/. MMP-9 modulates inflammation in ulcerative colitis 6467
A Water DSS 5 Dss 12 A Water DSS 5 Dss 12
HT1080 MMP2r MMP9r WT KO WT KO WT KO HT1080 MMP2r MMP9r HBSS WT KO WT KO WT KO

92 kba —>
80 kDa —>»

72 kDa —> =
62 kDa — =L

B 50
B MMP-9
= ] MMP-2
€
£
x
8 a
<)
g 25 -
o a
3
(0]
®
=
0 T
Control DSS 5 DSS 12
Wild-type
C 501
B MMP-9
= ] MMP-2
E a
3 i
<)
£ x|
c
S
o
(0]
&
- T
0
Control DSS 5 DSS 12

MMP-9-deficient

Figure 1 Gelatinase activity in colonic homogenates. A: Representative
zymogram in wild-type (wt) and MMP-9-deficient (KO) animals on d 5 (DSS 5)
and 12 (DSS 12) after induction of colitis (n = 9 in each group). Supernatant of
HT1080 cells, human recombinants MMP-9 (rMMP9) and MMP-2 (rMMP2) were
used as positive controls. Gelatinases with molecular weights of 62, 72 and 92
kDa corresponding to activated MMP-2, pro-MMP-2 and pro-MMP-9, respectively,
were detected. Quantitative data of pro-MMP-9 and total MMP-2 (pro-MMP-2 and
MMP-2) (°P < 0.05 vs control) in wt (B) and MMP-9-deficient mice (C).

Statistical analysis

Results are presented as mean * SE. The statistical differ-
ence between means was determined using one way analy-
sis of variance for overall comparison and the Student-
Newman-Keuls test as post-test for single comparisons.
The mortality data were analyzed by Kaplan-Meier survival
curves.

RESULTS

DSS Colitis

Exposure to 5% DSS in drinking water for 5 d induced
diarrhea and rectal bleeding in all mice. Furthermore, DSS
treatment resulted in a significant increase in MPO activity
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Figure 2 Gelatinase Activity in purified Neutrophils. A: Representative zymogram
in wild-type (wt) and MMP-9-deficient (KO) animals on d 5 (DSS 5) and 12 (DSS
12) after induction of colitis (n = 15 in each group). Supernatant of HT1080
cells, human recombinants MMP-9 (rMMP9) and MMP-2 (rMMP2) were used as
positive controls. HBSS was used as negative control. Pro-MMP-9 was detected in
neutrophils from colitic wt animals; B: Quantitative data (°P < 0.05 vs controls).

in the colonic tissues of both MMP-9 deficient mice (colitic:
2.5+ 0.82 ps control: 0.3 £ 0.05 mU/mg protein, P < 0.05)
and wt (colidc: 1.95 + 0.67 »s control: 0.25 = 0.06 mU/mg
protein, P < 0.05). Histological examination of colonic
sections revealed that administration of DSS resulted in
epithelium injury and loss of normal crypt architecture,
with some areas of erosion. Mixed infiltrate of neutrophils
and mononuclear cells was observed in the lamina propria
and submucosa. The muscularis propria was not involved.
These changes were diffuse but predominated at distal
parts of the colon. Histological examination revealed no
changes in colons from normal control mice.

Gelatinase activity in DSS colitis

Zymographies revealed that MMP-2 but not pro-MMP-9,
was a dominant gelatinase in colonic homogenates from
non-colitic animals in both wt and deficient animals (Figure
1A). However, DSS treatment resulted in a significant up-
regulation of pro-MMP-9, but not MMP-2 activity in col-
itic wt animals in comparison to deficient animals on d 5
after the induction of colitis (Figure 1A and B). On d 12,
pro-MMP-9 activity was still up-regulated in wt animals,
although to a less extent than in d 5. In addition, there was
an up-regulation of MMP-2 in both groups (Figure 1A and
B). In peripheral neutrophils isolated from wt animals pro-
MMP-9 activity was also markedly enhanced on d 5 and, to
a lesser extent, on d 12 following the induction of colitis,
but not from MMP-9 deficient mice (Figure 2A and B). By
contrast, no MMP-2 activity was shown in neutrophils iso-
lated from any animal group in the presence or absence of
DSS treatment.

www.wjgnet.com
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Figure 3 Pro-MMP-9 immunoreactivity in colonic homogenates. A: Representative
immunoblot in wild-type (wt) and MMP-9-deficient (KO) (n = 9 in each group)
animals on d 5 (DSS 5) and 12 (DSS 12) after colitis induction. Supernatant of
HT1080 cells and human recombinants MMP-9 (rMMP9) were used as positive
controls. A band of 92 kDa corresponding to pro-MMP-9 was detected in colitic
samples. B: Quantitative analysis (°P < 0.05 vs control).

DSS Colitis Enhanced MMP-9 Immunoreactivity

As shown by the immunoreactive band migrating at 92
kDa, a significant up-regulation of pro-MMP-9 was ob-
served in wt, but not in controls or MMP-9 deficient mice,
on d 5 and 12 following the induction of colitis (Figure 3).

TIMP-1 Activity in DSS Colitis

Colitis resulted in a significant up-regulation of TIMP-1
in wt animals receiving DSS compared to controls on d 5
and this increase remained elevated on d 12 after induction
of colitis (Figure 4A and B). In wt mice the pro-MMP-9/
TIMP-1 ratio was significantly higher (P < 0.05) than in
control mice on d 5 and 12 after the induction of colitis.
In addition, the pro-MMP-9/TIMP-1 ratio was not altered
by colitis in MMP-9-deficient mice (Figure 4C).

TNF-o. Content in DSS Colitis

Figure 5 shows that wt and MMP-9-deficient animals ex-
posed to DSS for during 5 d showed a significant increase
in TNF-q, concentration as compared with non-colitic ani-
mals. In addition, the TNF-q level remained elevated in wt
animals on d 12 after colitis induction, whereas returned to
base line levels in MMP-9 deficient animals.

Effect of TNF-o. Treatment

Since in DSS-induced colitis the predominant lesions are
circumscribed to the mucosa, we measured the MMP ac-
tivity in intestinal epithelial (Caco-2) cells in response to
TNF-o. Zymographies showed that, under basal condi-
tions, MMP-2 was the predominant gelatinase in Caco-2
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Figure 4 TIMP-1 activity in DSS-induced colitis: A: Representative reverse
zymograms in homogenates of colonic tissue in wild-type (wt) and MMP-9-
deficient (KO) animals on d 5 (DSS 5) and 12 (DSS 12) after induction of colitis;
B: Quantitative data of TIMP-1 activity (°P < 0.05 vs control) (n = 5 in each group);
C: wt mice had a pro-MMP-9/TIMP-1 ratio significantly (°P < 0.05) higher than
controls on d 5 (DSS 5) and 12 (DSS 12) following the induction of colitis. The pro-
MMPI/TIMP-1 ratio was not modified by DSS-induced colitis in KO mice.

cells. Interestingly, TNF-q treatment resulted in a dose-
dependent significant increase of pro-MMP-9 activity
whereas MMP-2 activity remained unchanged (Figure 6A
and C). In addition, Western blot analysis corroborated
that TNF-q, treatment significantly increased pro-MMP-9
immunoreactivity in intestinal epithelial cells (Figure 6B
and D).

Impact of MMP-9-silencing on DSS-colitis outcome

Both wt and MMP-9-deficient mice developed diarrhea
and rectal bleeding with DSS. Percent loss of body weight
is shown in Figure 7A. Neither deficient nor wt mice
showed major loss of body weight during DSS treatment.
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Figure 5 TNF-a content in colonic tissue. Concentration of TNF-a protein in
homogenates of colonic tissue from wild-type (wt) (n = 5) and deficient (KO) (n
= 5) animals on d 5 (DSS 5) and 12 (DSS 12) after colitis induction (°P < 0.05 vs
control).

However, during the recovery phase, wt mice showed
significant weight loss. In addition, the mortality was sig-
nificantly higher in wt than in MMP-9 KO mice (Figure
7B). The mean of severity of crypt damage, inflamma-
tion, epithelial regeneration and crypt distortion scores are
summarized in Table 2. MMP-9 deficient mice showed a
significant decrease in the crypt damage scores when com-
pared with wt mice on d 5 and 12 after colitis induction.
Moreover, deficient mice showed significantly lower scores
of acute and chronic inflammation on d 12. Epithelial
regeneration and crypt distortion scores were almost ab-
sent on d 5, and no differences were found between both
groups at any time.

DISCUSSION

The etiology and the cascade of the events resulting
in intestinal injury of UC patients still remain unclear.
There is growing evidence that MMPs are implicated in
tissue remodeling and destruction associated with several
¥ including TBD"". Moreover,
increased gelatinase activity has been shown in diverse

inflammatory conditions

animal experimental models of colitis"™*! Our study
revealed that MMP-9-deficient animals showed improved
survival and indices of epithelial injury, suggesting that
MMP-9 is a key factor in tissue damage in DSS-induced
colitis.

The destructive effect of MMPs in the gut has been
shown by several 7z vitro studies” >, In addition, previous
reports have found increased levels of MMP-9 in colonic
tissues of patients with IBD. For instance, Bailey ez al™
have shown an increased MMP-9 protein in patients with
IBD by immunohistochemical techniques. Furthermore,
Baugh ¢7 a/ have found that MMP-9 activity measured
by zymography was the most abundant MMP expressed
in intestinal tissues of patients with UC compared
with normal controls”. Moreover, Tartlon e a/*" have
also shown increased gelatinase activity in a transmural
experimental model of colitis induced in immunodeficient
mice. Finally, we have previously found that MMP-9 is up-
regulated in intestinal tissues from rats with DSS-induced
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Figure 6 Activity of gelatinases in Caco-2 cells in absence (control) or presence
of TNF-a (1 pg/L or 10 pg/L). A: Representative zymogram of gelatinases with
molecular weights of 72 and 92 kDa corresponding to pro-MMP-2 and pro-MMP-9,
respectively, were detected. Supernatants of HT1080 cells were used as controls.
B: Representative immunoblot of pro-MMP-9 (92 kDa) protein in Caco-2 cells as
above. C: Quantitative zymographic analysis (°P < 0.05 vs control). D: Quantitative
western-blot analysis (*P < 0.05 vs control) (n = 3 in each group).

colitis"”. Our present study shows that DSS treatment
induced an increased activity and expression of pro-
MMP-9 in wt mice compared to the MMP-9 deficient
group. It could be surprising that DSS did not induce
the active form of MMP-9, however, the low availability
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Figure 7 A: Percentage of body weight change during DSS-induced calitis in wild-
type (WT) and deficient (KO) animals (n = 30 in each group). Values are mean
+ SE of percentage body weight change in each animal relative to weight at the
start of DSS treatment. WT animals showed more weight loss than deficient mice
(*P < 0.05). B: Survival curve of both colitic groups. The mortality was significantly
higher in wt animals compared to deficient mice (*P = 0.015).

of this enzyme may be due to the removal of the active
form of MMP-9 during the washing of specimens, as it
has been previously suggested[zzl. Our data also show that
colitis induced by DSS was enhanced in wt animals. In fact,
histological evidence of less mucosal damage was observed
in MMP-9 deficient animals on d 5 and 12 after induction
of colitis. In addition, the higher weight loss and mortality
of wt mice compared with deficient animals supports this
hypothesis. In our experiments the indices of DSS-induced
colitic injury correlated well with pro-MMP-9, but not
with MMP-2 up-regulation. By contrast, whereas MMP-2
activity was elevated during the recovery phase of colitis,
the activity and expression of pro-MMP-9 decreased on d
12 after colitis induction. These data suggest that MMP-9
is mainly implicated in mucosal injury at the early stage
of colitis, whereas MMP-2 seems to be linked to mucosal
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D5 D12
WT KO WT KO
Crypt lesion 40.0+4.0 21.0+50"° 180+24 95+24°
Acute inflammation 1.0£02 0901 1.8+£0.2 0.5+0.15"
Chronic inflammation 0.5+0.1 0.6+0.1 15+010 04+01°
Epithelial regeneration 0.2+0.05 0.1+0.02 12%015 0.95+0.2
Crypt distortion 0 0 06+0.10 05£0.2
P <0.05vs WT.

repait, although MMP-2 deficient animals should be tested
to confirm this hypothesis. Therefore, further investigation
is warranted.

In many inflammatory conditions, the excess degra-
dation of ECM may result from an imbalance between
MMP and TIMP activitym. Since TIMP-1 seems to be
the major inhibitor of gelatinase activity[3J we studied the
activity of this inhibitor in DSS-induced colitis. We found
that TIMP-1 was increased in colitic wt animals on d 5
after induction of colitis in comparison with non-colitic
mice. However, our results showed an imbalance between
pro-MMP-9 and TIMP-1 activity in colitic wt animals in
favour of MMP-9, suggesting that the increase of TIMP-1
was insufficient in preventing pro-MMP-9 from exerting
its biologic effects in DSS-induced colitis. Interestingly, in
MMP-9 deficient animals DSS treatment did not increase
TIMP-1 activity, which could suggest an adapted regulatory
response of this endogenous inhibitor to the levels of pro-
MMP-9. Our results are consistent with previous studies in
human IBD whete an imbalance between MMPs and their
endogenous inhibitors has been shown!' ™",

We next studied the cellular origin of MMP-9 in DSS-
induced colitis. MMP-9 released from neutrophils could be
an important factor for transmigration and proteolysis of
ECM in several inflammatory conditions contributing to
tissue injury“g’}zl. We found that pro-MMP-9 is expressed
by neutrophils only in colitic wt animals. However, DSS
treatment did not induce any significant difference in MPO
activity and inflammation score (markers of neutrophilic
infiltration) between wt and MMP-9 deficient animals on
d 5. This is consistent with the fact that inflammation is
thought to be a secondary event that follows epithelial
damage in this experimental model of colitis™. There-
fore, it seems reasonable that other cells may also generate
MMP-9 contributing to crypt damage during the initial
phase of DSS-induced colitis. Intestinal epithelium plays
an important role in the immunomodulatory response of
the intestinal mucosa” . Indeed, the loss of intestinal ep-
ithelium integrity could lead to an interaction between the
luminal antigenic stimuli with the mucosal immune system,
resulting in intestinal inflammation””". We used a human
intestinal epithelial cell line to confirm whether MMP-9
and MMP-2 are up-regulated by inflammatory stimuli, as
previously described™. Consistent with the colonic tissue
samples, we found that TNF-q treatment only resulted in
up-regulation of pro-MMP-9 activity in intestinal epithe-
lial cells. These data therefore suggest that MMP-9 could
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be released from inflamed intestinal epithelial cells with
the subsequent loss of mucosal integrity, thus facilitating
the penetration of inflammatory cells such as PMN into
inflamed tissue in the late inflammatory phase of DSS-
induced colitis. Our results are consistent with a recent
study where epithelial MMP-9 has been shown as an im-
portant factor for tissue damage using the Caco-2 intes-
tinal cell line, since MMP-9 inhibited cell attachment and
wound healing in an i vitro model™. In addition, epithelial
protection in MMP-9-deficient mice during the eatly phase
of colitis could also account for a mitigated inflammatory
response in the late phase of this experimental model.
In fact, only on d 12 after DSS administration MMP-9-
deficient animals showed lower inflammation scotes than
wt animals. These results are consistent with our previous
study, where MMP inhibition with CGS-27023-A treat-
ment in rats with DSS-induced colitis significantly reduced
the inflammation scores only during the recovery phase of
the colitis" .

In conclusion, this study presents direct evidence
that DSS-induced colitis is attenuated in mice deficient
in MMP-9. The reduction in inflammatory indices and
pathological scoring suggests a link between MMP-9
and DSS-induced colitis that might help elucidate the
physiopathology of UC. These results suggest that
selective inhibition of this gelatinase could be a novel
therapeutic strategy for patients with UC.
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