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Abstract

AIM: To evaluate the protective role of AE-941, a ma-
trix metalloproteinase (MMP) inhibitor, on ulcerative
colitis (UC) in rats.

METHODS: Sprague Dawley (SD) rats were randomly
divided into three groups: a control group, an AE-941
treatment group, and an UC model group. Rats were
sacrificed on days 7, 21, or 56 following administration
of treatment by enema and the disease activity index
(DAI), colonic mucosa damage index (CMDI) and co-
lonic expression of MMP-2 and MMP-9 were assessed.

RESULTS: DAI and CDMI scores in the UC model
group increased significantly compared to the control
group at all timepoints (P < 0.001), and also increased
significantly at the 21- and 56-d timepoints compared
to the AE-941-treated group (DAI: 21- and 56-d = 2.09
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+ 0.25, 1.52 + 0.30 vs 1.55 + 0.28, 0.59 + 0.19, re-
spectively, Z = 0.040 and 0.007, CMDI: 21- and 56-d
= 3.03 + 0.42, 1.60 + 0.35 vs 2.08 + 0.46, 0.86 =
0.37, respectively, £ = 0.040 and 0.005). Furthermore,
the colonic expression of MMP-2 and MMP-9 in the UC
model group increased significantly compared to the
control group (P < 0.001), and also increased com-
pared to the AE-941-treated group on the 21- and 56-d
timepoints (MMP-2: 21- and 56-d = 0.6048 + 0.0522,
0.4163 % 0.0330 vs 0.3983 + 0.0218, 0.1093 + 0.0072,
respectively, 7 = 0.010; MMP-9: 21- and 56-d = 0.6873
+ 0.0472, 0.4328 + 0.0257 vs 0.5179 + 0.0305, 0.2673
%+ 0.0210, respectively, # = 0.010 and 0.040).

CONCLUSION: Expression of MMP-2 and MMP-9 in-
creased significantly in rats with UC. AE-941 can reduce
colonic mucosal damage by downregulating the expres-
sion of MMP-2 and MMP-9.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Ulcerative colitis (UC) is a type of nonspecific inflam-
matory bowel disease for which the etiology and disease
mechanism are not completely clear. It has recently
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become apparent that the synthetic and degradative im-
balance of the colonic extracellular matrix (ECM) may
be associated with the progression of UC". The aber-
rant expression of matrix metalloproteinases (MMPs)
and tissue inhibitors of metalloproteinases (TIMPs)
can cause a synthetic and degradative imbalance of the
ECM, which then leads to a series of pathological reac-
tions such as colonic mucosa inflammation, erosion, and
ulceration™, TIMPs can inhibit the activity of MMPs,
which are able to correct MMP-TIMP imbalances. Our
previous research indicated that MMPs may be involved
in the occurrence and development of UC.

Expression of MMP-2 and MMP-9 can be blocked
by AE-941, a natural inhibitor of MMPs, which is a
new and effective treatment of malignant tumors’. In
this study, we used a rat model of UC and administered
AE-941 by gastric lavage. We then observed the thera-
peutic effect of AE-941. We will discuss the mechanism
of AE-941 alleviation of UC to provide a theoretical
basis for a novel treatment for UC.

MATERIALS AND METHODS

Materials

Healthy male Sprague Dawley (SD) rats weighing 180-220
¢ and aged 4-8 wk were supplied by the SPF laboratory
animal center of Dalian Medical University. 2,4,6-trini-
trobenzenesulfonic acid solution (TNBS) was purchased
from Sigma. AE-941, MMP-2 and MMP-9 polyclonal
antibodies were supplied by Bioworld Technology. The
MaxPoly Plus Anti-Mouse/Rabbit horseradish peroxidase
IHC Kit was supplied by the Fujian Maixin Biological
Technology Co. Primers, DNA markers (DL 2000), Ta-
kara RNA polymerase chain reaction (PCR) kit3.0 (AMV)
kit were from Dalian, Takara Co. Ltd.

Animal treatment

A total of 54 SD rats were randomly divided into three
groups: a control group, an AE-941 group, and an UC
model group; each group had 18 rats. The SD rat model
of UC was established by administering a mixture of
TNBS (100 mg/kg) and 50% ethanol (0.25 mL) by ene-
ma. The control group was subject to enema and gastric
lavage with normal saline. For the AE-941 group, TNBS
was administered by enema and AE-941 was adminis-
tered by gastric lavage (10 mg/kg once a day). The UC
model group was subjected to TNBS enema and the gas-
tric lavage was composed of a saline control. Rats from
all groups were sacrificed on days 7, 21 and 56. Six rats
per group were sacrificed each day, after the enema and
colonic tissue 2.0-10.0 cm from the anus was collected
for reverse transcription polymerase chain reaction (RT-
PCR) and immunohistochemical analysis.

Disease activity index and colonic mucosa damage
index scoring
The rats were weighed and checked for behavior, stool
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mRNA mRNA PCR
species product
(bp)
MMP-2  Sense 5-ACCATCGCCCATCATCAAGT-3 348
Antisense 5-CGAGCAAAAGCATCATCCAC-3’
MMP-9  Sense 5-CCCTGCGTATTTCCATTCAT-3" 600

Antisense 5-ACCCCACTTCTTGTCAGCGTC-3
B-actin  Sense  5-AAGCCTAAGGCCAACCGTGAAA 241
AG-3
Antisense 5'-TCAATGAGGTAGTCTGTCAGGT-3’

MMP: Metalloproteinase; PCR: Polymerase chain reaction.

consistency and the presence of gross blood in the
stools every day. The scores were assigned as follows:
percentage of body weight reduction (0, no change; 1,
1%-5%; 2, 6%-10%; 3, 11%-15%; 4, > 15%); stool con-
sistency (0, normal; 2, loose; 4, diarrhea); and the pres-
ence of fecal blood (0, normal; 2, positive occult blood
test; 4, visible bleeding)[(']. The disease activity index
(DAI) was calculated as the sum of these scores.

Rats were sacrificed at the timepoints indicated and
the entire colon was excised from the cecum to the
anus and opened longitudinally. Macroscopic damage
was evaluated using a validated [colonic mucosa dam-
age index (CMDI)]| scoring system with slight modifica-
tions'”". The numerical rating score was as follows: 0, no
inflammation; 1, local hyperemia without ulcers, and/or
stool consistency; 2, ulceration without hyperemia; 3,
ulceration and adhesions at one site; 4, two or more sites
of inflammation and ulceration extending > 1 cm; 5, ul-
ceration extending more than 2 cm.

MMP-2 and MMP-9 mRNA expression

mRNA was extracted from colonic tissue samples using
Trizol according to the manufacturer’s protocols (Invi-
trogen) and RT-PCR was performed according to the
instructions of the Takara RNA PCR kit 3.0 (AMV). An
equal amount of ¢cDNA from each sample was ampli-
fied using primers specific to each gene (Table 1). DNA
amplification was done using a thermocycler under the
following conditions: for MMP-2, 35 cycles of denatur-
ation at 94 C for 30 s, annealing at 58 C for 45 s, and
extension at 72 C for 90 s; for MMP-9, 35 cycles of
denaturation at 94 °C for 30 s, annealing at 59 “C for 30s,
and extension at 72 C for 90 s; for B-actin, 35 cycles of
denaturation at 94 C for 30s, annealing at 62 C for 30s,
and extension at 72 'C for 90s. RT-PCR products were
measured by photodensitometry using a gel image analy-
sis system after agarose gel electrophoresis and ethidium
bromide staining,

Measurement of MMP-2 and MMP-9 protein expression

Immunohistochemistry was performed according to the
Max Vision kit protocol. Image analysis software (Im-
age-pro plus 6.0) was used to measure the light density
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Time Control group Model group AE-941 group

DAI CMDI DAI CMDI DAI CMDI
7th day 0.06 £0.14 0.00 £ 0.00 2.89 +0.00" 4.83 +£0.55" 2.76 £0.32 4.74 £ 0.39
21st day 0.00 £ 0.00 0.00 £ 0.00 2.09 +0.25" 3.03 +£0.42° 1.55+0.28° 2.08 £ 0.46°
56th day 0.00 £ 0.00 0.00 £ 0.00 1.52+0.30" 1.60 + 0.35" 0.59 +0.19° 0.86 £ 0.37°

*P < 0.05 vs control group; ‘P < 0.05 vs model group. DAI: Disease activity index; CMDI: Colonic mucosa damage index.

Time Control group Model group AE-941 group

MMP-2 MMP-9 MMP-2 MMP-9 MMP-2 MMP-9
7th day 0.0062 + 0.0017 0.0068 + 0.0096 0.8563 + 0.1132° 0.9936 + 0.1187° 0.7509 + 0.0693 0.8375 + 0.1054
21st day 0.0056 + 0.0012 0.0071 £ 0.0134 0.6048 + 0.0522*¢ 0.6873 +0.0472"* 0.3983 + 0.0218° 0.5179 + 0.0305°
56th day 0.0058 + 0.0015 0.0069 + 0.0011 0.4163 +0.0330™¢ 0.4328 + 0.0257"% 0.1093 + 0.0072° 0.2673 +0.0210°

*P < 0.05 vs control group; ‘P < 0.05 vs model group; °P < 0.05 vs day 7 timepoint; ®P < 0.05 vs day 21 timepoint. MMP: Matrix metalloproteinase.

M C AE uc M C AE

MMP-2

MMP-9

600 bp

B-actin

241 b vl
P On day 7

On day 21

uc M C AE uc

On day 56

Figure 1 The colonic mucosal mRNA expression of matrix metalloproteinase-2 and matrix metalloproteinase-9 in control, AE-941 and ulcerative colitis
model groups at different timepoints. Expression of matrix metalloproteinases (MMP)-2 and MMP-9 in the colonic mucosa was significantly higher in the ulcerative
colitis model group compared to the control group (P < 0.05). On days 21 and 56, the two index values in the AE-941 treatment group were significantly less than that
of the model group (P < 0.05). M: Marker; C: Control group; AE: AE-941 group; UC: UC model group.

of positive control cells in which the cytoplasm was tan-
yellow or brown after 3,3’-diaminobenzidine staining,
For each section, the positive integrated optical density
(IOD) and total area of five representative visual fields
without overlap were observed under high-power mi-
croscope (X 400). The ratio of 10D and total area rep-
resents the mean value of optical density, with a higher
ratio indicating a higher level of protein expression.

Statistical analysis

All data were analyzed using the SPSS statistical package
version 11.5. Data showed a normal distribution and are
expressed as means = SD. The responses of different
experimental groups were analyzed using one-way analy-
sis of wvariance. A P-value of < 0.05 indicates a statisti-

(49

Boiohidengs  WIG | www.wjgnet.com

cally significant difference between different groups.

RESULTS

Results of disease activity index and colonic mucosa
damage index

The DAI and CMDI of the UC model group was sig-
nificantly higher than that of the control group (P < 0.05)
at all timepoints. Compared with the UC model group,
the DAI and CMDI values of the AE-941 treatment
group were reduced on day 7, although not significantly
(P > 0.05). On days 21 and 56 after treatment, the DAI
and CMDI scotes of the AE-941 treatment group were
significantly lower than that of the UC model group (P
< 0.05; Table 2).
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A Control group AE-941 group Model group

Figure 2 Colonic mucosal matrix metalloproteinase-2 and -9 protein expression in control, AE-941, and ulcerative colitis model groups at different time-
points. The expression of matrix metalloproteinases (MMP)-2 (A) and MMP-9 (B) protein in the colonic mucosa of the ulcerative colitis model group was significantly
higher than in the control group (P < 0.05). By days 21 and 56 expression of MMP-2 and MMP-9 in the AE-941 treatment group was significantly less than in the
model group (P < 0.05).
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Time Control group Model group AE-941 group

MMP-2 MMP-9 MMP-2 MMP-9 MMP-2 MMP-9
7th day 0.0053 + 0.0037 0.0073 + 0.0015 0.0986 + 0.0084" 0.0916 + 0.0077° 0.0923 + 0.0071 0.0893 + 0.0075
21st day 0.0047 + 0.0027 0.0067 + 0.0011 0.0773 +0.0052° 0.0748 + 0.0067° 0.0536 + 0.0034° 0.0554 + 0.0061°
56th day 0.0057 + 0.0026 0.0070 + 0.0013 0.0453 + 0.0036" 0.0537 + 0.0035" 0.0324 + 0.0025° 0.0364 + 0.0025°

*P < 0.05 vs control group; ‘P < 0.05 vs model group. MMP: Matrix metalloproteinase.

Results of reverse transcription polymerase chain
reaction

Expression of MMP-2 and MMP-9 mRNA in the co-
lonic mucosa was significantly higher in the UC model
group compared to the control group (P < 0.05). How-
ever, compared to the UC model group, MMP-2 and
MMP-9 mRNA expression in the AE-941 treatment
group was reduced by day 7, although not significantly (P
> 0.05). On days 21 and 50, the two index values in the
AE-941 treatment group were significantly lower than
that of the model group (P < 0.05, Table 3, Figure 1).

Results of immunohistochemistry

The expression of MMP-2 and MMP-9 protein in
the colonic mucosa of the UC model group was sig-
nificantly higher than in the control group (P < 0.05).
Compared with the model group, expression of MMP-2
and MMP-9 protein in the AE-941 treatment group was
reduced, although not significantly, by day 7 (P > 0.05).
In contrast, by days 21 and 56 expression of MMP-2
and MMP-9 in the AE-941 treatment group was signifi-
cantly lower than in the model group (P < 0.05) (Figure 2,
Table 4).

DISCUSSION

Our previous research indicated that MMPs may be in-
volved in the occurrence and development of UC™,
MMPs are a family of calcium- or zinc-dependent pro-
teolytic enzymes that can remodel the ECM"”. At least 28
different MMP enzymes have been identified to date!".
MMP-2 and MMP-9 are the main matrix metalloprotein-
ases that function to degrade collagen subtypes, including
type IV and V, in the matrix"”. The study of von Lampe
demonstrated that MMP-2 was highly expressed in the
mucosa of patients with UC™. Piril ez ol identified
MMP-2 overexpression in the colonic mucous membrane
surrounding areas of inflammation in patients with UC.
Medina also found that the expression and activity of
MMP-9 was upregulated in colonic mucosa in the UC
rat model"”. These results suggest that overexpression
of MMP-2 and MMP-9 is related to mucosal membrane
injury, inflammation of the epithelium and tissue destruc-
tion. We therefore tested MMP-2 and MMP-9 expression
levels in colonic mucosa using RT-PCR and immuno-
histochemistry. Our results showed that expression of
two indices, DAI and CMDI were significantly higher in
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UC model animals than in the control group, and that
decreased MMP-2 and MMP-9 expression is associated
with an improvement in both DAI and CMDI. These
data suggest that overexpression of MMP-2 and MMP-9
is related to mucosal injury and is particularly important
for inflammation.

TIMPs are endogenous secretory proteins that can
regulate the activity of MMPs". A disequilibrium of
MMPs and TIMPs can lead to a synthetic and degrada-
tive imbalance of the ECM, which induces a series of
pathological reactions . Our previous research showed
that hyperdegradation combined with insufficient syn-
thesis of colonic ECM resulted in mucosal injury, ne-
crosis and ulceration that were attributed to unbalanced
colonic mucosal expression of MMPs and TIMPs in
patients with uc"™",

AE-941, also known as Neovastat, is a natural MMP
inhibitor detived from shatk cartilage, and is a potent in-
hibitor of MMP-2 and MMP-9 that can dissolve gelatin
and elastic protein[zo’m. Béliveau and Falardeau e# a/”>>
have shown that the activity of MMP-2, MMP-9 and
MMP-12 is strongly inhibited by AE-941. Neovastat is
a naturally occurring anti-angiogenic compound with
multiple mechanisms of action that provide a broad
therapeutic potential for a number of diseases™. This
drug is currently in international Phase I trials for mul-
tiple myeloma, renal cell carcinoma, and non-small-cell
lung cancer™? and its inhibitory function may repre-
sent an innovative approach to the treatment of these
diseases. The potent inhibition of MMP-2 and MMP-9
by AE-941 was used in our study of TNBS-induced UC
in rats. Compared to the UC model group, the DAI and
CMDI in the colon of AE-941-treated rats were sig-
nificantly decreased at the 21- and 56-d timepoints. We
found that expression of MMP-2 and MMP-9 mRNA
and protein in the colonic mucosa of AE-941-treated
rats was significantly lower than in the UC model group.
Our results indicated that AE-941 is a potent MMP-2
and MMP-9 inhibitor that can relieve the intensity of
chronic inflammation by decreasing the activity and
expression of MMP-2 and MMP-9. We found no sig-
nificant difference in the DAI, the CMDI, and colonic
mucosal expression of MMP-2 and MMP-9 between the
UC model animals and the AE-941 treatment group by
day 7. A possible reason for this is that rats suffering the
worst reaction to the TNBS enema at the day 7 evalu-
ation were included in the UC model group. However,
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AE-941 did not achieve a response at the shorter (7-d)
treatment time.

By comparing the colonic mucosa expression of
MMP-2 and MMP-9 in UC model animals at different
timepoints, we found that MMP-2 and MMP-9 expres-
sion decreased as the DAI and CMDI improved. Using
Spearman analysis, we identified a positive correlation
between the expression of both MMP-2 and MMP-9
and the severity of UC.

In conclusion, our study confirmed that colonic mu-
cosa in UC expressed MMP-2 and MMP-9 excessively
and this overexpression correlated with the severity of
UC. Treatment with AE-941 decreased the DAI and
CMDI of UC, as well as colonic mucosal expression of
MMP-2 and MMP-9, which indicates that AE-941 can
protect the colon by inhibiting the excessive expression
of MMP-2 and MMP-9 in an UC model. Therefore,
MMP inhibitors may become a new measure to treat
UC.
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