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Matrix metalloproteinases (MMPs) are a family of endopeptidases playing a key role in tissue remodelling in
both physiological and pathological conditions. Since little information is available about their role in celiac
disease (CD), our aims were to quantify their expression/activity and to investigate their relation to
proinflammatory cytokines in this condition. Duodenal biopsies from untreated, treated celiac patients and
controls were used to quantify the expression of MMP-1, MMP-2, MMP-3, MMP-9, MMP-12, MMP-14, their
inhibitor TIMP-1, IFN-c and TNF-a by using real-time reverse transcription-polymerase chain reaction and the
gelatin/casein/elastin activities by gel zymography, and to isolate lamina propria mononuclear cells (LPMCs).
These cells and myofibroblasts isolated from jejunal specimens were incubated in the absence or presence of
IFN-c and TNF-a. MMP-1 and MMP-12 mRNA levels were significantly increased in active CD compared to treated
(Po0.01 and Po0.0005, respectively) and normal mucosa (Po0.01 and Po0.0005, respectively), and this was
paralleled by an upregulation of caseinolytic and elastolytic activities. Furthermore, MMP-12 levels significantly
(Po0.05) correlated with those of IFN-c and the degree of villous flattening. MMP-2 turned out to be significantly
(Po0.05) reduced in untreated and treated celiacs compared to controls. In active CD, transcripts of TIMP-1
were higher than in treated and controls (Po0.005 and Po0.05, respectively), such as those of IFN-c (Po0.05),
whereas TNF-a levels were suppressed (P¼ 0.0001). In physiological condition, myofibroblasts represent the
main source of MMP-2, whereas LPMCs produce almost all MMPs only after cytokine stimulation. Conversely,
cells isolated from active patients constitutively express MMPs without any increase after cytokine stimulation,
while those from treated patients are in a resting condition. In conclusion, our results show the presence of a
peculiar MMP pattern in active CD strongly dominated by MMP-12, correlating either with IFN-c or the degree of
mucosal damage.
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Celiac disease (CD) is an autoimmune enteropathy
characterized by villous atrophy, crypt hyperplasia
and heavy inflammatory infiltrate of both epithe-
lium and lamina propria, caused by a T-cell
response to an array of epitopes of dietary gliadin1,2

in genetically susceptible individuals3 carrying the
HLA-DQ2 or -DQ8 phenotype. It is supposed that
tissue transglutaminase, the CD autoantigen,4 in-
creasingly released as a consequence of increasing
tissue injury,5 catalyses gliadin deamidation and
focuses T-cell response towards immunodominant

gliadin fragments.6 Elimination of gliadin and
related prolamines from the diet allows restoration
of mucosal integrity. Although there is evidence
that activation of lamina propria T cells determines
intestinal mucosal injury and remodelling,7 the final
effector molecules involved in mucosal damage in
CD are still poorly understood.

Matrix metalloproteinases (MMPs) are a family of
calcium-activated, zinc-containing neutral endopep-
tidases mainly produced by stromal and immune
cells, whose main function is the degradation of
almost all components of the extracellular matrix
(ECM).8,9 Even though a major role for MMPs in
T-cell injury of the gut has already been shown in
experimental models10 and some MMPs have been
found raised in CD,11,12 a quantitative and wide
assessment of MMPs in this pathological condition
has never been performed. Similarly, the effect of
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the upregulation of T helper (Th)-1 cytokines13,14 on
the activation of these enzymes has never been
investigated in celiac mucosa.

This study was therefore carried out to evaluate
the expression and the activity of several among the
most knownMMPs (MMP-1, MMP-2, MMP-3, MMP-
9, MMP-12, MMP-14) and their tissue inhibitor of
metalloproteinase (TIMP)-1 by using real-time re-
verse transcription-polymerase chain reaction (RT-
PCR) assay and gel zymography in CD mucosa in
comparison to normal mucosa, so as to investigate
the putative correlation between MMP pattern and
tissue damage. In addition, we proceeded to study
the role of the two main proinflammatory Th-1
cytokines, interferon (IFN)-g and tumor necrosis
factor (TNF)-a, on their expression. Our findings
support the idea that the hypersecretion of IFN-g is
responsible for the activation of a particular MMP
pattern strongly dominated by MMP-12, which
appears to be a main contributor to the characteristic
mucosal lesions of CD.

Patients and methods

Patients and Biopsies

Multiple endoscopic biopsy specimens were ob-
tained from the second part of the duodenum from
11 untreated CD patients (eight females, mean age:
42.5 years, range: 18–66), 12 treated CD patients
(nine females, mean age: 41.6 years, range: 28–66)
and 10 consenting subjects (eight females, mean age:
42.6 years, range: 22–66) undergoing upper gastro-
intestinal endoscopy for functional dyspepsia.
Subjects using steroidal or nonsteroidal anti-inflam-
matory drugs or presenting an inflamed mucosa at
histology were excluded from the study.

For each patient and control, two well-oriented
biopsies were processed according to standard
methods for conventional histology and two biop-
sies were snap frozen at �801C. Additional biopsies
were also collected in culture medium to obtain a
suspension of lamina propria mononuclear cells
(LPMCs) as described below. All celiac patients
were diagnosed on the basis of commonly accepted
histological and serological criteria, namely the
presence of subtotal villous atrophy with crypt
hyperplasia and mucosal lymphocytic infiltration
of the duodenal biopsy and positivity for anti-
endomysium/anti-tissue transglutaminase antibo-
dies. In all untreated patients, a second biopsy,
taken after a course of gluten-free diet, showed
significant improvement of the lesion.

The study was approved by the local Ethics
Committee and each patient gave informed consent
to the study.

RNA Preparation and RT-PCR

Quantification of relative transcript levels of
MMP-1, MMP-2, MMP-3, MMP-9, MMP-12, MMP-14,

TIMP-1, IFN-g, TNF-a, and the housekeeping gene
b2-microglobulin in the cDNA samples was per-
formed by real-time quantitative RT-PCR using the
TaqMan technology (PE-Biosystems, Foster City, CA,
USA) on a LightCycler instrument (Roche, Man-
nheim, Germany). Supported by the Primer Express
Software (Perkin-Elmer, Wellesley, MA, USA), spe-
cific primer and probe sets (see Table 1) for each
transcript were generated by placing the plus and
minus primer in separate exons and the 50-carboxy-
fluorescein reporter dye and 30-carboxy-tetramethyl-
rhodamine (quencher) labelled probe on an
exon–exon boundary in between. The inability to
amplify genomic DNAwas confirmed for each of the
real-time RT-PCR systems by using genomic DNA as
a template. Primer and probes were synthesized at
MWG Biotech AG (Ebersberg, Germany). Real-time
RT-PCR reactions were performed by using the
LightCycler FastStart DNA Master Hybridization
Probe Kit (Roche Molecular Biochemicals, Man-
nheim, Germany) according to the manufacturer’s
instructions. The final reaction mix included Fas-
tStart Taq DNA-Polymerase, dNTPs, 1� reaction
buffer, 3.0mM MgCl2, 2 mM of each primer, 0.5 mM
TaqMan probe and 1.5 ml cDNA sample in a reaction
volume of 15 ml. Generally RT-PCR samples were
amplified with an initial Taq DNA polymerase
activation step at 951C for 10min, followed by 45
cycles of denaturation at 951C for 0 s, annealing at
601C for 15 s and extension at 721C for 6 s. For IFN-g
the annealing temperature was decreased to 531C
and extension was performed for 25 s at 651C. For
analysis with the Proportional Second Derivative
Maximum Option of the LightCycler Software
(Roche, Version 3.5), a standard curve was generated
by parallel amplification of 1:4–1:32 serial dilutions
of a randomly chosen cDNA sample. To normalize
for variations in RNA amounts and reverse tran-
scription efficacies, transcript levels of the house-
keeping gene b2-microglobulin were determined.
Relative transcript levels of cytokines or ECM
proteins are expressed as the ratio between the gene
of interest and b2-microglobulin mRNA levels of the
sample.

Substrate Gel Electrophoresis (Zymography)

One snap-frozen biopsy from each patient and
control was thawed, homogenized in extraction
buffer (50mM Tris-HCl at pH 7.4, 10mM CaCl2,
0.05% Brij 35, 0.25% Triton X-100, 10mg/ml trypsin,
10mg/ml leupeptin, 1mM phenylmethanesulphonyl
fluoride, 5 mg/ml aprotinin and 10 mg/ml pepstatin
A) and sonicated. After centrifugation, the protein
concentration was determined from the superna-
tants (Pierce BCA, Rockford, IL, USA), which were
stored at �801C until required. Sodium dodecyl
sulphate polyacrylamide gel electrophoresis zymo-
grams containing 0.1% gelatin (Sigma Chemical Co.,
St Louis, MO, USA), 0.1% casein (Sigma Chemical

MMPs in celiac disease
R Ciccocioppo et al

398

Laboratory Investigation (2005) 85, 397–407



Co.) or 0.1% elastin (Sigma Chemical Co.) were
performed as previously described15 using 7-20-20mg
of sample proteins to reveal the gelanolytic–
caseinolytic–elastolytic activities, respectively.
Following electrophoresis, gels were rinsed in
50mM Tris-HCl (pH 7.4) containing 2% Triton
X-100 followed by 50mM Tris-HCl (pH 7.4) and
incubated overnight for gelatin gels, or 72 h for
casein and elastin gels, in a buffer containing
50mM Tris-HCl (pH 7.4), 0.2M NaCl, 5mM CaCl2,
1% Triton X-100 at 371C. Enzyme expression was
revealed by staining with 0.1% Coomassie blue in a
mixture of acetic acid:methanol:water (1:3:6), and
destaining in the same mixture without dye. All
experiments were carried out in duplicate with or
without 1.5mM 1,10-phenantroline (Sigma), a zinc-
chelator that inhibits all MMP activities. Relative
molecular weights (Mw) of bands were analysed
in comparison to the Mw of a standard (Novex Inc.,
San Diego, CA, USA) and the following stan-
dards were used as positive controls of MMPs:
MMP-1 (Calbiochem, Biosciences Inc., La Jolla, CA,
USA #444208—Mw, 55 kDa), MMP-2 (Calbiochem;
#444213—Mw, 72 kDa), MMP-3 (Oncogene, Boston,
MA, USA; #PF063—Mw, 57 kDa), MMP-9 (Calbio-
chem; #444231—Mw, 92 kDa) and for MMP-12 (Mw,
52 kDa) the supernatant of human macrophages
cultured in the presence of granulocyte macrophage
colony-stimulating factor (PeproTech EC Ltd, Lon-
don, UK). Bands were quantified by scanning
densitometry, using an LKB Ultrascan XL Laser
Densitometer (Kodak Ltd., Hemel Hempstead, UK),
as measurement of both intensity and area of each
band or of the product of intensities and areas of
pro- and active forms when present, as previously
described by Baugh et al.16

Cell Isolation Procedures and Functional Experiments

When available, up to five biopsies from patients
and controls were collected in sterile medium (PBS
calcium- and magnesium-free, supplemented with
100U/ml of penicillin and 100 mg/ml of strepto-
mycin). The epithelial layer was removed by using
1-mmol/l ethylene diamine tetra-acetic acid and
1-mmol/l dithiothreitol (both from Sigma). After
continuous agitation for 1h at 371C, the supernatant
containing epithelial cells was eliminated and the
remaining tissue washed twice with RPMI-1640
medium and treated with 128U/ml type 1A col-
lagenase (Sigma) for 2h with continuous agitation at
371C. The crude cell suspension was then allowed to
stand for 5min to permit sedimentation of debris.
The supernatant containing the LPMCs was washed
twice in RPMI-1640 medium and the viability of the
single cell suspension was determined by trypan
blue exclusion. Cells were not used if viability did
not exceed 90%. Phenotypical characterization of
LPMCs was performed by FACScan flow cytometer
(Becton Dickinson, UK) by using the followingT
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reagents and antibodies: TriTEST CD3 FITC/CD8
PE/CD45 PerCP, TriTEST CD3 FITC/CD4 PE/CD45
PerCP, TriTEST CD3 FITC/CD19 PE/CD45 PerCP,
TriTEST CD3 FITC/CD16 þ CD56 PE/CD45 PerCP,
anti-CD14 monoclonal antibody and anti-CD66
monoclonal antibody (all from Becton Dickinson
Biosciences San Jose, CA, USA).

Primary cultures of myofibroblasts were obtained
by following the method of Jobson et al.17 Briefly,
samples of human adult normal jejunal mucosa
harvested from three patients undergoing gastrec-
tomy for carcinoma were separated from the under-
lying muscularis mucosae by microdissection. Mu-
cosal strips were subsequently denuded of epithelial
cells by treatment with 1-mmol/l ethylene diamine
tetra-acetic acid and 1-mmol/l dithiothreitol (both
from Sigma), and put on Dulbecco’s-modified eagle
whole growth medium containing 15% fetal calf
serum, glutamine (2mM), penicillin G (100U/ml),
streptomycin (100 mg/ml) and amphotericin-B
(0.25 mg/ml). At the beginning, LPMCs migrated via
basement membrane pores and were removed by
frequent changes of the medium; colonies of
myofibroblasts then appeared after at least 2 weeks.
At this stage, the strips were removed, and the
colonies grew to form a confluent monolayer over
the following 1–3 weeks. Characterization of myofi-
broblasts was carried out by immunocytochemistry
using a mouse antiactin smooth muscle monoclonal
antibody (Chemicon International, Inc., Temecula,
CA, USA; at 1:1000 dilution).

Both LPMCs and myofibroblasts were incubated
at 371C for 48h in the presence or in the absence of
IFN-g (R&D System, Minneapolis, MN, USA) at a
concentration of 1000U/ml, or TNF-a (R&D System)
at 50 ng/ml. At the end of the incubation, LPMC
suspensions were pipetted up and down to allow
adherent cells to be removed and centrifuged. All
pellets were washed in PBS and frozen at �801C
until RNA extraction, whereas myofibroblasts were
harvested before centrifugation after a 5–10min
incubation in trypsin (0.5%)/EDTA (5mM) in PBS
at 371C followed by addition of whole Dulbecco’s-
modified eagle growth medium.

Mucosal Morphometry

In order to quantify the degree of villous flattening,
we measured the surface area to volume ratio of
duodenal mucosa by using a Weibel graticule
(Graticules Ltd, Tunbridge Wells, UK) inserted in
the microscope eyepiece, according to the method of
Dunnill and Whitehead,18 standardized by Corazza
et al.19 A record was made of the number of times
the lines cut the mucosal surface (c) and the number
of hits (h), that is, end points of the lines falling on
the lamina propria. At a constant magnification
(� 125), the length (l) of each line of the graticule
was 1.7� 10�2 cm. The ratio c/l�h was then
calculated and regarded as a measure of surface
area to volume ratio.

Statistical Analysis

Statistical comparisons between median values
were performed using the Mann–Whitney U test
for nonparametric data. The correlations were
examined by using the Spearman’s rank correlation
test. A level of P less than 0.05 was considered
statistically significant.

Results

Mucosal Morphometry

The quantitative assessment of the surface area to
volume ratio carried out in each patient and control
showed that this value was significantly lower
(median 9.3, range 5.8–14.6) in active CD compared
to treated CD (median 33.0, range 27.9–41.3,
Po0.001) and controls (median 35.2, range 31.5–
44.3, Po0.001), indicating the presence of villous
flattening. No significant difference was found
between treated CD and controls.

MMP and Cytokine mRNA Transcript Levels

Quantitative RT-PCR carried out on duodenal muco-
sal samples revealed that MMP-1 and MMP-12 were
significantly increased in untreated CD in compar-
ison to treated CD (P¼ 0.002 and P¼ 0.0004, respec-
tively) and controls (P¼ 0.0012 and P¼ 0.0003,
respectively), whereas MMP-3 and MMP-9 did not
show any difference between the three groups (Figure
1). Furthermore, in both untreated and treated CD
patients, MMP-2 transcript was significantly
(P¼ 0.0133 and P¼ 0.0142, respectively) reduced
when compared to control mucosa, whereas MMP-
14 appeared similarly decreased only in treated CD
with respect to controls (P¼ 0.0078) (Figure 1). The
analysis of TIMP-1 transcript levels revealed a
significant upregulation in active disease, being
increased two-fold in comparison to treated disease
and controls (P¼ 0.0012 and P¼ 0.0311, respectively)
(Figure 2). As regards Th-1 proinflammatory cyto-
kines, mucosal samples of untreated patients ex-
pressed statistically higher levels of IFN-g mRNA
when compared to those found in patients on gluten-
free diet and controls (P¼ 0.0121 and P¼ 0.01002,
respectively), whereas TNF-a mRNA turned out to be
suppressed (P¼ 0.0001 for both) (Figure 2). Further-
more, in active CD, MMP-12 mRNA directly corre-
lated with IFN-gmRNA levels (rs¼ 0.69, Po0.05) and
inversely with the degree of villous atrophy ex-
pressed as surface area to volume ratio (rs¼�0.70,
Po0.05). No other significant correlation was found
between MMP levels and the other parameters.

MMP Zymography

Gelatin zymography disclosed that pro-MMP-9 was
upregulated two-fold in active CD in comparison to

MMPs in celiac disease
R Ciccocioppo et al

400

Laboratory Investigation (2005) 85, 397–407



control and treated CD mucosa (Figure 3a). In
contrast, MMP-2, determined as both pro- and active
enzyme, showed a value that was about double in
controls with respect to that found in untreated
patients, while in treated patients the level was

almost undetectable (Figure 3a). Two additional
bands of Mws 80 and 38 kDa, prevalent in patients
following a gluten-free diet and controls, respec-
tively, did not disappear with 1,10-phenantroline
treatment (data not shown) and cannot therefore be

Figure 1 Matrix metalloproteinase (MMP) mRNA expression in duodenal mucosal samples from 11 untreated celiac disease (UCD)
patients, 12 treated celiac disease (TCD) patients and 10 controls (C) as determined by real-time quantitative RT-PCR. Data are expressed
as arbitrary units defined from the curve obtained by parallel RT-PCR analyses of serial dilutions of the standard. One unit was defined as
the amount of the mRNA species present in 1pg of the standard. To compare mRNA levels of different samples, results were standardized
to mRNA levels of the constitutive b2-microglobulin. Horizontal bars indicate medians.

Figure 2 Transcript levels of tissue inhibitor of MMPs (TIMP-1), IFN-g, and TNF-a in duodenal mucosal samples from 11 untreated celiac
disease (UCD) patients, 12 treated celiac disease (TCD) patients and 10 controls (C) as determined by real-time quantitative RT-PCR. Data
were normalized to b2-microglobulin RNA as described for Figure 1. Horizontal bars indicate medians.
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attributed to any MMP. Even though densitometry
may underestimate the MMP level in cases of high
concentrations, because of the complete removal of
the substrate,16 the quantitative assessment of the
bands performed in all samples confirmed these
results either in terms of band intensity or area
(Figure 3b).

The evaluation of the caseinolytic activity, which
can be attributed to MMP-1 and MMP-3 without
differentiation between these enzymes because of
overlapping Mw, revealed a significant two-fold
increase for both pro- and active forms in untreated
patients compared to controls, while treated CD
patients showed a weak presence of the active
enzyme being the proenzyme almost undetectable
(Figure 4a). The densitometric analysis of both band
intensity and area performed in all samples con-
firmed these data (Figure 4b). As was evident, the
gluten-free diet led to a considerable reduction of
caseinolytic activity when compared to active
disease samples.

Finally, the elastolytic activity was found strongly
upregulated by about four-fold in active CD in
comparison to the very low levels found in treated
CD and controls mainly as concerns the active form
of the enzyme (Figure 5a), as was more evident by
densitometric quantification (Figure 5b).

Functional Experiments

The characterization of stromal cells isolated from
normal jejunum demonstrated anti-smooth muscle
positivity (data not shown), defining these cells as
myofibroblasts. The characterization of LPMCs is
given in Table 2. Notably, in both treated and
untreated CD mucosa, we found a significant
increase of CD8þ and CD14þ cell percentages in
comparison to normal mucosa, the latter showing a
significantly higher percentage of CD4þ and CD16/
56þ cells when compared to the other two groups,
while no differences were found concerning the

Figure 3 (a) Gelatinolytic activity of duodenal mucosal samples from one representative untreated celiac (UCD) patient, one
representative treated celiac (TCD) patient and one representative control (C) subject, and of MMP-2 and MMP-9 standards. Cleared
bands indicate areas of enzymatic activity. On the right side, the relative Mw are indicated in kilodaltons (kDa). On the left side, the
corresponding enzyme as pro- and active-forms are shown. The bands of 80 and 38kDa, which did not disappear with 1,10-
phenantroline treatment (data not shown), cannot be attributed to any MMP. (b) Quantification of enzyme activity in UCD, TCD and
control groups was performed by scanning densitometry and is expressed as intensity and surface area for the pro-MMP-9 band, and as
the sum of intensities and areas of bands attributable to pro-MMP-2 and active MMP-2. Horizontal bars represent the median value.
*Po0.05 vs TCD and UCD; **Po0.001 vs TCD and C.
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total number of CD3þ , CD19þ and CD66þ cell
percentages.

To determine whether Th-1 proinflammatory
cytokines are able to modulate the expression of
MMPs and TIMP-1 by intestinal myofibroblasts and
LPMCs, cultures of these two cell populations were
incubated in the absence or presence of IFN-g
and TNF-a. As shown in Figure 6a, unstimulated
myofibroblasts obtained from normal jejunal muco-
sa produced very high levels of MMP-2 mRNA, and
smaller amounts of MMP-1, MMP-3 and MMP-14,
whereas MMP-9 and MMP-12 were almost unde-
tectable. While stimulation by IFN-g inhibited
MMP-1, MMP-2, MMP-3 and MMP-14 mRNAs and
had no effect on MMP-9 and MMP-12, TNF-a
slightly increased only MMP-3 and MMP-14. As
regards TIMP-1, we found that TNF-a treatment
appeared unable to modify the basal level, whereas
IFN-g determined only a slight decrease (data not
shown).

The amounts of MMPs produced by unstimulated
and stimulated LPMCs differed markedly in the
three groups studied, as shown in Figure 6b. When

LPMCs were isolated from untreated CD mucosa,
the basal pattern was strongly dominated by MMP-9
and above all by MMP-12. This pattern was not
further modified by the addition of both cytokines
with the exception of a significant reduction
of MMP-3 operated by IFN-g and of MMP-12 by
TNF-a. In LPMCs isolated from treated CD mucosa,
undetectable levels of MMP-1, MMP-9 and MMP-12
and very low levels of MMP-2, MMP-3 and MMP-14
were observed in basal conditions, while IFN-g
was able to induce MMP-1 and MMP-12 mRNA
expression, and TNF-a stimulated that of MMP-9.
When LPMCs were isolated from normal mucosa,
only low levels of MMP-9 mRNA were found in
basal condition, whereas TNF-a was able to induce
the expression of all MMPs, with the exception of
MMP-12, which was exclusively upregulated by
IFN-g. Finally, as regards TIMP-1 transcript level,
we found that whereas in normal and treated CD
mucosal samples, both cytokines were able to
increase its expression, in active CD mucosa, there
was the presence of a high basal level that was
unaffected by the treatment with both cytokines
(data not shown).

Figure 4 (a) Caseinolytic activity of duodenal mucosal samples
from one representative untreated celiac (UCD) patient, one
representative treated celiac (TCD) patient and one representative
control (C) subject, and of MMP-1 and MMP-3 standards. Cleared
bands indicate areas of enzymatic activity. Relative Mw in
kilodaltons (kDa) on the right side and the corresponding pro-
and active-forms of the enzymes on the left side are shown. (b)
Quantification of enzyme activity in UCD, TCD and control
groups was performed by scanning densitometry and expressed as
the sum of intensities and areas of bands attributable to pro- and
active MMP-1/3. Horizontal bars represent the median value.
*Po0.001 vs TCD and C; **Po0.01 vs TCD and C.

Figure 5 (a) Elastolytic activity of duodenal mucosal samples
from two representative untreated celiac (UCD) patients, two
representative treated celiac (TCD) patients and two representa-
tive control (C) subjects, and of supernatant of human macro-
phages cultured in the presence of granulocyte macrophage
colony stimulating factor as MMP-12 positive control. Cleared
bands indicate areas of enzymatic activity. Relative Mw in
kilodaltons (kDa) on the right side and the corresponding pro-
and active-forms of the enzyme on the left side are shown. (b)
Quantification of enzyme activity in UCD, TCD and control
groups was performed by scanning densitometry and expressed as
the sum of intensities and areas of the bands attributable to pro-
and active MMP-12. Horizontal bars represent the median value.
*Po0.001 vs TCD and C; **Po0.01 vs TCD and C.
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Discussion

Modulation of cell–matrix interaction occurs
through the action of MMPs, a complex proteolytic
system, responsible for hydrolysis of a variety of
ECM components. Signals from the ECM regulate
proliferation, differentiation and apoptosis of
epithelial and other cells, exemplifying how central
ECM synthesizing and degrading cells are for the
maintenance of mucosal homeostasis.20 In addition,
immunologically mediated cascades that give rise to
the release of MMPs seem to play a central role in
the pathogenesis of inflammatory bowel diseases.21

However, while the role of MMPs in Crohn’s
disease, ulcerative colitis and pouchitis is well
established,16,22,23 less is known about their rele-
vance in CD. By using in situ hybridization, Daum
et al11 were the first to describe the presence of a
high number of MMP-1þ cells in both the sub-
epithelial region and the lamina propria, while
MMP-3þ and TIMP-1þ cells turned out to be
increased only in the subepithelial region of un-
treated CD. Subsequently, using the same technique,
Salmela et al12 demonstrated a significant increase
of MMP-9þ and MMP-12þ cells in dermal and
duodenal lesions of patients affected by dermatitis
herpetiformis.

By quantifying MMP transcripts by means of real-
time RT-PCR, we confirmed raised levels of MMP-1,
MMP-12 and TIMP-1 in untreated CD and described
for the first time a suppression of MMP-2, which
appears to be the prevalent proteolytic enzyme in
normal intestinal mucosal and almost exclusively
produced by unstimulated myofibroblasts, in accor-
dance with a previous report.24 Furthermore, we
found unmodified levels of MMP-3 in CD and
decreased value of MMP-14 in treated CD in
comparison to normal mucosal. Since MMPs are
subjected to a strict control at both transcriptional
and post-transcriptional levels,8,9 we also investi-
gated their activity by using gel zymography. Our
findings demonstrated that caseinolytic, gelatinoly-
tic and elastolytic levels are upregulated in active
CD. More in depth, the increased caseinolytic
expression is likely attributable to MMP-1, whose
mRNA transcripts were significantly raised in
untreated CD patients, while as concerns MMP-9,
the apparent discrepancy between its unchanged
mRNA level despite increased gelatinolytic expres-
sion suggests a mainly post-transcriptional upregu-
lation. Moreover, the presence of two additional
bands with gelatinolytic activity not imputable to
MMP-2 or MMP-9 suggests that proteases other than
MMPs, such as serine proteases,25 may be respon-
sible for matrix ECM turnover in the investigated
specimens. However, the more impressive result
was the high elastolytic activity due to the active
enzyme found in untreated CD.

In treated CD mucosa, we observed a peculiar
MMP mRNA profile that resembled that of normal
mucosa as regards MMP-1 and MMP-12, and that ofT
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active CD as regards MMP-2 and MMP-14. The
overall MMP pattern, with fairly low transcript
levels of all MMPs investigated, is indicative of a
mucosa in a quiescent state.

Since experimental models of mucosal enteropa-
thy suggest that tissue injury is mediated by MMPs
produced by stimulated residential stromal and
immune cells,10 we tried to correlate the MMP
pattern of active CD with the degree of mucosal
damage. The demonstration of a significant correla-
tion between the levels of MMP-12 and the degree of
villous atrophy points to a pathogenetic relevance of
this enzyme. Since a correlation between the
magnitude of villous atrophy and that of enterocyte
apoptosis has been shown previously in untreated
CD patients,26 it is conceivable that, by degrading
either interstitial ECM or basement membranes,12

MMP-12 ultimately leads to the collapse of villous
architecture and subsequent enterocyte shedding to
the lumen. Furthermore, since MMP expression is
highly dependent on cytokines27,28 and gluten
exposure in patients with CD rapidly elicits high
levels of Th-1 cytokines, such as IFN-g, IL-2 and
TNF-a,13,14 we simultaneously determined the levels
of IFN-g and TNF-a. Our results confirm a strong
upregulation of IFN-g in active CD but not of TNF-a,
the latter being in accordance with recent findings

by Forsberg et al29 who showed a suppression of
TNF-a mRNA in this condition. This discrepancy
might be a consequence of the different technique
used by Kontakou et al13 that allows only a
semiquantitative assessment. In this light, the sig-
nificant positive correlation between IFN-g and
MMP-12 transcript levels suggests a crucial role of
this cytokine in upregulating MMP-12 production.

The strong influence of proinflammatory cyto-
kines on MMP expression was clearly demonstrated
by our functional experiments carried out on
isolated cells from small intestinal mucosa. In
physiological conditions, unstimulated LPMCs pro-
duced very small amounts of MMPs while they
appeared to be highly sensitive to IFN-g as regards
MMP-12 production and to TNF-a as regards the
other MMPs, supporting the role played by these
cells in generating mucosal injury. By contrast,
LPMCs purified from active CD basally produced
high levels of MMP-9 and MMP-12, irrespective of
additional cytokine stimulation, a behaviour that
might be explained by a pre-existing cytokine
hyperstimulation that disables these cells from
responding to a further stimulation. This assump-
tion fits well with the increased gelatinolytic
and elastolytic activities observed in this condition.
In treated CD again, LPMCs showed a unique

Figure 6 Real-time quantitative RT-PCR for matrix metalloproteinase (MMP) mRNA in small bowel myofibroblasts isolated from surgical
specimens (a) and in freshly isolated duodenal LPMCs (b) from mucosal samples of four untreated celiac disease (UCD) patients, four
treated celiac disease (TCD) patients and four controls (C), incubated in the absence (white bars) or presence of IFN-g (grey bars) or TNF-a
(black bars). Data are expressed as arbitrary units derived from parallel RT-PCR analysis of serial dilutions of the standard. One unit was
defined as the amount of mRNA species present in 1pg of the standard. To compare mRNA levels in different samples, results were
standardized with respect to b2-microglobulin. Results represent the median value (range) of four different experiments performed in
triplicates.
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proteolytic pattern characterized by an almost total
absence of MMP expression in basal conditions like
normal mucosa, and by a weak response to proin-
flammatory cytokines as found in active CD mucosa.
One explanation might be the presence of the same
cellular phenotype in the celiac mucosa regardless
of the state of activation and characterized by an
increase of CD8þ T lymphocytes and monocyte/
macrophage population, whereas CD4þ T lympho-
cytes and natural killer population appeared re-
duced. Furthermore, the finding that TNF-a is able
to stimulate mainly the MMP-3 and MMP-9 expres-
sion indicates that this cytokine is a key inducer of a
destructive pattern, the MMP-3 presence always
being associated with ulcer formation,30 whereas
IFN-g appears to primarily induce a remodelling
pattern.

The results of the present study are in line with
those produced by MacDonald’s group who used
human fetal small intestine as an experimental
model of gut inflammation31–33 and demonstrated
that activation of lamina propria lymphocytes with
pokeweed mitogen or anti-CD3 plus IL-12 led to a
marked increase of MMP production strongly domi-
nated by MMP-3 resulting in severe tissue injury
resembling Crohn’s disease.10,34 On the contrary,
their activation with the superantigen staphylococ-
cal enterotoxin B or anti-CD3 plus IFN-a caused less
cytokine production, less MMP activation and tissue
damage mainly represented by villous atrophy and
crypt hyperplasia.35,36 Accordingly, it can be specu-
lated that the two main Th1-mediated diseases of
the human small intestine, that is, CD and Crohn’s
disease, are characterized by different cytokine and
MMP profiles which ultimately result in two
different types of mucosal injury. In the case of
CD, activation of lamina propria T cells by tissue
transglutaminase-modified gliadin epitopes elicits a
high production of IFN-g which in turn causes a
strong upregulation of MMP-12 able to induce
villous atrophy and crypt hyperplasia. In the case
of Crohn’s disease, activation of lamina propria T
cells by bacterial antigens results in a high produc-
tion of TNF-a, which in turn causes an overproduc-
tion of MMP-3, which leads to the characteristic
transmural lesions.

In conclusion, our data are consistent with the
presence of a characteristic mucosal MMP pattern in
active CD highly dominated by MMP-12. This
enzyme may be considered one of the final steps
in the cascade of immunological events leading to
tissue injury. The recently described lack of associa-
tion of MMP-1 and MMP-3 genes with CD37 points to
a crucial role of mucosal regulation of MMP. IFN-g
appears to be the culprit of the observed MMP-12
upregulation and confirmation of its relevance in CD
pathogenesis has been indirectly provided by the
finding that anti-IFN-g antibodies can prevent
villous atrophy both in CD mucosal samples treated
with the supernatants of gliadin-activated T-cell
clones38 and in murine graft-vs-host-disease,39 a

condition that shares many features in common
with CD.
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