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Introduction

Matrix metalloproteinases (MMPs) belong to a large fam-
ily of zinc- and calcium-dependent endopeptidases that
degrade extracellular matrix under tight control of en-
dogenous tissue inhibitors of matrix metalloproteinases
(TIMPs) [1–3]. With respect to their substrate specificity,
MMPs are categorized into collagenases (MMP-1, -8, -13,
-18), gelatinases (MMP-2, -9), stromelysins (MMP-3, -7,
-10, -11), elastase (MMP-12), and membrane-type matrix
metalloproteinases (MT-MMP-1 through -5) [4]. Under
physiological conditions, MMPs are involved in embry-
onic development and differentiation, proliferation, and
regeneration of tissues [1, 3]. An imbalance of activators
(e.g. pro-inflammatory molecules such as IL-1, IL-6, and
TNF-α) and inhibitors (e.g. anti-inflammatory cytokines
IL-4, IL-10, TGF-β besides TIMPs) of MMP expression
and function results in tissue destruction [5, 6]. In exper-

imental models of Th1-type inflammation (e.g. rheuma-
toid arthritis, atherosclerosis, and colitis) [7–10], as well
as in humans with inflammatory bowel diseases (IBD)
such as Crohn’s disease and ulcerative colitis [11–16], in-
creased levels of gelatinases A (MMP-2) and B (MMP-9)
in inflamed tissue sites associated with increased mRNA
levels of IL-1, IL-6, and TNF-α could be detected. Most
interestingly, MMPs are known to shed biologically ac-
tive IL-1, IL-6, and TNF-α molecules from the surfaces of
macrophages, which, in turn, induce MMP expression
from immune, epithelial, and parenchymal cells [17, 18].
Thus, from a therapeutic point of view, it would be highly
appreciable to cut the vicious pro-inflammatory cycles ex-
erted by this positive MMP-mediated feedback loop phar-
macologically. A potential synthetic compound should
therefore effectively inhibit or downregulate expression
and function of MMPs, immune cells (e.g. macrophages),
and pro-inflammatory cytokines without compromising
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potential health-promoting MMP properties (e.g. tissue
regeneration). Anti-inflammatory properties of synthetic
zinc-chelating substances, such as hydroxamate and thiol,
that nonselectively (universally) block MMPs [19] have
been demonstrated in various experimental models of IBD
[18, 20–22]. The application of these compounds in clin-
ical settings, however, has been hampered because of
lacking effectiveness and/or exerting critical side-effects
such as serious musculoskeletal symptoms and arthralgia
as a consequence of collagenase blockage [23–27].

We have recently shown that nonselective (doxycy-
cline) and selective (RO28-2653) gelatinase inhibitors
ameliorated hyper-acute small-intestinal immunopathol-
ogy (Th1-type-driven pan-ileitis) in Toxoplasma gondii-
infected mice when given either prophylactically or
therapeutically [28]. It is of note that RO28-2653 did not
show significant side effects in rat and monkey toxological
studies [29]. Furthermore, we demonstrated that acute
ileitis [28, 30–32] and DSS-colitis [33, 34] were aggra-
vated by overgrowing Escherichia coli from the luminal
commensal gut microbiota resembling key feature of acute
episodes of IBD [30, 32]. We were therefore interested in
potential beneficial effects of the MMP-blocking com-
pounds doxycycline and RO28-2653 in acute DSS colitis.
In the study presented here, we demonstrate that in mice
treated with either doxycycline or RO28-2653 (1) clinical
colitis pathology was ameliorated with an even better out-
come following RO28-2653 treatment, (2) histopatholog-
ical changes in the colon were less severe, which was
paralleled by less secretion of the pro-inflammatory cy-
tokine IL-6, (3) immune cell influx into mucosa and sub-
mucosa was reduced, and, finally, (4) E. coli loads in the
colon did not differ from those seen in naïve, healthy mice.
We therefore propose the selective gelatinase blocker
RO28-2653 as a promising future option for prophylaxis
and treatment of IBD.

Materials and methods

Ethics statement

All animal experiments were conducted according to the
European Guidelines for animal welfare (2010/63/EU) with
approval of the commission for animal experiments headed
by the “Landesamt für Gesundheit und Soziales” (LaGeSo,
Berlin, Germany). Animal welfare was monitored twice
daily by assessment of clinical conditions.

Mice, colitis induction, 
and determination of clinical scores

Female C57BL/6j wild-type mice were bred and main-
tained under specific pathogen-free (SPF) conditions in the
Forschungsinstitut für Experimentelle Medizin (FEM,
Charité, Berlin, Germany). For colitis induction, mice

3 months of age were treated with 3.5% (wt/vol) DSS
(40 kDa, MP Biomedicals, Illkirch, France) in drinking
water ad libitum for 7 days. Prior to necropsy, mice
 received water without DSS for 24 h. The intake of the
DSS solution was controlled and mice were weighed daily.
Total clinical scores with a maximum of 12 were generated
daily by combined data of weight loss, occurrence of blood
in stool (as determined by the Guajak method using
Haemoccult, Beckman Coulter/PCD, Krefeld, Germany),
and stool consistency, as described in Refs [33, 35].

Treatment with doxycycline 
or RO28-2653

C57BL/6j wild-type mice were treated perorally by gavage
twice daily with either doxycycline (50 mg/kg body
weight/day; Sigma, Germany) or RO28-2653 (75 mg/kg
body weight/day; Roche, Penzberg, Germany) in 0.3 ml
starting at day 0 for 8 days until necropsy. PBS-treated an-
imals (0.3 ml perorally twice daily for the respective period
of time) served as negative controls (placebo).

Sampling procedures 
and histologic scoring

Mice were sacrificed by isofluran treatment (Abbott, Ger-
many) on day 8 after induction of colitis. Colon samples
from each mouse were removed under sterile conditions
and collected in parallel for histopathological, immunohis-
tochemical, and microbiological analyses, as well as for
 detection of cytokines (protein level). For immunohisto-
chemical stainings, colon samples were immediately fixed
in 5% formalin and embedded in paraffin, and sections
(5 µm) were stained with the respective antibodies as
 described below. Histopathology was investigated in paraf-
fin-embedded HE-stained tissue sections. A published stan-
dardized histologic score ranging from 0 to 6 was used for
blinded evaluation of the inflammatory processes in the
colon [33, 35].

Immunohistochemistry

In situ immunohistochemical analysis of colon paraffin
sections was performed as described previously [36, 37].
Primary antibodies against CD3 (#N1580, Dako, Den-
mark, dilution 1:10), myeloperoxidase-7 (MPO-7, #
A0398, Dako, 1:10,000), FOXP-3 (FJK-16s, eBioscience,
1:100), B220 (eBioscience, San Diego, CA, USA, 1:200),
and F4/80 (#14–4801, clone BM8, eBioscience, 1:50)
were used. For each animal, the average number of posi-
tively stained cells within at least six high power fields
(HPF, 400× magnification) were determined light-micro-
scopically by three independent investigators (MMH, CL,
AAK).
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Cytokine detection 
in colon culture supernatants

Colon biopsies were cut longitudinally, washed with PBS,
and strips of 1 cm2 were placed in 24-flat-bottom-well
culture plates (Nunc, Wiesbaden, Germany) containing
500-µl serum-free RPMI 1640 medium supplemented
with penicillin (100 U/ml) and streptomycin (100 µg/ 
ml; PAA Laboratories). After 18 h at 37 °C, culture su-
pernatants were tested for IL-6 by ELISA (BD Bio-
sciences, Heidelberg, Germany) as described previously
[30, 31, 33].

Analysis of the intestinal microflora

Cultural analysis and biochemical identification of luminal
E. coli loads from colon samples were performed as previ-
ously described [30, 31, 33].

Statistical analysis

Medians, mean values, standard error of the means (SEM),
and levels of significance were determined using appropri-
ate tests as indicated (two-tailed Student’s t-test, Mann–
Whitney-U test). Two-sided probability (P) values≤0.05
were considered significant. All experiments were repeated
at least twice.

Results

Less intestinal immunopathology 
following synthetic MMP blockage 
in mice with acute DSS colitis

Given that pharmacologic MMP blockage was shown ef-
fective in preventing as well as treating acute small intes-
tinal inflammation [28], we were interested in knowing
whether the used compounds could ameliorate acute in-
flammation in the large intestine as well. Thus, mice were
treated either with the nonselective MMP-inhibitor doxy-
cycline or with RO28-2653, a compound selectively block-
ing gelatinases for 8 days starting upon induction of acute
DSS colitis (day 0). Mice treated with either doxycycline or
RO28-2653 displayed significantly less body weight loss
during colitis development (12.3±1.3% and 10.6±1.8%,
respectively) as compared to placebo (19.7±1.2%) (Fig.
1A). In addition, applying a “cumulative” clinical colitis
score including body weight loss, occurrence of blood in
stool, and consistency of stool revealed that mice benefitted
from either treatment as compared to placebo controls suf-
fering from severe colitis at day 8 p.i. In addition, mice
treated with the selective gelatinase blocker exhibited an
even better clinical outcome as indicated by significantly
lower clinical scores as compared to mice following non -
selective MMP blockage with doxycycline (Fig. 1B).

Given that colonic inflammation is accompanied by a
significant shortening of the lower intestinal tract, we de-
termined the lengths of the large intestines in treated and
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Fig. 1. Better clinical outcome of acute DSS colitis after treatment with doxycycline or RO28-2653. (A) Relative body weight
loss, (B) clinical condition (as indicated by a clinical colitis score, see the section titled Materials and methods), and (C) absolute
colon length at day 8 were recorded after oral treatment with placebo (PLC; black bars), doxycycline (DOX; gray bars), or
RO28-2653 (RO28; white bars) from day 0 until day 8 in mice treated with DSS for 7 days and compared to placebo-treated
healthy mice (naïve; hatched bars) when applicable (C). Numbers of analyzed animals are given in parentheses. Mean values,
standard errors of the mean (SEM), and significance levels as indicated were determined by the Student’s t-test. Data are pooled
from at least four independent experiments



control animals. Induction of acute DSS colitis resulted in
less significant shortening of the colon in treated animals as
compared to the placebo group (Fig. 1C). In addition, mice
treated with RO28-2653 benefitted more from selective
gelatinase blockage as compared to animals treated with
the nonselective MMP blocker doxycycline as indicated by
significantly less distinct colon shrinkage following DSS
(p<0.05). To further characterize the beneficial effects of
the respective compounds during DSS colitis, we studied
the effects on colitis-severity-related histopathological
changes in the colon. Treatment with either MMP-block-
ing compound resulted in significantly less pronounced
colonic histopathology as compared to placebo controls at
day 8 p.i. as indicated by lower histopathological scores
(Fig. 2A): doxycycline-treated mice exhibited erosions or
focal ulcerations of the colon mucosa with inflammatory
cells extending into the submucosa (Fig. 2B). Discrete epi -
the lial lesions and increased numbers of inflammatory cells
within the colonic lamina propria could be detected in mice
following selective gelatinase treatment (Fig. 2B). How-
ever, severe mucosal damage with extended ulcerations af-
fecting the entire colon length and complete loss of the
epithelium as well as a thickened submucosa with distinct
transmural leukocyte infiltrates were present in the large in-
testine of the placebo group at day 8 p.i. (Fig. 2B). Taken to-
gether, following oral treatment with either doxycycline or
RO28-2653, mice exhibited less macroscopic, clinical as
well as histopathological signs of colonic inflammation fol-
lowing induction of acute DSS colitis. Furthermore, selec-
tive gelatinase blockage resulted in a better clinical
outcome and less inflammation-induced colon shortening
when compared to nonselective MMP blockage by doxy-
cycline.

Less pronounced immune cell responses 
in colonic mucosa in situ following treatment 
with MMP-blocking compounds in acute DSS colitis

Given that human colitis is accompanied by the recruit-
ment of pro-inflammatory immune cell populations at sites
of inflammation in the large intestine [33], we next quan-
titated inflammatory cells as well as immune cell recruit-
ment by immunohistochemical staining of colon paraffin
sections of animals with antibodies against CD3 (T-lym-
phocytes), FOXP3 (regulatory T-cells, Treg), B220
(B-lymphocytes), MPO7 (neutrophils), and F4/80 (mac ro -
phages). At day 8 following colitis induction, placebo con-
trol mice displayed a substantial increase in T- and
B-lymphocytes, Tregs, neutrophils, and mac ro pha ges
within the colonic mucosa as compared to naïve mice
(Fig. 3). This influx of immune cells, however, was sig-
nificantly less pronounced in mice treated with either
doxycycline or RO28-2653, indicating that amelioration
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Fig. 2. Less colonic histopathology after treatment with
doxyxycline or RO28-2653 in acute DSS colitis.
(A) Histopathology scores of the colon were determined
at day 8 after oral treatment with placebo (PLC; black bars),
doxycycline (DOX; gray bars), or RO28-2653 (RO28;
white bars) from day 0 until day 8 in mice treated with
DSS for 7 days. Numbers of analyzed animals are given
in parentheses. Mean values, standard errors of the mean
(SEM), and significance levels as indicated were determined
by the Student’s t-test. Data are pooled from at least four
independent experiments. (B) Paraffin sections of colon
samples were obtained from mice with DSS colitis at
day 8 after oral treatment with placebo (PLC; upper left),
doxycycline (DOX; upper right), RO28-2653 (RO28; lower
left) as well as from naïve controls (naïve; lower right) and
HE-stained as described (see Methods). Open arrow head
indicates lymph follicle; solid arrow heads indicate mucosal
ulcerations. Solid and dotted arrows point towards mucosal
and submucosal leukocyte infiltrates, respectively.
Representative photomicrographs (magnification 100×)
from three independent experiments are shown

B

A
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of colonic inflammation following MMP blockage was ac-
companied by decreased immune cell responses within the
colonic mucosa (Fig. 3).

Less pro-inflammatory cytokine secretion 
in ex vivo colon cultures following synthetic 
MMP inhibition

To further underline the anti-inflammatory properties of
synthetic MMP blockage in acute DSS colitis, we next de-
termined protein levels of the pro-inflammatory cytokine
IL-6 in ex vivo colon cultures by ELISA. At day 8 after co-
litis induction, IL-6 levels increased more than threefold in
placebo control animals with severe colitis as compared to
healthy mice (Fig. 4). This effect was not as prominent in

doxycycline- and RO28-2653-treated animals as indicated
by IL-6 levels reaching approximately 50% of levels in the
placebo group (Fig. 4). Thus, amelioration of colitis sever-
ity following MMP blockage is paralleled by less IL-6 se-
cretion from the inflamed colon epithelium.

Lower E. coli loads in colon lumen following 
MMP blockage in acute DSS colitis

Given that our group has recently shown that acute small-
intestinal inflammation is accompanied by a tremendous
overgrowth of the ileum lumen by commensal enterobac-
teria such as E. coli with pro-inflammatory properties (up
to 6–8 orders of magnitude [28]), we next determined the
E. coli numbers in the colon lumen of mice with acute DSS
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Fig. 3. Quantification of defined cell
population in the colon of mice in situ after
treatment with doxyxycline or RO28-2653
in acute DSS colitis. The average number of
cells positive for (A) CD3 (T-lymphocytes),
(B) FOXP3 (regulatory T cells, Treg),
(C) B220 (B-lymphocytes), (D) MPO7
(neutrophils), and (E) F4/80 (macrophages)
from at least six high-power fields (HPF,
400× magnification) per animal were
determined microscopically in
immunostained colon sections isolated at
day 8 after oral treatment with placebo
(PLC; black bars), doxycycline (DOX; gray
bars), or RO28-2653 (RO28; white bars)
from day 0 until day 8 from mice treated
with DSS for 7 days and placebo-treated
mice without colitis (naïve; hatched bars).
Numbers of analyzed animals are given in
parentheses. Mean values, standard errors
of the mean, and significance levels as
indicated were determined by the Student’s
t-test. Data are pooled from at least three
independent experiments



colitis by culture. Until day 8 after colitis induction, lumi-
nal E. coli loads increased by approximately 4 orders of
magnitude in placebo control mice with severe colitis (Fig.
5). The number of E. coli cultured from the large intestines
at day 8 following doxycycline or RO28-2653 treatment,
however, did not differ from that in the colons of naïve mice
without colitis (Fig. 5). It is of note that RO28-2653 was
lacking any antimicrobial effect in vitro (data not shown).
However, a bacteriostatic effect also directed against E. coli
needs to be taken into consideration when discussing the
anti-inflammatory role of doxycycline in acute colitis.

Taken together, treatment with MMP-blocking agents
ameliorates inflammation in acute DSS colitis as indicated
by a better clinical, macroscopic as well as histopatholog-
ical outcome, paralleled by less influx of pro-inflammatory
immune cells, less IL-6 secretion by inflamed epithelial
cells, and missing overgrowth of the colon lumen by po-
tentially pro-inflammatory enterobacteria of the commen-
sal colon microbiota.

Discussion

MMPs play essential roles in mediating inflammatory
episodes in human IBD. Clinical studies investigating bene-
ficial effects of compounds nonselectively blocking MMPs
in inflammation or cancer have been hampered by the lack
of effectiveness or by serious side effects [23–27] mainly
due to blockage of collagenases (e.g. MMP-1) or matrilysin
(MMP-7) exerting important functions in physiological
homeostatic repair properties in cartilage and gut [18, 38].
Thus, as potential pharmacological treatment options, more
selective and effective MMP-blocking agents without un-
wanted side effects would be highly appreciable.

The gelatinases A (MMP-2) and B (MMP-9) have been
shown to be highly upregulated in intestinal inflammation
in mice and men, in vitro and in vivo [11–16]. We have re-
cently reported that selective blockage of gelatinases by the
synthetic compound RO28-2653 was effective in the pre-
vention and treatment of acute small-intestinal inflamma-
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Fig. 4. Less colonic IL-6 secretion after treatment with
doxyxycline or RO28-2653 in acute DSS colitis. IL-6
concentrations were determined by ELISA in supernatants of
colonic ex vivo cultures isolated at day 8 after oral treatment
with placebo (PLC; black bars), doxycycline (DOX; gray bars),
or RO28-2653 (RO28; white bars) from day 0 until day 8 from
mice treated with DSS for 7 days and healthy placebo-treated
mice (naïve; hatched bars). Numbers of analyzed animals are
given in parentheses. Mean values, standard errors of the mean
(SEM), and significance levels as indicated were determined
by the Student’s t-test. Data are pooled from three independent
experiments

Fig. 5. Lack of overgrowth of the colon lumen with commensal
E. coli after treatment with doxycycline or RO28-2653 in acute
DSS colitis. Quantitative analysis of E. coli loads of the colon
lumen was performed at day 8 by culture (see Methods).
Individual bacterial counts (CFU, colony forming units) were
determined in colonic content of mice treated with placebo
(PLC; black bars), doxycycline (DOX; gray bars), or RO28-
2653 (RO28; white bars) from day 0 until day 8 and DSS for
7 days and healthy placebo controls (naïve; hatched bars).
Numbers of mice harboring E. coli out of the total number of
analyzed animals are given in parentheses. Medians and levels
of significance determined by Mann–Whitney-U test are
indicated. Data are pooled from at least three independent
experiments



tion in a hyper-acute Th1-driven immunopathology model
following T. gondii infection [28]. Surprisingly, selective
gelatinase blockage was more effective than nonselective
MMP inhibition by doxycycline. Therefore, we studied the
potential beneficial, anti-inflammatory effects of the re-
spective compounds in acute inflammation of the large in-
testine using the acute DSS colitis model. As in the
small-intestinal model, nonselective MMP blockage by
doxycycline treatment starting upon colitis induction re-
sulted in significantly better clinical and macroscopic out-
comes as well as in significantly less histopathology of the
colon mucosa at day 8. These effects were paralleled by
less infiltration of the colon mucosa and lamina propria by
immune cells such as T- and B-lymphocytes, Tregs, neu-
trophils, and macrophages as compared to placebo control
mice. Furthermore, less IL-6 secretion from the inflamed
colon mucosa could be detected. Surprisingly, selective
gelatinase blockage by RO28-2653 was as effective as non-
selective MMP inhibition. Strikingly, with RO28-2653
treated animals exhibited better clinical conditions as well
as less colon shortening at day 8 after colitis induction, in-
dicating less macroscopic disease when compared to doxy-
cycline treatment. Thus, the clinical efficacy of RO28-2653
in acute colitis could be clearly demonstrated in the study
presented here. Given that RO28-2653 lacks the anti-MMP-
1 and -7 properties [29] which had been made responsible
for serious side effects in clinical studies with nonselective
MMP compounds, the chance of unwanted effects follow-
ing gelatinase blockage is rather low [39].

Furthermore, recent studies using mice lacking genes
for MMP-2 and/or MMP-9 in experimental colitis models
revealed that epithelial-derived MMP-9 is an important me-
diator in colitis, whereas MMP-2 exerts protective function
preserving intestinal epithelial barrier integrity [40, 41]. Be-
cause pro-inflammatory functions of MMP-9 were shown
to override MMP-2’s protective role during colitis [41],
negative side effects of blocking both gelatinases seem to be
rather negligible.

Given that MMPs are involved in the recruitment of im-
mune cells into the gut [18, 42] and shed biologically active
IL-1, IL-6, and TNF-α molecules from the surfaces of
macrophages, which, in turn, are able to induce MMP ex-
pression from immune, epithelial, and parenchymal cells
[17, 18], it would be utmost desirable to pharmacologically
cut this vicious cycle all in one. In our study, MMP inhibi-
tion by doxycycline or RO28-2653 treatment resulted in
less influx of macrophages, as indicated by significantly
lower F4/80+ cells in the colon at day 8 and reduced IL-6
expression in ex vivo colon biopsies. Furthermore, we and
others [43, 44] could show that in acute experimental coli-
tis, following MMP blockage, the influx of neutrophilic
granulocytes into the colon could be diminished, which re-
duced oxidative stress for the colon epithelium.

Experimental studies on acute ileitis [28, 30–32] and
colitis models [33, 34] revealed that disease development
was accompanied by a marked overgrowth of the intestinal
lumen with commensal enterobacteria such as E. coli with
potentially pro-inflammatory properties. Overgrowing E.

coli easily translocate through a disrupted epithelial-cell
barrier into the intestinal lamina propria and, subsequently,
come in contact with immune cells, thereby exacerbating
the inflammatory scenario [30, 32 ]. After colitis induction
by DSS, luminal E. coli loads increased by more than 4 or-
ders of magnitude in the colons of placebo control mice at
day 8, whereas following doxycycline or RO28-2653 treat-
ment, E. coli numbers did not differ from those quantified
in naïve, healthy animals. One might argue that this result
might be solely due to anti-bacterial action exerted by the
used compounds, which might, in a positive point of view,
affect the enterobacteria but, as a malum, compromise the
remaining bacterial species of the commensal gut micro-
biota. This is, in part, true in the case of doxycycline treat-
ment. Surprisingly, RO28-2653 did not display any
anti-bacterial effect in vitro. Thus, it is highly appreciable
to have an MMP blocker available, which (secondarily) pre-
vents from E. coli overgrowth without anti-bacterial prop-
erties. Thus, these very promising results further underline
the anti-inflammatory potency of the used MMP-blocking
compounds.

Taken together, the data presented here demonstrate for
the first time that selective gelatinase blockage by the syn-
thetic compound RO28-2653 ameliorates acute murine
DSS colitis. RO28-2653 not only exerted its beneficial ef-
fect by disrupting the vicious cycle of the positive feedback
loop between “immune cell stimulation and MMP induc-
tion” but also prevented overgrowth of the colon lumen by
pro-inflammatory E. coli despite a lack of anti-bacterial
properties. These features put RO28-2653 in a pole posi-
tion for future intervention strategies in human IBD.
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