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Introduction

Summary

Haem-oxygenase-1 (HO-1) has been shown to exert anti-inflammatory, anti-
apoptotic and anti-proliferative effects. We investigated HO-1 expression in
patients with inflammatory bowel disease (IBD) and could demonstrate a
scattered expression of HO-1 in the intestinal epithelium of severely inflamed
colonic mucosa of patients with IBD compared to control specimens such as
diverticulitis, suggesting dysregulated expression in IBD. To further analyse
potential mechanisms of HO-1 induction in the intestine we employed an
in vitro epithelial cell apoptosis model and an experimental colitis model.
In vitro induction of HO-1 by the HO-1 inducer cobalt protoporphyrin
(CoPP) resulted in a dose-dependent down-regulation of caspase-3 activation
in HT-29 cells, indicating an anti-apoptotic function of HO-1 in the intestine.
In vivo, preventive HO-1 induction by CoPP in acute dextran sodium sul-
phate (DSS)-induced colitis led to a significant down-regulation of colonic
inflammation (P <0-01) with a concomitant reduction in interferon (IFN)-y
— but unaffected interleukin (IL)-10-secretion by isolated mesenteric lymph
nodes (P <0-01). Additionally, TUNEL staining of colonic sections demon-
strated fewer apoptotic epithelial cells in the colon of CoPP treated animals.
No beneficial effects were observed if HO-1 was induced by CoPP after the
onset of acute colitis or in chronic DSS-induced colitis. In conclusion, the data
suggest a protective role of HO-1 if it is induced before the onset of inflam-
mation. However, as shown by the lack of effects in established acute or in
chronic colitis, the induction of HO-1 may not be a promising approach for
the treatment of IBD.

Keywords: apoptosis, Crohn’s disease, HO-1, inflammatory bowel disease,
ulcerative colitis

provides a potent cytoprotective effect, as shown in various
in vitro and in vivo models of cellular and tissue injury

The aetiology of chronic inflammatory bowel diseases is not
yet completely understood. Probably environmental and
genetic factors interact with the intestinal bacterial flora,
which triggers an event that leads ultimately to a chronic
activation of immune and nonimmune cells in the gut [1].
During this chronic inflammation mucosal tissue damage is
caused partly by an enduring exposure to excessive amounts
of reactive oxygen metabolites causing oxidative stress [2].
Haem-oxygenase-1 (HO-1) is the rate limiting enzyme in
the conversion of haem into biliverdin/bilirubin, iron and
carbon monoxide (CO); all of them can potentially function
as antioxidants [3-5]. It is strongly suggested that HO-1

[6-9]. HO-1 is one of the major acute phase proteins and is
up-regulated by a whole variety of inducers such as endot-
oxin, hydrogen peroxide, prostaglandins and cytokines
[interleukin (IL)-1, tumour necrosis factor (TNF)]. HO-1
knockout mice do not survive to term and the mice that do
survive to adulthood are abnormal and die within a year
demonstrating signs of chronic inflammation in numerous
organs [10,11]. An increased expression of HO-1 has also
been shown in numerous pathophysiological states includ-
ing, for example, atherosclerosis [12,13], sepsis [14,15],
asthma [16], pancreatitis [17] and ischaemia reperfusion
injuries [18,19]
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Recently the protective role of HO-1 has been demon-
strated indirectly in the acute model of trinitrobenzene
sulphonic acid (TNBS)-induced colitis in rats [20].
Administration of tin mesoporphyrin (SnMP), which is a
known inhibitor of HO-1 prior to the induction of colitis
by TNBS significantly increased the colonic inflamma-
tion, free radical production and iNOS expression, sug-
gesting that HO-1 plays a role in attenuating experimental
colitis.

To the best of our knowledge the expression of HO-1 in
the inflamed and non-inflamed intestine of patients with
Crohn’s disease or ulcerative colitis was never investigated in
comparison with other non-specific intestinal inflamma-
tions such as intestinal ischaemia or diverticulitis. Further-
more, it is not known if the direct induction of HO-1 in
acute or chronic experimental colitis has protective effects.
Therefore, in this study we characterized the HO-1 expres-
sion in the colon of patients with Crohn’s disease, ulcerative
colitis and non-specific colonic inflammation. By employing
an in vitro epithelial cell apoptosis model as well as the acute
and chronic model of dextran sodium sulphate (DSS)-
induced colitis, we investigated the effects of HO-1 induc-
tion on the extent of epithelial cell apoptosis in vitro and
in vivo and analysed the therapeutic effects in the experi-
mental colitis model in a preventive as well as a therapeutic
approach.

Methods

Immunohistochemistry

Colonic specimens of 24 patients, seven controls (three diver-
ticulitis, three ischaemic and one radiation colitis), 10 Crohn’s
disease (CD), and seven ulcerative colitis (UC) were included
in the analysis. Specific histological features [21] together
with their distribution in the intestinal wall were used to dis-
tinguish between inflammatory bowel disease (IBD) and
non-IBD associated colitis and to grade the intensitiy of
inflammation. Immunohistochemistry was performed on
paraffin-embedded thin sections of patient specimen by
using an avidin—biotin peroxidase method with diaminoben-
zidine (DAB) chromogen. After antigen retrieval from the
tissue sections (water bath of formalin-fixed, paraffin-
embedded 2-3 pum tissue sections for 20 min at 240 W in cit-
rate buffer, pH 6-0) the pretreated slides were blocked at room
temperature with bvovine serum albumin (BSA) and next
incubated at 4°C overnight with the primary antibody (rab-
bit, polyclonal antibody H-105, clone SL 10789, Santa Cruz,
USA) atadilution of 1 : 150. Slides were then washed in phos-
phate buffered saline (PBS) and incubated for 1 h at 37°C with
the secondary antibody (Vecta stain kit, Universal, Vector
Laboratories, Burlingame, CA, USA). Antibody binding was
visualized with 0-05% DAB (Ventana Medical System, Frank-
furt, Germany) and 0-01% hydrogen peroxide. The material
was rinsed in PBS and counterstained with haematoxylin.

Cell culture conditions

The colonic carcinoma epithelial cell line HT-29 was cul-
tured in DMEM (PAN Biotech GmbH, Passau, Germany)
containing 10% fetal calf serum (FCS). The cells were incu-
bated at 37°C in air with 5% CO,.

Caspase-3 activity assay

HT-29 cells were incubated with the monoclonal Fas-acti-
vating antibody CH11 (250 ng/ml) (Upstate, NY, USA) for
24 h with or without a 24 h preincubation period with 2, 20
or 200 UM cobalt protoporphyrin (CoPP). Caspase-3 activa-
tion was determined from cytosolic extracts of HT-29 cells
with or without CoPP treatment. The colorimetric activity
assays were performed with a commercially available caspase
assay kit (Biomol Research Laboratory, Plymouth Meeting,
USA) according to the manufacturer’s recommendations. In
brief, following the respective treatment, cells were collected
and briefly spun down. Cells were lysed on ice (50 mM
HEPES pH 74, 0-1% CHAPS, 1 mM DTT, 0-1 mM EDTA),
nuclei were removed (6500 g 10 min), and the cytosolic
preparations were quickly frozen and stored at —80°C until
usage (max. 2 weeks). Equal amounts of cytosolic protein
were added to the assay buffer (50 mM HEPES pH 7-4,
100 mM NaCl, 0-1% CHAPS, 10 mM DTT, 1 mm EDTA,
10% gycerol, caspase-3 substrate Ac-DEVD-pNA) in 96-well
enzyme-linked immunosorbent assay (ELISA) plates. The
caspase-3 activity was quantified with an ELISA-plate reader
(OD405nm).

Animals

Female, inbred Balb/c mice (18-20 g) were obtained from
Charles River, Sulzfeld, Germany and were provided with
food and water ad libidum. The animal studies were
approved by the local Institutional Review Board.

Induction of colitis and design of treatment

Acute colitis was induced by giving 3% DSS (mol. wt 40 000,
ICN, Eschwege, Germany) orally in drinking water for 7 days
followed by 1 day of normal drinking water.

Cobalt protoporphyrin (CoPP) was prepared in dim light
because of the light sensitivity of the compound. We chose a
dose of 125 g CoPP, because Gerbitz ef al. have demon-
strated recently that this amount of CoPP is sufficient to
induce a strong induction of HO-1 in the spleen, liver as well
as in the intestine [22]. CoPP was dissolved in sodium
hydroxide (150 mM) and the pH was subsequently adjusted
to pH 7 by adding equal amounts of hydrochloric acid. The
final pH of 7-4 was achieved by further dilution with PBS.
The final concentration of CoPP was 500 pg/ml. A volume
of 250 ul (equal to 125 ug CoPP) or vehicle was given by
intraperitoneal injection on days 1 and 3 (n = 5/group; two
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independent experiments) or on days 3 and 5 of DSS-
application (n = 5/group; three independent experiments).
The animals were sacrificed on day 8, the colon removed and
the distal parts were submitted for histological examination
and evaluation of colonic myeloperoxidase activity.

For induction of chronic colitis mice received four cycles
of DSS treatment, as described previously [23,24]. Each cycle
consisted of 3% DSS in drinking water for 7 days, followed
by a 10-day interval with normal drinking water. CoPP,
125 g, was given by intraperitoneal injection on days 1 and
3 of each cycle of 3% DSS-application. Four weeks after the
last DSS-cycle the animals were killed (n = 15/group).

Assessment of histological score

From the distal third of the colon 1 cm of colonic tissue was
removed and used for histological analysis, as described
previously [23,24]. Three sections were evaluated, each
obtained at 100 wm distance. Mice were scored individually,
each score representing the mean of three sections. Histolog-
ical examination was performed by an investigator (FO.)
blinded to the source of treatment. Histology was scored as
follows:

+ Epithelium (E). 0: normal morphology; 1: loss of goblet
cells, 2: loss of goblet cells in large areas; 3: loss of crypts;
4: loss of crypts in large areas.

Infiltration (I). 0: no infiltrate; 1: infiltrate around crypt
basis; 2: infiltrate reaching to lamina muscularis mucosae;
3: extensive infiltration reaching the lamina muscularis
mucosae and thickening of the mucosa with abundant
oedema; 4: infiltration of the lamina submucosa.

The total histological score represents the sum of the epi-
thelium and infiltration score and ranges from 0 to 8.

Isolation and incubation of mesenterial lymph node cells

Mesenterial lymph nodes (pooled from each group of mice)
were collected under sterile conditions in cold cell culture
medium (RPMI-1640, 10% FCS, 100 U/ml penicillin and
100 pg/ml streptomycin from Gisco-BRL (Eggenstein,
Germany) and [-mercaptoethanol 3x10°m (Sigma,
Deisenhofen, Germany). Lymph nodes were disrupted
mechanically and filtered through a cell strainer (70 um);
2% 10° cells/well were incubated in 200 ul culture medium
over 24 h and spontaneous cytokine secretion was measured
in the supernatants by ELISA (all from Endogene, Woburne,
MA, USA), using four wells per condition.

Measurement of myeloperoxidase activity

Colonic myeloperoxidase (MPO) activity was determined
using a modified standard method, as described previously
[25]. Briefly, colonic tissue was homogenized in 1 ml of
50 mmol/l potassium phosphate buffer (pH 6-0) containing
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0-5% (wt/vol) hexadecyltrimethylammonium hydroxide and
centrifuged at 7500 g at 4°C for 20 min. Ten ul of the super-
natant was transferred into phosphate buffer (pH 6-0) con-
taining 0-17 mg/ml 3,3’-dimethoxybenzidine and 0-0005%
H,0,. MPO activity of the supernatant was determined
by measuring the H,0,-dependent oxidation of 3,3’
dimethoxybenzidine and expressed as units per gram of total
protein. Total protein content of the samples was analysed
using a bicinchoninic acid protein assay kit (Sigma).

Terminal deoxynucleotidyl transferase-mediated dUDP-
biotin nick-end labelling staining (TUNEL staining)

TUNEL stainings were performed using the in situ cell death
detection kit, AP (Roche, Penzberg, Germany) according to
the manufacturer’s recommendations. Briefly, colonic tissue
sections of 4 um were mounted on glass slides, deparaf-
finized, hydrated and treated for 10 min with proteinase K
(20 pg/ml). After rinsing, TUNEL reaction mixture (termi-
nal deoxynucleotidyl transferase from calf thymus and
nucleotide mixture containing fluoresceinated deoxy-UTP)
was added to the samples. Slides were incubated in a humid-
ified chamber for 60 min at 37°C, rinsed and incubated with
antifluorescein antibody (Fab fragment from sheep, conju-
gated with alkaline phosphatase). Then, substrate solution
(nova red) was added, and slides were incubated for 15 min
at room temperature. Apoptotic cells were identified by the
presence of a distinct red staining of the nucleus.

Statistics

Results are expressed as mean + s.e.m. Statistical analysis was
performed using Student’s--test or the Mann—Whitney rank
sum test. P < 0-05 was considered statistically significant.

Results

Up-regulation of HO-1 in patients with inflammatory
bowel disease, non-specific inflammation and
non-inflamed controls

Expression of HO-1 was detected in colonic mucosa from
control and IBD patients. Mainly epithelial cells, mononu-
clear cells and scattered endothelial cells demonstrated HO-
1 immunoreactivity (Fig. la). In patients with diverticulitis
and intestinal ischaemia the HO-1 expression correlated
with the histological grade of inflammation. There was an
increased HO-1 expression in macrophages and epithelial
cells in colonic mucosa of patients with more severe gut
inflammation compared to non-inflamed mucosa (Fig. 1b).
Similar patterns of HO-1 expression in histologically mildly
inflamed CD and UC were observed (Fig. 1c). In contrast to
controls with severe inflammation due to diverticulitis or
ischaemia, in CD and UC patients with a high histological
inflammatory activity HO-1 expression markedly decreased,

© 2005 British Society for Immunology, Clinical and Experimental Immunology, 140: 547-555 549



G. Paul et al.

Fig. 1. Haem-oxygenase-1 (HO-1) immunohistochemistry in normal
and inflamed colonic specimens of patients with IBD and controls.
(a) Normal colonic mucosa; there is weak HO-1 expression in the
cytoplasma of goblet cells of colon crypts (magnification x 400). (b)
Inflamed colonic mucosa of a patient with diverticulitis, demonstrating
strong HO-1 expression in epithelial cells at the luminal region of
colonic crypts (arrow) and also intense immunostaining in macroph-
ages (arrow; magnification x 400). In colonic specimens of patients with
Crohn’s disease (CD) and ulcerative colitis (UC) there was a similar HO-
1 expression in mild inflamed colonic mucosa. (c) Representative slide
of a patient with ulcerative colitis (magnification X 400) but in severe
inflammation there was a decreased HO-1 immunostaining in epithelial
cells with focal heterogenous distribution. (d) Representative histology
of a patient with Crohn’s disease (arrow, magnification X 200). There

was no difference regarding HO-1 expression in macrophages.

-

with a notable heterogeneous distribution of positively
stained epithelial cells (Fig. 1d).

Induction of HO-1 by CoPP prevents apoptosis by
down-regulation of caspase-3 activation

One of the pathophysiological events, which may contribute
to intestinal inflammation by dysregulation of the epithelial
barrier function is increased apoptosis of colonic epithelial
cells [26,27]. We therefore analysed as to whether the activa-
tion of caspase-3 induced by the anti-Fas antibody CH-11
can be down-regulated by the induction of HO-1 in the
colonic carcinoma epithelial cell line HT-29. As shown
in Fig.2, CH-11-induced caspase-3 activation was dose-
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Fig. 2. Colorimetric assay for caspase 3 activity in CH11 stimulated
HT-29 cells treated with two different doses of cobalt protoporphyrin
(CoPP) CH11 monoclonal antibody (mAb) (250 ng/ml) was used for
the induction of apoptosis. CoPP preincubation dose-dependently
down-regulated caspase-3 activation. The viability of HT-29 cells in the

presence of CoPP was assessed by trypan blue exclusion. n =3
experiments. P < 0-05 200 uM CoPP versus 2 uM CoPP.
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Fig. 3. (a) Immunohistochemical staining of haem-oxygenase-1 (HO-

1) in a colon specimen of a healthy Balb/C mouse. HO-1 immunoreac-
tivity was observed in the epithelial cell layer and in scattered mononu-
clear cells (magnification x 200 and x 400). (b) Immunohistochemical
staining of haem-oxygenase-1 (HO-1) of a colon of a Balb/c mouse

2 days after the administration of a single dose of cobalt protoporphyrin
(CoPP) (125 ug) intraperitoneally. HO-1 activity was induced mainly
in epithelial cells but not in mononuclear cells (magnification x 200
and x 400).

dependently down-regulated by the preincubation with dif-
ferent amounts of CoPP.

Up-regulation and induction of HO-1 in DSS-induced
colitis in Balb/c mice

To analyse further the effects of HO-1 induction by CoPP we
employed the DSS-induced colitis model in Balb/c mice.
Similar to the pattern observed in colonic inflammation in
humans, HO-1 immunoreactivity was only weakly expressed
in epithelial cells and scattered mononuclear cells in the non-
inflamed colon. At day 7 after the induction of DSS-colitis
HO-1 expression was strongly up-regulated in the epithelial
cells as well as in mucosal infiltrate, consisting mainly of neu-
trophils and macrophages (data not shown). Furthermore,

Haem-oxygenase-1 in colitis

colonic HO-1 expression could be induced in healthy mice
by intraperitoneal administration of CoPP (Fig. 3a,b).

Induction of HO-1 before the onset of intestinal
inflammation in acute DSS colitis (preventive HO-1
induction)

In preliminary experiments we evaluated a single adminis-
tration of 125 g CoPP on day 1 of DSS administration only,
which demonstrated a non-significant amelioration of intes-
tinal inflammation (data not shown). However, when we
performed an induction of HO-1 by intraperitoneal injec-
tion of 125 ug CoPP on days 1 and 3 of DSS application
(cumulative dose 250 g CoPP), the colonic inflammation as
determined by a histological score was significantly amelio-
rated compared to the control animals (Fig. 4). Additionally,
the animals demonstrated a lower weight loss compared to
the controls, which were treated with the vehicle (weight loss
9-1% +2-8% CoPP group versus 14-0% *5-0% vehicle
group). Using colonic myeloperoxidase (MPO) activity as a
quantitative index of granulocyte infiltration, the induction
of HO-1 reduced significantly DSS-induced colonic MPO
activity (36 = 3 units/g protein CoPP group versus 63+ 6
units/g protein; P < 0-01). The decrease of colonic inflamma-
tion in CoPP-treated animals was also accompanied by a
significantly decreased secretion of interferon (IFN)-y (1-8-
fold) from stimulated mesenteral lymph node cells (Fig. 5).
The secretion of IL-10 was not significantly altered, indicat-
ing a shift towards a more protective cytokine balance (IL-10
secretion: 109-5 & 35-8 pg/ml CoPP versus 77-1 + 44-0 pg/ml
vehicle). Furthermore, by employing TUNEL staining, less

Histological score

o 1 1
Vehicle CoPP

Fig. 4. Haem-oxygenase-1 (HO-1) induction by cobalt protoporphyrin
(CoPP) in acute dextran sodium sulphate (DSS)-induced colitis —
preventive setting. Treatment on day 1 and day 3 with 125 ug CoPP
intraperitoneally significantly ameliorates the histological degree of
intestinal inflammation. Mice were killed on day 8. Extent of colonic
inflammation was estimated histologically (max. grade 8, mean *
s.e.m.) in a blinded fashion (n = 10/group, two separate experiments).
*P < 0-05 versus DSS/vehicle.
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Fig. 5. Secretion of interferon (IFN)-y by isolated mesenterial lymph
node cells from cobalt protoporphyrin (CoPP) and vehicle-treated
animals on day 1 and day 3 in acute DSS-induced colitis. Mesenteral
lymph node cells were stimulated with anti-CD3 antibody in the
presence of IL-2 and cytokine concentrations in supernatants were
determined after 24 h. Cells from pooled mesenterial lymph nodes were
isolated and incubated in quadruplicate cultures for 24 h. Supernatants
were used for cytokine measurement by enzyme-linked immunosorbent
assay (ELISA). Each group consisted of five mice. IFN-y secretion is
significantly down-regulated in CoPP-treated animals (*P < 0-05 versus
vehicle).

apoptotic epithelial cells are detectable in CoPP-treated ani-
mals compared to vehicle-treated mice (Fig. 6a,b).

Induction of HO-1 after the onset of inflammation in
acute DSS colitis (therapeutic HO-1 induction)

As we have demonstrated previously, the extravasation of
leucocytes in DSS-induced colitis is already significantly
increased on day 2 of DSS application, indicating the onset of
colonic inflammation [28]. Therefore, to mimic a more clin-
ically relevant treatment protocol, we induced HO-1 by
intraperitoneal application of CoPP on days 3 and 5. In this
setting we did not observe beneficial effects on either the
extent of colonic inflammation (Fig. 7) nor on the secretion
of IFN-y (data not shown).

Effects of HO-1 induction in chronic DSS-induced colitis

To further evaluate the effects of HO-1 induction in experi-
mental colitis, we induced chronic colitis in Balb/c mice by
applying four cycles of DSS, as demonstrated previously
[23,24,29]. Similarly to the preventive approach used in
acute DSS-induced colitis, CoPP was intraperitoneally
injected on day 1s and 3 of each DSS cycle. However, a trend
towards a protection of colonic inflammation was observed
in the CoPP group (histological score: 3-0 £ 1-2 CoPP versus
4-2+1-6 vehicle; n = 15/group, four and two animals died
during the course of colitis in the vehicle group and in the
CoPP-treated group, respectively). The secretion of IFN-y
and IL-10 from the stimulated mesenterial lymph node cells
were also not significantly different (data not shown).

Fig. 6. TUNEL staining of colonic sections of cobalt protoporphyrin

(CoPP) and vehicle treated animals on day 1 and day 3 in acute dextran
sodium sulphate (DSS)-induced colitis. Representative histological
section of a vehicle-treated animal demonstrate numerous apoptotic
epithelial cells (arrows) (a, magnification X 200) compared to a
CoPP-treated mouse (arrows) (b, magnification x 200).

Discussion

In this study we investigated the expression of HO-1 in the
normal and inflamed human intestine. We then explored
further the effects of HO-1 induction on the course of acute
and chronic DSS-induced colitis in mice. The results

Histological score
@

2 1 -I-
Vehicle CoPP

Fig.7. Haem-oxygenase-1 (HO-1) induction by cobalt protoporphyrin
(CoPP) in acute dextran sodium sulphate (DSS)-induced colitis —
therapeutic setting. Treatment on day 3 and day 5 with 125 ug CoPP
intraperitoneally has no effect on the histological severity of intestinal
inflammation as measured by a histological score on day 8 in acute
DSS-induced colitis (n = 15/group; three separate experiments).
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demonstrate an up-regulation of HO-1 expression in
patients with Crohn’s disease and ulcerative colitis, which is
comparable to that of patients suffering from intestinal
ischaemia or diverticulitis. However, only in the severely
inflamed mucosa, differences in the expression pattern of
HO-1 in patients with inflammatory bowel disease (IBD)
and non-specific inflammatory controls could be detected.
In these cases, the epithelial cells displayed a more scattered
expression and numerous epithelial cells not having HO-1
immunoreactivity at all were observed. These findings, along
with the only published study demonstrating that the inhi-
bition of HO-1 by tin mesoporphyrin (SnPP) aggravates the
acute TNBS-induced colitis in rats [20], suggested that by
inducing HO-1 a protective effect in chronic intestinal
inflammation may be achieved [30].

We used the established model of acute and chronic DSS-
induced colitis in Balb/c mice. In this model proinflamma-
tory cytokines such as TNF, IFN-y, IL-12 as well as reactive
oxygen and nitrogen species play a role in the initiation and
perpetuation of intestinal inflammation [24,25,31-36].
Additionally, in the DSS model an increased amount of apo-
ptosis, mainly of epithelial cells, is observed which probably
leads to a breakdown of the epithelial barrier function [37].
In our experiments we used two approaches to investigate
potential protective effects of HO-1. In the preventive
approach, induction of HO-1 using CoPP as an inductor was
given together with the DSS administration on day 1 and was
repeated on day 3, whereas in the therapeutic approach
CoPP was administrated after the onset of intestinal inflam-
mation on days 3 and 5. Interestingly, we observed an anti-
inflammatory effect of HO-1 induction only in the preven-
tive but not in the therapeutic approach. Furthermore, we
could not detect protective effects of HO-1 induction in
chronic DSS-induced colitis.

The protective effects of the preventive approach could be
mediated by HO-1 in several ways. Haem oxygenase-1 (HO-
1) cleaves the porphyrin ring of haem into carbon monoxide,
Fe’* and biliverdin, which is then converted into bilirubin by
the bilirubin reductase [38]. The free iron, which is released
of haem, is used in the intracellular metabolism as well as
being sequestered by the iron chelator ferritin [39,40]. It has
been shown that induction of HO-1 inhibits the expression
of different adhesion molecules, such as ICAM, VCAM and
E-selectin, which is mediated either by bilirubin and/or by a
decrease in free intracellular Fe**, thus limiting the migration
of inflammatory cells [41,42]. Additionally, in several in vivo
and in vitro models an anti-apoptotic effect of HO-1 induc-
tion has been demonstrated [43-45], which is probably
due mainly to the generated CO and heavy chain ferritin
[18,46-48].

On day 2 following the start of DSS administration signif-
icant increases in leucocyte adhesiveness and extravasation
can be demonstrated in acute colitis [28]. This is paralleled
by increases in both the histological inflammation score
and myeloperoxidase activities. This might explain why the
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additional induction of HO-1 on day 3 after the start of DSS
did not show any effect, implying that ongoing leucocyte—
endothelium interactions and leucocyte extravasation is not
reversible by the induction of HO-1. In the published studies
of various animal models of ischaemia—reperfusion injury,
graft-versus-host disease or organ transplantation HO-1
induction was induced only in a preventive fashion before
the manifestation of inflammation, thus indicating that HO-
1 counteracts early events in the initiation of inflammation
[9,22,49,50].

Moreover, despite application of CoPP before each cycle of
DSS similar to the preventive approach in acute DSS-
induced colitis, HO-1 induction did not significantly influ-
ence intestinal inflammation in chronic DSS-induced colitis,
hinting at the involvement of different inflammatory path-
ways in acute and chronic DSS-induced colitis, as has been
shown previously with experimental blockade of different
cytokines, nitric oxide or antibiotic treatment in this model
[24,32,51].

To investigate further the mechanisms by which HO-1 ful-
fils its protective function in the preventive approach in the
colitis model in vivo, we performed in vitro experiments
using a colonic carcinoma epithelial cell line (HT-29). Sim-
ilar to results published with freshly isolated murine islets
cells and a pancreatic cell line [52,53], in HT-29 cells CoPP-
induced up-regulation of HO-1 resulted in a down-regula-
tion of Fas-mediated caspase-3 activation. These in vitro
results suggest that one protective mechanism of HO-1 in
DSS-induced intestinal inflammation is the protection of
epithelial cells from apoptosis, which we could demonstrate
also by employing TUNEL staining in CoPP-treated mice
and which has been shown in other models, such as the pro-
tection of rat hearts from ischemia-reperfusion injury
[18,54]. Epithelial cell apoptosis has been demonstrated
before in DSS-induced colitis and is accompanied by a sig-
nificant expression of the pro-apoptotic molecules Fas, Fal,
Bax and p53 in epithelial cells [37]. Therefore, as well as the
above-described, the reasons for the failure of protection of
HO-1 induction after the onset of inflammation or in
chronic colitis may not be sufficient to prevent already ongo-
ing apoptotic events, which again trigger inflammatory
responses in the intestine.

In conclusion, these results demonstrate a protective effect
of HO-1 induction in the acute DSS-induced colitis model, if
HO-1 is induced before the onset of inflammation. However,
HO-1 induction has no effect in already established DSS-
induced acute colitis or in chronic DSS-induced colitis, indi-
cating that the induction of HO-1 may not be a promising
approach in chronic inflammatory bowel disease such as
Crohn’s disease or ulcerative colitis.
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