Anti-inflammatory properties of the µ opioid receptor
support its use in the treatment of colon inflammation
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The physiologic role of the µ opioid receptor (MOR) in gut nociception, motility, and secretion is
well established. To evaluate whether MOR may also be involved in controlling gut inflammation,
we first showed that subcutaneous administration of selective peripheral MOR agonists, named
DALDA and DAMGO, significantly reduces inflammation in two experimental models of colitis
induced by administration of 2,4,6-trinitrobenzene sulfonic acid (TNBS) or peripheral expansion of
CD4+ T cells in mice. This therapeutic effect was almost completely abolished by concomitant administration of the opioid antagonist naloxone. Evidence of a genetic role for MOR in the control of gut
inflammation was provided by showing that MOR-deficient mice were highly susceptible to colon
inflammation, with a 50% mortality rate occurring 3 days after TNBS administration. The mechanistic basis of these observations suggests that the anti-inflammatory effects of MOR in the colon
are mediated through the regulation of cytokine production and T cell proliferation, two important
immunologic events required for the development of colon inflammation in mice and patients with
inflammatory bowel disease (IBD). These data provide evidence that MOR plays a role in the control
of gut inflammation and suggest that MOR agonists might be new therapeutic molecules in IBD.
J. Clin. Invest. 111:1329–1338 (2003). doi:10.1172/JCI200316750.

Introduction
The endogenous opioid peptide β-endorphin and opiate compounds such as morphine have well-known
central and peripheral analgesic effects through activation of the µ opioid receptor (MOR) (1, 2). Since
MOR agonists exert inhibitory effects on intestinal
motility and secretion (3–5), opioids are also widely
used in the symptomatic treatment of diarrhea (6, 7).
Besides these classical therapeutic properties of opioid
drugs, the demonstration of opioid peptide and MOR
expression by cells involved in the inflammatory
response (8–11) has led to new investigations showing
the roles of MOR modulators in the regulation of the
immune system and inflammatory reactions (12–17).
MOR, a member of the G protein–linked receptor
superfamily (18), is found in the central (19, 20) and
peripheral nervous system (21, 22). This receptor is
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expressed in various tissues including the gut, particularly on lymphocytes (23) and myenteric and submucosal plexi (24). In vitro studies have shown that both
opioids and naloxone, an opioid receptor antagonist,
may modulate mitogen-induced PBMCs (25), splenocyte proliferation (26, 27), NK cell activity (28, 29), and
production of inflammatory (30–32) and immunoregulatory cytokines (17, 33–35). In vivo evidence of the
regulatory immune functions of MOR activators has
also been reported in several animal models of autoimmune (36, 37) and inflammatory diseases (38–40).
While there is clear evidence for potential therapeutic roles of MOR ligands in the treatment of inflammatory bowel disease (IBD), the anti-inflammatory
effects of selective MOR activators during intestinal
inflammation remain unexplored. In the present study,
we first investigated the potential effects of selective
MOR agonists and one antagonist in the experimental
animal model of colitis induced by intrarectal administration of 2,4,6-trinitrobenzene sulfonic acid (TNBS)
(41) and by peripheral expansion of CD45RBhi T cells
transferred into immunodeficient SCID mice (42).
These two different models are well described and share
many macroscopic and histologic similarities with IBD,
including ulcerations, granulomas, transmural inflammation with neutrophil infiltrates, and upregulation
of the TNF-α signaling pathway (43, 44). We also examined the genetic involvement of MOR in colon inflamMay 2003
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mation by studying the consequences of TNBS administration in MOR knockout (MOR–/–) mice. Next, to
further define the mechanistic basis of our observations, we evaluated the influence of MOR activation on
the production of cytokines and expansion of T cells,
two essential immunologic events required for the
development and progression of colitis (45–48).
We describe an intestinal anti-inflammatory activity
of MOR agonists and a dramatic increase of inflammation and mortality in MOR–/– mice. Experiments
addressing the mechanisms for the abrogation of colitis indicate the regulatory roles of MOR on cytokine
production and T cell proliferation. In addition to their
analgesic and antidiarrheic effects, MOR agonists
therefore may be an alternative to the traditional therapeutic approaches to IBD, chronic intestinal disorders
characterized by inflammation, pain, and diarrhea.

Methods
The MOR agonists [D-Arg2,Lys4]dermorphin-(1,4)amide (DALDA) (49) and [D-Ala2,N-Me-Phe4,Gly5-ol]enkephalin (DAMGO) (50, 51), and the general opioid
antagonist naloxone methiodide (NM) were purchased
from Sigma-Aldrich (Saint Quentin Fallavier, France).
TNBS was purchased from Sigma-Aldrich.
Induction of TNBS colitis and study design. Animal experiments were performed in accredited establishments at
the Institut de Génétique et de Biologie Moléculaire et
Cellulaire from Strasbourg and at the Institut Pasteur
from Lille according to governmental guidelines. Animals were housed five per cage and had free access to
standard mouse chow and tap water. For colitis induction, mice were anesthetized for 90–120 minutes and
received an intrarectal administration of TNBS (40 µl,
150 mg/kg) dissolved in a 1:1 mixture of 0.9% NaCl with
100% ethanol (41). Control mice received a 1:1 mixture
of 0.9% NaCl with 100% ethanol or a saline solution
using the same technique. Animals were sacrificed 2 days
or 4 days after TNBS administration (41). The antiinflammatory effects of MOR agonists in Balb/c mice
were evaluated by administration of different dosages of
DALDA (10–3 to 1 mg/kg/d) and DAMGO (10–3 to 0.5
mg/kg/d), which selectively activate peripheral MOR and
lack the ability to cross the blood-brain barrier (Figure 1)
(52, 53). These compounds were administered once daily
by subcutaneous injection, starting either 4 days before
(preventive mode) or 30 minutes after (treatment mode)
colitis induction. To determine whether the beneficial
effects of DALDA and DAMGO were due to selective
activation of peripheral MOR, the MOR antagonist NM,
which does not cross the blood-brain barrier (54), was
given in some mice preventively and concomitantly 6
days before colitis induction at the dose of 2.5 mg/kg/d
as described previously (55). Macroscopic, histological,
and biological assessments of colitis were performed
blindly by two investigators. In a second set of experiments, genetic evidence for the involvement of MOR in
colon inflammation was evaluated by the induction of
colitis in MOR–/– mice (56) that were backcrossed for ten
1330
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generations onto C57BL/6 mice and their wild-type littermates (9.9 ± 0.88 weeks of age). Due to higher susceptibility of these knockout mice to inflammation, animals
were sacrificed 3 days after colitis induction.
Macroscopic and histologic assessment of TNBS-induced colitis. The colon of each mouse was examined under a dissecting microscope (magnification, ×5) to evaluate the
macroscopic lesions according to the Wallace criteria.
The Wallace score rates macroscopic lesions on a scale
from 0 to 10 based on features reflecting inflammation,
such as hyperemia, thickening of the bowel, and extent
of ulceration (57). A colon specimen located precisely 2
cm above the anal canal was cut into three parts. One
part was fixed in 4% paraformaldehyde and embedded
in paraffin. Sections stained with May-Grunwald-Giemsa were examined blindly by two investigators and
scored according to the Ameho criteria (58). This grading on a scale from 0 to 6 takes into account the degree
of inflammation infiltrate, the presence of erosion,
ulceration, or necrosis, and the depth and surface extension of lesions (58). The other two parts of the colon
were frozen and used to quantify myeloperoxidase
(MPO) and mRNA of inflammatory cytokines.
Quantification of MPO. Protein preparation and immunoblotting were performed as described (59). Total
protein extracts were obtained by homogenization of
colon samples in a PBS lysis buffer containing 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, and a protease
inhibitor cocktail (59). Total proteins (50 µg) were separated by PAGE and electroblotted (59). Immunodetection of MPO was performed after an overnight incubation of the immunoblotted membrane with a rabbit
polyclonal primary antibody (dilution 1:500; DAKO
Corp., Trappes, France) at 4°C. Then a swine secondary
peroxidase-conjugated antibody (dilution 1:1,000,
DAKO Corp.) was added for 1 hour at room temperature. The complex was detected by chemiluminescence
according to the manufacturer’s protocol (ECL; Amersham Pharmacia Biotech, Orsay, France). Results were
expressed as units of OD per 50 ng of total protein.
Reconstitution of SCID mice with T cell subpopulations and
treatment with MOR agonists. Intestinal inflammation was
induced in 6-week-old CB-17 SCID mice by intraperitoneal injection of 100 µl of PBS containing 2.5 × 105
CD4+CD45RBhi T cells (44). Control of this experiment
was provided by coinjection into the same mice of
1.25 × 105 CD4+CD45RBlo T cells and 2.5 × 105
CD4+CD45RBhi T cells (44). These two CD4+ T cell subsets were purified from the spleens of immunocompetent mice as previously described with the following
modifications (44, 60, 61). Briefly, cells were depleted of
B220+, Mac-1+, I-Ad+, and CD8+ cells by negative selection using sheep anti-rat–coated antibody Dynabeads
(Dynal Biotech, Oslo, Norway). The remaining cells were
labeled with FITC-conjugated anti-CD45RB (25 µg/ml)
and phycoerythrin-conjugated (PE-conjugated) antiCD4 (10 µg/ml) and separated into CD4+CD45RBhi and
CD4+CD45RBlo fractions by two-color sorting on a
FACStar plus cytometer/sorter (Becton, Dickinson and
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Quantification of cytokines and MOR mRNA in the colon.
Co., Le Pont de Claix, France). All populations were
RNA was isolated from colon samples with TRIzol
more than 98% pure on repeat analysis.
The anti-inflammatory effects of MOR agonists in reagent as described (65). After treatment at 37°C for 30
CB-17 SCID mice were evaluated by subcutaneous minutes with 20–50 units of DNase I RNase-free (Roche
administration of the optimal dosage of DALDA (10–2 Molecular Biochemicals, Mannheim, Germany), total
mg/kg/d) or DAMGO (10–3 mg/kg/d). These com- RNA (5–10 µg) was reverse-transcribed into cDNA. The
pounds were administered the day after reconstitution reverse transcription reaction mixture was amplified by
and continued once daily for the 4-week duration of quantitative PCR using primers and competitors specifthe experiment, before mice were killed.
ic for β-actin, TNF-α, IL-1β, IL-4, and IFN-γ (41, 66).
Clinical and microscopic examination of SCID mice. T Samples and competitors were subjected to 40 PCR
cell–restored SCID mice were weighed weekly and sac- cycles (PE Corp., Foster City, California, USA). Quantifirificed after 4 weeks. Disease development in CD45RBhi cation of cDNA was performed by electrophoresis in 3%
T cell–reconstituted SCID mice was evaluated by analy- agarose gel using an image analyzer (Gel Analyst; Clara
sis of weight loss and mortality rates, measurements of Vision, Paris, France) (67). The results were expressed as
splenomegaly and colon thickness, and histologic number of mRNA molecules per 104 mRNA molecules
assessment of the colon. For the microscopic examina- of an internal control, β-actin, in the same sample. MOR
tion, a 1-cm piece of the distal colon was removed and mRNA expression was also evaluated by RT-PCR using
embedded in paraffin. Sections were stained with May- selected primers in proportion to a known number of
Grunwald-Giemsa stain and graded semiquantitatively β-actin mRNA molecules in the same sample (68).
Statistics. Data were expressed as mean ± SEM. All
from 0 to 3 in a blinded fashion (62, 63). A grade of 0
was given when there were no changes observed. comparisons were analyzed by the nonparametric
Changes typically associated with other grades were as Kruskal-Wallis one-way ANOVA test or by the Mannfollows: grade 1, minimal scattered mucosal inflamma- Whitney U test. Statistical analyses were performed
tory cell infiltrates; grade 2, mild scattered to diffuse using the StatView 4.5 statistical program (SAS Instiinflammatory cell infiltrates, sometimes extending into tute Inc., Meylan, France). Differences were considered
the submucosa and associated with erosions, with min- significant when the P value was below 0.05.
imal to mild epithelial hyperplasia and loss of goblet
cells; grade 3, massive and extensive leukocytic infiltra- Results
tions that were sometimes transmural, often associated Attenuation of TNBS-induced colitis by administration of MOR
with ulceration, epithelial hyperplasia, and mucin agonists. First we characterized the development of colidepletion. The other parts of the distal colon were used tis in animals subjected to TNBS injection. Whereas
to purify lamina propria lymphocytes and to quantify control mice sacrificed 2 days or 4 days after administration of 50% ethanol or a saline solution showed no
mRNA of inflammatory cytokines.
Isolation of CD4+ T cells from spleen and colon of T macroscopic or histologic lesions in the colon, an acute
cell–restored SCID mice. Four weeks after T cell transfer, colitis was induced as early as 2 days after TNBS adminCD4+ lymphocytes were isolated from the spleen and istration, resulting in death in 48% of the Balb/c mice.
colon as described previously, with some modification Four days after colitis induction, the lesions were more
(44). Splenocytes were counted and labeled with FITC- severe, showing necrosis of the colon and leading to
conjugated anti-CD4 and PE-conjugated
anti-CD3 (10 µg/ml; Pharmingen, Le Pont
de Claix France) and the number of CD4+
T cells was determined by FACS analysis
(64). For the colon, samples were washed
in a solution of RPMI 1640 containing
antibiotics and cut into 0.5-cm pieces.
Mucosal layers were dissected away from
the muscular and serosal layers and incubated in RPMI containing 1 mM DTT.
Mucosal pieces were minced and stirred in
calcium- and magnesium-free HBSS supplemented with heat-inactivated FCS (2%)
and 1 mM EDTA. Lamina propria lym- Figure 1
phocytes were isolated after incubating Dose-response study of the effects of DALDA and DAMGO on TNBS-induced colitis.
mucosal pieces with 1 mg/ml of collage- The anti-inflammatory effects of different doses of DALDA (a) and DAMGO (b) given
in preventive mode, once daily by subcutaneous administration, were assessed in mice
nase-dispase (Sigma-Aldrich) for 90–180
sacrificed 4 days after TNBS administration. Colitis severity was evaluated by mortaliminutes at 37°C. Lymphocytes were recu- ty rates, expressed as percentages (open circles), and by the intensity of macroscopic
perated by filtration of the supernatant lesions (filled circles, mean ± SEM), assessed using the Wallace score. The different
and CD4+ T cell number was determined doses of agonists and the number of mice receiving each dosage are indicated.
by FACS analysis.
*P < 0.001, §P < 0.01, and †P < 0.05 in treated mice versus untreated mice with colitis.
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Figure 2
DALDA improves the macroscopic lesions induced by
TNBS. (a) Morphologic examination of mice receiving vehicle only (control), TNBS, or DALDA (10–2
mg/kg/d) 4 days prior to the administration of TNBS
(DALDA + TNBS). (b) The anti-inflammatory effects
of DALDA (10–2 mg/kg/d) were assessed preventively 2 days (day 2) and 4 days (day 4) after TNBS
administration. Severity of lesions was evaluated
using the macroscopic Wallace score. The number of
mice and statistical significance are indicated and
results are expressed as mean ± SEM.

mortality in 73% of the Balb/c mice (Figure 1 and Figure 2). TNBS-induced colitis was characterized by
hyperemia of the mucosa with large areas of ulceration
and thickening of the bowel wall (Figure 2). These
lesions were associated with neutrophilic infiltration
extending from the mucosa deep into the muscular
layer and with an enhanced concentration of colon
MPO, a marker of neutrophil content (69) (Figure 3).
Since DALDA and DAMGO exert their biological
actions via MOR, we first verified that MOR mRNA was
expressed in the healthy (MOR mRNA OD, 2.5 ± 0.5
measured in 104 β-actin molecules) colon of mice, with
increased levels during inflammation (MOR mRNA
OD, 5.2 ± 1.1 measured in 104 β-actin molecules,
P < 0.02). We then evaluated the effects of MOR activation on mortality rates and macroscopic inflammatory
scores by performing a detailed dose-response study
using the synthetic MOR agonists DALDA (from 10–3
to 1 mg/kg/d) and DAMGO (from 10–3 to 0.5 mg/kg/d),
administered preventively 4 days before colitis induc-

tion, once daily until sacrifice (Figure 1).
Two days and 4 days after TNBS administration, DALDA- and DAMGO-treated
mice showed significantly reduced mortality compared with untreated mice with colitis, and had improved macroscopic lesions
(Figure 1 and Figure 2). Similar beneficial effects were
seen at 2 days and 4 days after TNBS administration
with the doses of 10–2 mg/kg/d DALDA and 10–3
mg/kg/d DAMGO (Figure 1). Parallel to the gross
macroscopic inflammation, histologic analysis also
revealed major improvement of colitis in animals treated with DALDA compared with untreated mice (Figure
3). This was reflected by a reduction of the neutrophil
infiltrate, which was limited to the mucosa, and was
associated with a significant decrease of MPO levels, an
absence of ulceration, and a normalization of colon wall
thickness, leading to a significant decrease of the
Ameho inflammatory score evaluated both at 2 days
and at 4 days after TNBS administration (Figure 3).
In all the experiments described above, MOR agonists
were given in preventive mode before colitis induction.
We next analyzed whether the administration of
DALDA after the induction of colitis was also effective
in reducing the intensity of inflammation. DALDA
administered after colitis induction significantly

Figure 3
DALDA improves the histologic lesions and decreases the
MPO level induced by TNBS. (a–c) Histologic examination of colon sections of mice receiving vehicle only,
TNBS, or 10–2 mg/kg/d DALDA followed 4 days later by
TNBS (DALDA + TNBS) (magnification, ×250). TNBS
induced severe lesions characterized by an intense inflammatory infiltrate extending deep into the colon wall with
necrosis (b). Treatment with DALDA reduced the intensity of histologic inflammation, which was characterized
only by a moderate inflammatory infiltrate located in the
mucosa (c). (d) The histologic anti-inflammatory effects
of DALDA (10–2 mg/kg/d) were assessed preventively 2
days and 4 days after TNBS administration. Colon MPO
levels were evaluated 4 days after colitis induction. Severity
of lesions was evaluated using the histologic scoring method
of Ameho. The number of mice and statistical significance
are indicated and results are expressed as mean ± SEM.
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Figure 4
DALDA administered in treatment mode improves the macroscopic
and histologic lesions. (a and b) The anti-inflammatory effects of
DALDA (10–2 mg/kg/d) administered in treatment mode (after colitis induction) were assessed 2 days (D2) and 4 days (D4) after TNBS
administration. The severity of the lesions was evaluated using the
macroscopic and histologic scores of Wallace (a) and Ameho (b),
respectively. The number of mice and statistical significance are indicated and results are expressed as the mean ± SEM.

reduced mortality (19% vs. 45% at day 2 and 40% vs. 73%
at day 4) and macroscopic and histologic scores 2 days
and 4 days after TNBS administration (Figure 4). These
data demonstrate that MOR agonists can not only prevent lesion development but are also effective in reducing established inflammatory lesions in the colon.
The opioid antagonist NM abolishes the anti-inflammatory
effects of DALDA. As expected, administration of NM
blocked the protective effects of DALDA as shown by
the similar macroscopic and histologic lesions and
MPO levels found in untreated mice with colitis and
mice with colitis simultaneously receiving NM and
DALDA (Figure 5). Moreover, compared with untreated animals with colitis, animals administered NM alone
showed increased inflammation 4 days after TNBS
administration, with more numerous and deeper colon
ulcerations and an enhancement of MPO levels (data
not shown). Taken together, these data further confirm
that the anti-inflammatory effect of DALDA is mediated by peripheral MOR activation.
Increased susceptibility of MOR–/– mice to TNBS-induced colitis. As the data from DALDA and DAMGO treatment
indicate that an interaction between agonists and MOR
regulates colon inflammation, we next tested whether
mice homozygous for a deficiency of MOR were more
susceptible to TNBS-induced colitis. MOR–/– mice did
not differ from their littermates in general health (56)
(Figure 6, a–e) and had normal stools. No morphologic
or histologic intestinal abnormalities were detected in
MOR–/– mice compared with controls (Figure 6). Relative
to Balb/c mice, TNBS induced less severe colitis in wildtype C57BL/6 mice, as shown by the comparison of the
mortality rate and macroscopic and histologic scores
(Figure 1, Figure 2, Figure 3, and Figure 6). Although no
spontaneous macroscopic or histologic inflammation
The Journal of Clinical Investigation
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was found in the colon of MOR–/– mice, these knockout
animals developed rapidly lethal colitis, reaching a mortality rate of 50% 3 days after TNBS administration,
while wild-type mice displayed 17% mortality (Figure 6a).
The lesions were severe in MOR–/– mice compared with
those in control mice, involved the whole length of the
colon, and were characterized by mucosal necrosis and
perforation (Figure 6). In combination with the data
indicating that MOR agonists significantly reduce colon
inflammation, this study in MOR–/– mice demonstrates
that the endogenous activation of MOR acts as a protective mechanism against intestinal inflammation.
MOR agonists prevent the development of colitis in T
cell–restored SCID mice. To extend the previous observation to another murine model of chronic colitis, we
investigated the effects of MOR agonists on T cell–mediated immune pathology in SCID mice reconstituted
with CD4+CD45RBhi T cells. As shown in Figure 7a, the
SCID mice restored with CD4+CD45RBhi T cells started
to lose body weight 1 week after T cell transfer. At the
end of the experiment, CD45RBhi T cell–reconstituted
SCID mice had an average body weight of 73.8% ± 3.4%
of their initial weight, splenomegaly with a mean fold
weight increase of 4.03 ± 0.53 compared with control
mice, intestinal inflammation characterized by edema of
the small intestine (Figure 7d), and diffuse thickening
and shrinkage of the colon (Figure 7e), resulting in death
in 40% of the mice (Figure 7b). Histologically, lesions
scored 2 ± 0 were characterized by epithelial hyperplasia,
goblet cell depletion, and a diffuse inflammatory infiltrate mainly located in the lamina propria (Figure 8, a
and c). In contrast, none of the DALDA- or DAMGOtreated CD45RBhi T cell–reconstituted SCID mice had
splenomegaly (Figure 7d) or inflammatory changes in
the intestine (score 0.2 ± 0.16) (Figure 8, a and d). The
treated SCID mice gained weight throughout the course
of the experiment without mortality and were indistinguishable from control mice reconstituted with
CD45RBhi and CD45RBlo T cells (Figure 7, a and b).

Figure 5
NM inhibits the anti-inflammatory effect of DALDA. Evaluation of (a)
macroscopic and (b) histologic lesions and (c) quantification of MPO
levels 4 days after TNBS administration in untreated mice (black bars)
and mice receiving DALDA (10–2 mg/kg/d) (gray bars) or both NM
and DALDA (white bars). The number of mice and statistical significance are indicated, and results are expressed as mean ± SEM.
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Figure 6
MOR–/– mice are more susceptible to TNBS-induced colitis. (a) Mortality rates of C57BL/6 wild-type and MOR–/– mice receiving vehicle
(filled triangles and open circles, respectively) or TNBS (WT, filled diamonds; MOR–/–, filled squares) daily for 3 days after TNBS administration. (b and c) Wallace macroscopic and Ameho histologic scores of C57BL/6 wild-type and MOR–/– mice 3 days after TNBS administration. The number of mice and statistical significance are indicated and results are expressed as mean ± SEM. (d–g) Histologic examination of colon sections of wild-type and MOR–/– mice receiving vehicle (d and e) or TNBS (f and g) (×250).

MOR agonist inhibits cytokine expression and T cell expansion. Although the above data performed in two different animal models of IBD underscore the importance
of MOR activation in the regulation of colon inflammation, they do not address the possible mechanisms
involved in this protective effect.
To evaluate the influence of MOR on the physiologic
production of cytokines, we compared the expression of
TNF-α, IL-4, and IFN-γ mRNA in the colon of mice
receiving or not receiving the MOR agonist DALDA
given once daily by subcutaneous administration for 8
consecutive days at a dosage of 10–2 mg/kg/d. As shown
in Figure 9a, treatment with DALDA induced a significant inhibition of the basal production of TNF-α, IL-4,
and IFN-γ mRNA in the colon. Conversely, administration of the MOR antagonist NM (2.5 mg/kg/d for 10
days) significantly increased the colon expression of
these cytokines, indicating that a ligand-MOR interaction mediates the physiologic regulation of these
cytokines in the colon (Figure 9a). To examine a direct
relationship between MOR and cytokine expression in
the colon, we compared the mRNA levels of cytokines
in the colon of MOR–/– and wild-type mice. A two- to
tenfold increase in the expression of TNF-α, IL-4, and
IFN-γ mRNA levels was found in the colon of MOR–/–
mice compared with controls (Figure 9b). Next, we
investigated the roles of MOR agonist in the modulation of inflammatory cytokine expression in the colon
of mice sacrificed 4 days after TNBS administration or
4 weeks after CD4+CD45RBhi T cell reconstitution. Low
1334
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concentrations of TNF-α and IL-1β mRNA were present in the colon of control mice (Figure 9, c and d). After
colitis induction, colon concentrations of TNF-α and
IL-1β mRNA were significantly increased, reflecting a
major inflammatory reaction both in TNBS-induced
colitis and in T cell–restored SCID mice (Figure 9, c and
d). In contrast, administration of MOR agonists normalized TNF-α and IL-1β mRNA concentrations in the
colon in the two experimental models of colitis (Figure
9, c and d). Similarly, TNBS-induced colitis in MOR–/–
mice was associated with increased expression of TNF-α
(10.6 ± 1.1 TNF-α mRNA molecules per 104 β-actin
molecules) and IL-1β (37.9 ± 20.3 IL-1β mRNA per 104
β-actin molecules) compared with wild-type mice with
colitis (respectively, 4.1 ± 0.8 TNF-α mRNA per 104
β-actin molecules and 6.3 ± 3.5 IL-1β mRNA per 104
β-actin molecules, P < 0.01).
Since expansion of transferred T cells in the recipient
SCID mice is also considered to play a crucial role in the
pathogenesis of colitis (61), we compared the number of
CD4+ T cells in the colon and spleen of CD45RBhi T
cell–reconstituted SCID mice treated or not treated with
the MOR agonist DALDA (Table 1). As shown in Table
1, colitis was accompanied by an expansion of CD4+ T
cells in the colon and spleen of untreated individual
SCID mice. In DALDA-treated CD45RBhi T cell–reconstituted SCID mice, colon tissues of five mice had to be
pooled to obtain quantifiable numbers of CD4+ cells.
Table 1 shows that treatment with DALDA significantly
suppressed the expansion of CD4+ T cells in the colon
May 2003
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Figure 7
MOR agonists prevent wasting disease and colitis in
SCID mice after T cell transfer. Weekly evaluation of
change in weight (mean ± SEM) (a) and percent survival (b) in SCID mice during the 4 weeks after cell
transfer. Untreated SCID mice after transfer of both
CD4+CD45RBlo and CD45RBhi T cells (diamonds) or
after reconstitution with CD4+CD45RBhi T cells
(squares). SCID mice reconstituted with CD4+
CD45RBhi T cells and treated with DALDA (10–2
mg/kg/d) (triangles) or DAMGO (10–3 mg/kg/d) (circles). (c) Macroscopic scores (mean ± SEM) evaluated
4 weeks after T cell transfer in control SCID mice reconstituted with both CD4+CD45RBlo and CD45RBhi T
cells (Hi + Lo) and in SCID mice with colitis reconstituted with CD4+CD45RBhi T cells without any treatment (Hi) or after subcutaneous administration of
DALDA (10–2 mg/kg/d) (Hi + D) or DAMGO (10–3
mg/kg/d) (Hi + Do). (d and e) Representative macroscopic lesions in control SCID mice after transfer of
CD4+CD45RBlo and CD45RBhi (RBhi) T cells (control)
and in SCID mice with colitis after reconstitution with
CD4+CD45RBhi T cells without any treatment (RBhi) or
after subcutaneous administration of DALDA (10–2
mg/kg/d) (RBhi + DALDA). SM, splenomegaly.

and spleen of CD45RBhi T cell–reconstituted SCID mice.
Similar results were obtained when SCID mice were
treated with DAMGO (data not shown).

Discussion
Many studies have documented the broad activities of
MOR, particularly in the control of nociception (2), respiration (70, 71), cardiovascular functions (72), mood
(73), and gastrointestinal secretion (3, 5). Recently,
immunomodulatory activities of endogenous and
exogenous µ-, κ-, and δ-opioid compounds have been
described, but their in vivo effects during colon inflammation remain unknown (74). In view of the high level
of MOR expression in the intestinal tract, particularly
during inflammation, we have analyzed the effects of
two selective MOR agonists, DALDA (49) and DAMGO

(75), on intestinal inflammation induced by TNBS in
mice. In this well-described and validated experimental
model of colitis (41), we showed that the two MOR agonists administered before or after colitis induction by
TNBS are useful for the prevention of intestinal inflammation and also provide therapeutic benefit in established inflammatory lesions of the colon. Pretreatment
with NM completely abolished the protective effects of
DALDA and DAMGO on intestinal inflammation, suggesting that the activity of these agonists during colitis
may result from an interaction with opioid receptors.
Further, our results show that MOR–/– mice are more
susceptible to TNBS-induced inflammation and suggest a tonic action of MOR in the protection against
colon inflammation. To extend these results to another experimental model of colitis, DALDA or DAMGO

Figure 8
MOR agonists prevent histologic colitis in reconstituted SCID mice. (a)
Histologic scores (mean ± SEM) evaluated 4 weeks after T cell transfer
in control SCID mice reconstituted with both CD4+CD45RBlo and
CD45RBhi T cells (Hi + Lo) and in SCID mice with colitis reconstituted
with CD4+CD45RBhi T cells without any treatment (Hi) or after subcutaneous administration of DALDA (10–2 mg/kg/d) (Hi + D) or
DAMGO (10–3 mg/kg/d) (Hi + Do). (b–d) Representative histologic
sections of the colon in control SCID mice after CD4+CD45RBlo and
CD45RBhi T cell transfer (control) (b) and in SCID mice with colitis
reconstituted with CD4+CD45RBhi T cells without any treatment (RBhi)
(c) or after subcutaneous administration of DALDA (10–2 mg/kg/d)
(RBhi + DALDA) (d). ×250.
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Figure 9
MOR regulates expression of inflammatory and immunoregulatory cytokines in the colon. (a and b) Quantification of TNF-α, IL-4, and IFN-γ
mRNA concentrations in the healthy colon of (a) Balb/c mice receiving vehicle (C) for 8 days, the MOR agonist DALDA (D) for 8 days, or the
opioid antagonist NM administered subcutaneously for 10 consecutive days and in colon of (b) adult MOR–/– mice and their wild-type littermates. (c) Quantification of inflammatory cytokine levels four days after treatment in the colon of Balb/c mice receiving vehicle only (Control),
TNBS only, or DALDA followed 4 days later by TNBS. (d) Quantification of inflammatory cytokine levels in the colon 4 weeks after T cell transfer in control SCID mice reconstituted with both CD4+CD45RBlo and CD45RBhi T cells (Hi + Lo) and in SCID mice with colitis reconstituted
with CD4+CD45RBhi T cells without any treatment (Hi) or after subcutaneous administration of DALDA (10–2 mg/kg/d) (Hi + D) or DAMGO
(10–3 mg/kg/d) (Hi + Do). The number of mice and statistical significance are indicated and results are expressed as mean ± SEM.

was administered in SCID mice for 4 weeks after the
transfer of CD45RBhi T cells. In this model of colitis
dependent of T cell proliferation and activation, subcutaneous administration of MOR agonists effectively
prevented colon inflammation, as evidenced by the
absence of macroscopic and histologic lesions. Taken
together, our studies with selective MOR agonists and
with MOR knockout mice show that MOR might exert
control of inflammatory responses in the intestine.
Numerous mechanisms may be proposed to explain
the underlying anti-inflammatory effects of MOR during
colitis. In the gut, the inhibitory effects of opioids on
intestinal motility are believed to be mediated mainly by
MOR located in the central nervous system (76, 77).
However, since MOR is also expressed on various cells in
peripheral tissues (11, 78–80), it may be speculated that
there is a modulation of inflammation by peripheral
MOR. In our study, the two selective MOR agonists,
DALDA and DAMGO, and the MOR antagonist NM
were selected for their inability to cross the blood-brain
barrier (52–54). We therefore conclude that the protective
effects of MOR during colon inflammation are probably
mediated by peripheral and not central mechanisms.
Acute and chronic forms of colitis are considered to
be mainly mediated by a dysregulation of inflammatory and immunoregulatory cytokine production (16, 17,
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35, 81) and enhanced T cell proliferative responses (26,
27). In the present study, the TNBS-induced expression
of TNF-α and IL-1β mRNA in the colon was completely abolished by treatment with MOR agonists in wildtype mice and significantly enhanced in MOR–/– mice
compared with their littermates. To further determine
whether MOR was directly responsible for the regulation of cytokine expression in the colon, we quantified
cytokines in wild-type mice without colitis that were
treated with MOR agonist and in MOR–/– mice. A
30–80% inhibition of the physiologic expression of
TNF-α, IL-4, and IFN-γ mRNA in the healthy colon of
mice was observed after DALDA administration and
Table 1
Number of CD4+CD45RBhi T cells

RBhi + RBlo
RBhi
RBhi + DALDA

Spleen

Colon

0.52 ± 0.01
12.5 ± 1.2
0.55 ± 0.05

0.4 ± 0.02
17.5 ± 2.6
0.4 ± 0.03

Splenocytes and mononuclear cells that had infiltrated the spleen and colon
were collected, counted, and stained with TC-conjugated anti-CD4 and
PE-conjugated anti-CD3 monoclonal antibodies. Percentages of total cells
represented by different cell types were analyzed by cytofluorometry and the
absolute number of CD4+ T cells was calculated. Results are expressed as
millions of cells per mouse.
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with a two- to fourfold increase in cytokine levels with
NM. Similar results were found in the colon of MOR–/–
mice, which spontaneously expressed more inflammatory and immunoregulatory cytokines than did their
wild-type littermates. Although these results suggest
that the observed modifications of cytokine expression
in the mouse colon are causally related to MOR activation, they do not identify which cell populations are
responsible for the MOR-dependent effects.
Colitis in SCID mice arises from proliferation of transferred CD4+ T cells initially in peripheral lymphoid
organs such as the spleen, followed by accumulation of
these cells in the intestine leading to Th1 cell–mediated
chronic inflammation (82). In our study, administration
of MOR agonists prevented the development of
splenomegaly and inhibited the expansion of CD4+ T
cells in the spleen and colon of CD45RBhi T cell–reconstituted SCID mice. Based on these data, we propose
that the anti-inflammatory effects of MOR in the colon
are mediated at least in part by the regulation of cytokine
expression and expansion of T cells, two important
immunologic events required for development of colon
inflammation in mice and patients with IBD (83).
In conclusion, our findings extend the understanding
of the regulation of inflammation in the colon and stress
that selective agonists of peripheral MOR have preventive and therapeutic intestinal anti-inflammatory effects.
The property of these MOR agonists to selectively activate peripheral MOR would prevent adverse events
occurring classically with morphinomimetic compounds such as euphoria, respiratory depression, sedation, nausea, and addiction (84). Moreover, the fact that
MOR expression is particularly prominent in inflamed
tissue compared with healthy tissue suggests that the
treatment with MOR agonists may be clinically advantageous in patients with chronic inflammatory diseases
characterized by multiple recurrences, such as IBD. The
main therapeutic goals in patients with IBD are the control of intestinal inflammation and the treatment of the
most common clinical features, i.e., abdominal pain and
diarrhea. Since MOR agonists combine analgesic functions, inhibition of intestinal motility, and anti-inflammatory effects, we suggest that these compounds are
promising therapeutic agents for patients with IBD.
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