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Abstract Recent in vitro studies have shown the

involvement of pro-inflammatory cytokines in the regulation

of the local metabolism of glucocorticoids via 11b-hydroxy-

steroid dehydrogenase type 1 and type 2 (11HSD1 and

11HSD2). However, direct in vivo evidence for a relation-

ship among the local metabolism of glucocorticoids,

inflammation and steroid enzymes is still lacking. We have

therefore examined the changes in the local metabolism of

glucocorticoids during colonic inflammation induced by

TNBS and the consequences of corticosterone metabolism

inhibition by carbenoxolone on 11HSD1, 11HSD2, cyclo-

oxygenase 2 (COX-2), mucin 2 (MUC-2), tumor necrosis

factor a (TNF-a), and interleukin 1b (IL-1b). The metabo-

lism of glucocorticoids was measured in tissue slices in vitro

and their 11HSD1, 11HSD2, COX-2, MUC-2, TNF-a,

and IL-1b mRNA abundances by quantitative reverse

transcription-polymerase chain reaction. Colitis produced an

up-regulation of colonic 11HSD1 and down-regulation of

11HSD2 in a dose-dependent manner, and these changes

resulted in a decreased capacity of the inflamed tissue to

inactivate tissue corticosterone. Similarly, 11HSD1 tran-

script was increased in colonic intraepithelial lymphocytes

of TNBS-treated rats. Topical intracolonic application of

carbenoxolone stimulated 11HSD1 mRNA and partially

inhibited 11HSD2 mRNA and tissue corticosterone inacti-

vation and these changes were blocked by RU-486. The

administration of budesonide mimicked the effect of car-

benoxolone. In contrast to the local metabolism of

glucocorticoids, carbenoxolone neither potentiates nor

diminishes gene expression for COX-2, TNF-a, and IL-1b,

despite the fact that budesonide down-regulated all of them.

These data indicate that inflammation is associated with the

down-regulation of tissue glucocorticoid catabolism. How-

ever, these changes in the local metabolism of

glucocorticoids do not modulate the expression of COX-2,

TNF-a, and IL-1b in inflamed tissue.
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Introduction

Glucocorticoids are hormones that regulate a variety of

homeostatic processes including metabolism, cell prolif-

eration and differentiation, and immune functions

including inflammation. Acute inflammatory response is

associated with an increase in glucocorticoid levels via

the stimulation of pro-inflammatory cytokines and activa-

tion of the hypothalamo–pituitary–adrenal axis [1].

Although the immunosuppressive role of glucocorticoids is

well established, there is accumulating evidence that

glucocorticoids may not only suppress, but also enhance

immune functions within a physiological concentration

range [2]. One mechanism by which this may be

achieved is via the exposure of immune cells to higher

local concentrations of glucocorticoids. Within target

cells or tissues the glucocorticoid action depends not only
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on the plasma level of the hormone, its receptors and

receptor-effector coupling, but also on the local metabo-

lism of glucocorticoids. Endogenous glucocorticoids exist

either as active 11-hydroxy steroids (cortisol and cortico-

sterone) that bind glucocorticoid receptors or as inactive

11-oxo derivatives (cortisone and 11-dehydrocorticoster-

one), which do not. The local regulation of glucocorticoid

availability is determined by the prereceptor interconver-

sion of active and inactive ligands mediated by

11b-hydroxysteroid dehydrogenase. Two distinct types of

this enzyme have been cloned and characterized. Type 1

(11HSD1) is a NADP+(H)-dependent enzyme whose

reductase activity predominates in intact cells. This

enzyme activates cortisol and corticosterone from their

11-keto derivatives and thus increases the local concen-

tration of active glucocorticoid. In contrast, type 2

(11HSD2) requires NAD+ as a co-substrate and possesses

only dehydrogenase activity, thereby inactivating endoge-

nous glucocorticoid hormones [3, 4].

From this point of view, one could expect that the

bidirectional shuttle of glucocorticoids is of high impor-

tance in inflammation because the production of active

ligands by the up-regulation of 11HSD1 and/or down-

regulation of 11HSD2 might counteract the inflammatory

response. It recently has been shown that the inhibition

of 11HSDs with carbenoxolone potentiates the anti-

inflammatory effect of glucocorticoids in mesangial and

airway epithelial cells [5–8]. Furthermore, pro-inflamma-

tory cytokines such as interleukin-1b (IL-1b) and tumor

necrosis factor a (TNF-a) stimulate 11HSD1 and

down-regulate 11HSD2 [5, 9–13]. These observations

indicate that pro-inflammatory cytokines are able to

modulate intracellular corticosterone metabolism, and thus

they might be able to counterbalance their own pro-

inflammatory effect.

The interactions between the local metabolism of glu-

cocorticoids and pro-inflammatory cytokines have been

studied in experiments in vitro, and their interactions in

vivo have yet to be defined. Moreover, some data indicate

that the local metabolism of glucocorticoids can be mod-

ulated not only by cytokines, but also by glucocorticoids

themselves [4, 7, 14]. As the relationship between locally

produced glucocorticoids and inflammation has received

only limited attention we examined the influence of mod-

ulation of the local metabolism of glucocorticoids by

carbenoxolone on the expression of HSD1 and HSD2 and

the pro-inflammatory cytokines, cyclooxygenase 2 (COX-

2), myeloperoxidase (MPO) and mucin 2 (MUC-2) in

inflamed rat colon that showed up-regulation of 11HSD1

and down-regulation of 11HSD2 [15]. The efficacy of

carbenoxolone was compared with budesonide, a reference

glucocorticoid drug used in the treatment of colitis.

Methods

Animals

Male Wistar rats (Institute of Physiology, Czech Acad-

emy of Science, Prague) weighing 250–300 g were

maintained at 22�C and a constant photoperiod (12 h

light, 12 h dark). Water and standard laboratory feed

were available ad libitum. Colitis was induced using the

technique of Morris et al. [16] by a single enema of the

hapten 2,4,6-trinitrobenzenesulphonic acid, TNBS (Fluka,

Buchs, Switzerland). TNBS in 50% ethanol was infused

8 cm into the colon via the anus, and the dose of TNBS

was the commonly used 30 mg dose; in some experi-

ments a lower dose of 8 mg was used in order to reduce

the severity of the inflammatory response. Control ani-

mals received physiological saline instead of TNBS

solution in ethanol. The TNBS-treated rats were ran-

domly divided into four groups with different treatments

that started 24 h after colitis induction and lasted 5 days.

The first group received a saline enema, the second group

a 4 mg dose of carbenoxolone, the inhibitor of 11HSDs,

the third group was treated with a 4 mg dose of car-

benoxolone in together with 1 mg RU-486, an antagonist

of glucocorticoid receptors, and the last group received a

200 lg dose of budesonide. This synthetic glucocorticoid

was used because it is thought to be not metabolized by

11HSDs [17]. The drugs were administered once daily

into the colon. All rats were killed on day 7 after TNBS

administration, and sections of the inflamed colon were

collected for further analysis. The experiments were

approved by the Institute of Physiology Animal Ethics

Committee.

Intraepithelial lymphocyte (IEL) preparation

IELs were obtained as originally described by Lyscom

and Brueton [18] with some modifications. Briefly, the

inflamed part of the colon was dissected and the lumen

gently flushed with 40 ml of cold physiological saline

(4�C). The intestine was then incised longitudinally and

cut into 5-mm pieces. The pieces were incubated in

50 ml flasks containing 40 ml of RPMI-1640 medium

supplemented with fetal bovine serum (12.5%) for

20 min at 37�C with stirring. The incubation step was

repeated thrice, the supernatants were combined, and

IELs were separated from epithelial cells by discontin-

uous Percoll gradient at the interface 67%/44%. The

harvested cells were washed in RPMI medium and used

for further analysis.
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11b-oxidase and 11-reductase activities in intact tissue

slices

The 11b-oxidase (dehydrogenase) and 11-reductase activ-

ities of 11bHSD were measured ex vivo in fresh slices of

colonic tissue as mentioned earlier [19]. Colonic sections

were cut with a razor blade into small strips 1–2 mm wide

and incubated for 80 min in sealed vessels containing

250 mg of tissue wet weight and an oxygenated incubation

solution (in mM: NaCl, 119.0; CaCl2, 1.2; MgCl2, 1.2;

NaHCO3, 21.0; K2HPO4, 2.4; KH2PO4, 0.6; glucose, 10.0;

glutamine, 2.5; b-hydroxybutyrate, 0.5, mannitol, 10.0;

37�C) and 1.45 lM corticosterone (11b-oxidase assay) or

1.45 lM 11-dehydrocorticosterone (11-reductase assay).

At the end of incubation, an internal standard of deoxy-

corticosterone (1.45 lM) was added, and the solution was

chilled on ice, extracted and analyzed using HPLC as

described earlier [20].

Quantitative analysis of 11HSD1, 11HSD2, TNF-a,

IL-1b, COX-2, and MUC-2 mRNAs

Total RNA was extracted from an inflamed part of the

tissue using Trizol (Invitrogen), diluted for optimal con-

centration (0.5–1.0 lg/ll), and RNA was reverse

transcribed using random primers and Moloney murine

leukemia virus reverse transcriptase (Invitrogen) according

to the manufacturer’s protocol. The cDNA was analyzed by

real-time RT-PCR using LightCycler (colonic 11HSD1 and

11HSD2) or TaqMan technology (TNF-a, IL-1b, COX-2,

and MUC-2 in colon and 11HSD1 in IELs). The target

mRNA was quantified in relation to the abundance of

b-actin (LightCycler experiments) or glyceraldehyde-

3-phosphate dehydrogenase, GAPD (TaqMan experiments).

The relative mRNA levels of colonic 11HSD1, 11HSD2,

and b-actin mRNAs were analyzed as described previously

[15]. Briefly, a 1-ll aliquot of the ten-fold diluted RT

reaction product was subjected to PCR using a LightCycler

instrument (Roche Diagnostics GmbH, Mannheim,

Germany); LightCycler-DNA Master Sybr Green I mix;

primers, 0.5 lM, MgCl2, 3 mM (11HSD1), 4 mM

(11HSD2), or 5 mM (b-actin). The product purity was

verified by melting analysis. The amplification curves of

unknown samples were compared with those of the serial

dilutions of standard cDNA from the colon, and the

amounts of 11HSD1 and 11HSD2 were calculated using

standard calibration curves as the proportionate quantity of

both isoforms of 11HSD relative to b-actin. The sequences

of primers were as follows (50[ 30): 11HSD1, sense GAG

TTCAGACCAGAAATGCTCC, antisense TGTGTGAT

GTGATTGAGAATGAGC; 11HSD2, sense GATGTTC

CCCTCGCCTGAA, antisense ATGAGCAGTGCAATAG

CTGCCTTG; b-actin, sense CCGTAAAGACCTCTATGC

CA, antisense AAGAAAGGGTGTAAAACGCA.

The mRNA levels of TNF-a, IL-1b, COX-2, and MUC-2

in colon, 11HSD1 in IELs and internal control GAPD were

analyzed using TaqMan quantitative real-time PCR. The RT

product was diluted ten-fold and then subjected to PCR using

Abi-Prism 7,000 Sequence Detection System instrument

(Applied Biosystems), TaqMan Universal PCR Master Mix

with AmpEraseUNG (Applied Biosystems) and pre-made

TaqMan Gene Expression Assays for COX-2 (cat. no.

Rn00568225 -m1), 11b-HSD1 (cat. no. Rn00567167-m1),

TNF-a (cat. no. Rn00562055-m1), IL-1b (cat. no. Rn015-

14151-m1), MUC-2 (Rn01498195-m1) or TaqMan Endog-

enous Control Rat GAPD (VIC/MGB) (cat. no. 4352338) in

a final volume 20 ll. The thermal cycler conditions were:

UNG activation for 2 min at 50�C followed by 95�C for

10 min, subsequent amplification consisted of 40 cycles of

denaturation for 15 s and annealing and extension at 60�C

for 1 min. Levels of mRNA were calculated from the stan-

dard curves generated for each run and the curves were

constructed with serial dilutions of standard cDNA.

Assay of MPO

MPO activity was assessed as an index of neutrophil

infiltration using the method of Bradley et al. [21] in full

thickness specimens that had been taken from the colon

and stored at -70�C. One unit of enzyme activity was

defined as that degradating 1 lmol of hydrogen peroxide

per minute at 22�C.

Statistical analysis

All data are expressed as mean ± SEM. Statistical com-

parisons were made between drug-treated groups using a

one-way ANOVA followed by a Newman–Keuls compar-

ison post hoc test and between IEL of control and TNBS-

treated rats by Student’s t-test using the package Statistica

v.6 (StatSoft Inc., Tulsa, OK). Statistical significance was

assessed at P \ 0.05.

Results

The administration of TNBS/ethanol resulted in significant

changes of 11b-dehydrogenase and 11-oxoreductase

activities in colonic tissue, and these changes depended on

the dose of TNBS. In untreated control animals, freshly

prepared slices of colonic tissue oxidized corticosterone to

11-dehydrocorticosterone (51.4 ± 5.6 ng/h.mg DW) and

reduced 11-dehydrocorticosterone to corticosterone
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(2.7 ± 0.4 ng/h.mg DW). As shown in Fig. 1, 11b-dehy-

drogenase activity was reduced in a dose-dependent

manner in rats treated with TNBS. In contrast, 11-reductase

was strongly up-regulated in inflamed tissue; nevertheless,

this stimulation was not high enough to reverse the net

activity of 11HSDs (11-oxidation - 11-reduction). This

net activity in all three groups was of oxidation of corti-

costerone to 11-dehydrocorticosterone, but it was higher in

the healthy colon (48.7 ± 6.3 ng/h.mg DW) than in rats

treated with 8 mg or 30 mg TNBS (37.2 ± 3.7 and

10.0 ± 2.0 ng/h.mg DW). The MPO activity in healthy

colon was 0.7 ± 0.1 U/g tissue, whereas in inflamed tissue

the MPO activity reached significantly higher values:

2.6 ± 0.8 U/g tissue in rats that had received 8 mg TNBS

and 4.0 ± 1.1 U/mg tissue in animals with 30 mg TNBS.

The novel finding of 11HSD1 stimulation during activation

of lymphocytes [22] led us to the question of whether the

up-regulation of 11HSD1 in inflamed tissue reflects acti-

vation of colonic immune cells. As shown in Fig. 2, the

IELs from inflamed colon dramatically increased the level

of 11HSD1 mRNA.

When the TNBS rats were topically treated with car-

benoxolone, corticosterone oxidation was decreased in the

inflamed tissue by almost 50% (Fig. 3). The co-adminis-

tration of carbenoxolone with the glucocorticoid antagonist

Fig. 1 Effect of various doses of TNBS on the colonic metabolism of

glucocorticoids. 11b-dehydrogenase (11HSD2) and 11-reductase

(11HSD1) activities were measured in tissue slices of rats exposed

to 8 mg or 30 mg TNBS on day 7 after colitis induction. The data are

shown as a percentage of control untreated rats and is expressed as

mean ± SEM of eight rats/group. *P \ 0.05 compared with control

group

Fig. 2 Expression of 11HSD1 mRNA in colonic intraepithelial

lympocytes of rats with colitis and in healthy controls. The data are

expressed as mean ± SEM of six rats/group. *P \ 0.05 compared

with control group

Fig. 3 Metabolism of corticosterone in inflamed colonic tissue

treated with carbenoxolone (CBX), mifepristone (RU-486), and

budesonide (BUD). Conversion of corticosterone to 11-dehydrocor-

icosterone was measured in colonic slices of rats exposed to 30 mg

TNBS followed by daily topical intracolonic administration of CBX,

RU-486, BUD, or physiological saline for 5 days; CTRL, untreated

controls. The data are shown as a percentage of TNBS-treated rats

with intracolonic administration of saline and are expressed as

mean ± SEM of 16–24 rats/group. *P \ 0.05 compared with TNBS

group, #P \ 0.05 compared with TNBS + CBX + RU group
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RU-486 attenuated the effect of carbenoxolone. To test the

possibility that the effect of carbenoxolone reflects a glu-

cocorticoid ‘‘self-regulating’’ effect, identical experiments

were performed with budesonide. As shown in Fig. 3,

budesonide decreased the ability of the inflamed tissue to

inactivate corticosterone similarly to carbenoxolone.

To assess the impact of the tested drugs on 11HSD1 and

11HSD2, we measured the transcript levels of both iso-

forms. As shown in Fig. 4a, the treatment of TNBS rats

with carbenoxolone up-regulated 11HSD1 mRNA, and this

effect was completely inhibited by RU-486. These data

suggest that colonic 11HSD1 may be responsive to glu-

cocorticoids, because identical results were found in

experiments with budesonide (Fig. 4a). In contrast to

11HSD1, budesonide had no significant effect on 11HSD2

mRNA, whereas carbenoxolone decreased 11HSD2 mRNA

expression, and this effect was attenuated in the presence

of RU-486 (Fig. 4b).

The rat colons were also examined for MPO activity and

the expression of TNF-a, IL-1b, MUC-2, and COX-2

mRNAs. MPO activity in the colon of TNBS rats was

significantly increased after treatment with RU-486 and

decreased after treatment with budesonide; however there

was no significant effect on MPO activity with carbenox-

olone (Table 1). Similar changes were found with

pro-inflammatory cytokines. Budesonide down-regulated

TNF-a mRNA and IL-1b mRNA, whereas RU-486

up-regulated their expression. In contrast, carbenoxolone

had no apparent effect. The transcript levels of COX-2

were only significantly down-regulated after budesonide;

neither carbenoxolone nor RU-486 significantly modulated

the level of COX-2 expression. In contrast, budesonide was

without any effect on expression of MUC-2, and carben-

oxolone stimulated its expression in both the presence and

absence of RU-486.

Discussion

TNBS-induced colitis is a common animal model of

inflammation that simulates Crohn’s disease relatively well

due to the discontinuous damage associated with the trans-

mural infiltration of immune cells [16]. The inflammation is

predominantly mediated by activating pro-inflammatory

cytokines and enzymes such as TNF-a, IL-1b, COX-2, and

inducible nitric oxide synthase via activating the NF-jB

pathway [23–25] and accompanied with up-regulation of

mucin production via pro-inflammatory cytokines and

prostaglandins [26]. A substantial amount of data shows that

corticosteroids are powerful drugs that down-regulate

inflammation in various tissues including colitis by modu-

lating various immune pathways such as the NF-jB

pathway and pathways synthesizing cytokines and prosta-

glandins [27]. Because TNF-a and IL-1b have been shown

to up-regulate 11HSD1 and down-regulate 11HSD2 in cell

cultures [5, 9–13], these cytokines could either diminish or

increase the local concentration of glucocorticoids in

inflamed tissue, and a high ratio of 11-dehydrocorticoster-

one reduction to 11b-corticosterone oxidation might

generate a negative feedback loop suppressing further

inflammatory response as was proposed by Escher et al. [5].

The finding of decreased 11HSD2 activity in inflamed

tissue [15, 28] led us to the hypothesis that the local

metabolism of glucocorticoids could modulate the inflam-

mation-associated gene expression during colitis. To test

this hypothesis, we treated animals with carbenoxolone and

measured the metabolism of corticosterone (11HSD1 and

11HSD2), the markers of colonic inflammation (TNF-a,

IL-1b, COX-2 and MPO), and the most prominent mucin

secreted by intestinal goblet cells (MUC-2). Since 11HSD2

is only expressed in enterocytes, whereas 11HSD1 is

Fig. 4 Effect of carbenoxolone (CBX), mifepristone (RU-486), and

budesonide (BUD) on expression of 11HSD1 mRNA (a) and 11HSD2

mRNA (b) in colon of TNBS-treated rats. For further details see Fig.

3. Each column represents mean ± SEM of eight to ten rats/group.

*P \ 0.05 compared with TNBS group, #P \ 0.05 compared with

TNBS + CBX + RU group
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expressed in the cells of lamina propria such as fibroblasts

and immune cells [22, 29, 30], it can be assumed that

inhibition of 11HSD2 facilitates the access of corticoste-

rone to the glucocorticoid receptors in some cells, whereas

inhibition of 11HSD1 decreases the conversion of inactive

11-dehydrocorticosterone to corticosterone in others and

thus restricts the access of corticosterone to its receptor.

Our data show that local administration of carbenoxolone

causes a decrease in 11b-dehydrogenase bioactivity in

colonic tissue and that this decrease is accompanied by an

up-regulation of 11HSD1 mRNA expression and down-

regulation of 11HSD2 mRNA expression. The decreased

metabolism of corticosterone in inflamed tissue does not

seem to reflect the presence and direct effect of carben-

oxolone in the tissue during assay (24 h after last enema,

interaction with RU-486), but is most likely due to an

increased local activity of 11HSD1 and decreased activity

of 11HSD2. Based on these findings, we can summarize

that carbenoxolone alone or the changes in local concen-

tration of corticosterone during carbenoxolone treatment

are able to up-regulate 11HSD1 and down-regulate

11HSD2.

11HSD1 has been shown to be up-regulated by gluco-

corticoids in several cell types [4], and this induction has

been blocked by RU-486 [31]. In contrast to 11HSD1, the

effect of carbenoxolone on 11HSD2 mRNA expression

cannot be adequately explained by ‘‘self-regulation’’ of this

enzyme via its substrate or product because glucocorticoids

appear to up-regulate 11HSD2 [7, 14], and thus the effect

of other factors cannot be excluded. The simplest inter-

pretation of this finding is that derivatives of arachidonic

acid might play a role in the regulation of colonic 11HSD2.

Locally produced prostaglandins decrease 11HSD2 activity

[32], and the major enzyme of prostaglandin inactivation,

15-hydroxy-PG-dehydrogenase, is reduced by glucocorti-

coids [33] and inhibited by carbenoxolone [34]. The effect

of RU-486 that acted as an agonist stimulating 11HSD2

cannot be explained in the context of our experiments;

however, it is noteworthy that the similar stimulatory effect

of RU-486 has been shown previously in Ishikawa cells

[35].

Glucocorticoids via glucocorticoid receptors have been

previously demonstrated to reduce inflammation through

the inhibition of phospholipase A2 and COX-2 [36] and

through the modulation of cytokine production [26]. Con-

sidering that carbenoxolone administration modulates local

concentration of corticosterone, it is surprising that car-

benoxolone has no effect on the expression of COX-2,

TNF-a and IL-1b. This finding contrasts with the results of

experiments with budesonide. Our interpretation of these

findings is that under inflammatory circumstances the local

metabolism of corticosterone, as a modulator of gluco-

corticoid hormone action, is unimportant in the regulation

of gene expression for COX-2, TNF-a, and IL-1b. Never-

theless, their expression is regulated by glucocorticoids as

shown in our experiments with budesonide and in the paper

of Nakase et al. [37] using orally administered dexameth-

asone. The data for RU-486 indicate that systemic

corticosterone is more important in the regulation of some

pro-inflammatory cytokines and MPO than local changes.

The study also suggests that the local metabolism of cor-

ticosterone is not able to influence the infiltration and

activation of granulocytes into colonic tissue. The activity

of MPO, which correlates well with the infiltration of tissue

by granulocytes [38], was decreased after treatment with

budesonide, but not with carbenoxolone. Assuming that

glucocorticoids decrease MPO activity [37] and the influx

of inflammatory cells into the colon of TNBS rats [39], it is

obvious that the changes in the local metabolism of corti-

costerone are not able to modulate granulocyte migration

and activation. In contrast to our expectation, neither car-

benoxolone nor budesonide suppressed MUC-2 expression

even if colitis modulates MUC gene expression [40], and

experiments performed with intestinal mucus-secreting cell

lines showed modulation of transcript levels for various

mucins by IL-1 and corticosteroids [41, 42].

The most significant finding of the study presented here

is that colonic inflammation up-regulates 11HSD1,

Table 1 Effect of carbenoxolone, RU-486, budesonide, and physiological saline treatment on myeloperoxidase activity (MPO), and on

expression of pro-inflammatory cytokines TNF-a mRNA, and IL-1b mRNA, cyclooxygenase-2 (COX-2) mRNA, and mucin 2 (MUC-2) mRNA

in colon of TNBS-treated rats

TNBS TNBS + carbenoxolone TNBS + RU 486 + carbenoxolone TNBS + budesonide Control

MPO activity 4.5 ± 0.5# 4.2 ± 0.6# 7.1 ± 0.7* 2.2 ± 0.4*,# 1.9 ± 0.3*,#

TNF-a mRNA 1.0 ± 0.1# 0.8 ± 0.1# 2.1 ± 0.5* 0.3 ± 0.1*,# 0.5 ± 0.1*,#

IL-1b mRNA 0.8 ± 0.2 0.7 ± 0.1 1.4 ± 0.3 0.3 ± 0.1*,# 0.4 ± 0.2#

COX-2 mRNA 3.5 ± 0.5 3.3 ± 0.5 3.1 ± 0.6 0.6 ± 0.1*,# 0.4 ± 0.1*,#

MUC-2 mRNA 1.1 ± 0.4# 3.0 ± 0.4* 3.3 ± 0.4* 1.3 ± 0.3# 0.9 ± 0.2#

CTRL, untreated rats; myeloperoxidase activity is given in U/g tissue, and cytokine, MUC-2 and COX-2 expression in arbitrary units relative to

those of GAPD. Data are expressed as mean ± SEM of eight to ten animals in each group. * P \ 0.05 compared with TNBS group, # P \ 0.05

compared with TNBS + RU + CBX group
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depending on the extent of the inflammation, and that the

changes in 11HSD1 and 11HSD2 are associated with a

decreased ability of the inflamed tissue to oxidase biolog-

ically active glucocorticoids to their inactive 11-oxo

derivatives. As 11HSD1 is expressed in the intestinal

compartment of lamina propria and gut-associated lym-

phatic tissue [29] and TNBS colitis is associated with

massive intramural infiltration of immune cells [43] that

express 11HSD1 [22], we suppose that up-regulation of

11HSD1 mRNA and 11-reductase activity during colitis

may reflect the increased colonic infiltration with immune

cells and the stimulation of 11HSD1 by proinflammatory

mediators. Considering that TNF-a and IL-1b are increased

in the colon of rats with TNBS colitis [44] and these

cytokines have been shown to stimulate 11HSD1 and

decrease 11HSD2 in cell culture experiments [5, 9–13], our

results are in agreement with the regulatory role of pro-

inflammatory cytokines in the glucocorticoid metabolism

of inflamed colon. Furthermore, the effect of carbenoxo-

lone and its inhibition by RU-486 suggest a ‘‘self-

regulating’’ effect of corticosterone on the up-regulation of

colonic 11HSD1. On the other hand, our study indicates

that the corticosterone regulatory pathways controlling pro-

inflammatory processes are not closely regulated by

11HSDs during fully developed acute colitis. In contrast to

the results of in vitro experiments [5, 11], our experiments

are not consistent with the hypothesis that the negative

feedback between the local metabolism of glucocorticoids

and pro-inflammatory processes may serve any physio-

logical role in fully developed acute inflammation.

Whether the local metabolism of glucocorticoids might

play a role during the early phases of colonic inflammation

remains to be seen.
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