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ABSTRACT: 

The Phosphodiesterase-4 (PDE4) inhibitors may be an important target in the 

treatment of several inflammatory conditions. The antiinflammatory effect of  

PDE4 inhibitors bears similarities with that of steroids, without interfering with the 

hypophysary-adrenal-axis. We compared the effect of rolipram, a selective  

PDE4 inhibitor, with steroids on the clinical course of experimental colitis induced 

by TNBS. Three groups of rats (n=20) received TNBS. One group received 

methylprednisolone from day 7, another group received rolipram from the same 

day and control group no further treatment. On days 14 and 21 after TNBS 

instillation, sets of 10 rats underwent colonic dialysis to measure eicosanoid 

release. Colonic lesions were blindly scored and colons homogenized for 

quantification of MPO activity and collagen content. Concentration of TNF-α and 

TGF-β1 in colonic tissue was also measured. Both treatments reduced 

significantly the eicosanoid release and MPO activity. On day 14, both rolipram 

and methylprednisolone significantly reduced TNF-α content, but TGF-β1 was 

only inhibited by rolipram. On day 21, lesion scores and collagen content were 

significantly reduced only in rolipram treated group. In conclusion, PDE4 

inhibition by rolipram markedly ameliorates the course of chronic colitis, and it is 

superior to methylprednisolone in preventing late collagen deposition. 
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INTRODUCTION: 

Crohn’s disease is a chronic inflammatory bowel condition whose etiology 

remains still unknown and is characterized by inflammation and fibrosis of the 

gastrointestinal tract (Podolsky, 2002). Existing therapies, predominantly 

aminosalicylates and steroids, can relieve the inflammatory symptoms of the 

disease but there is no satisfactory treatment for stricture lesions of the bowel 

(Faubion et al, 2001; Podolsky, 2002). However, these compounds, especially 

steroids, can be related with significant side effects and many patients are either 

steroid resistant or steroid dependent. Furthermore, a high proportion of patients 

require surgery during the course of the disease (Faubion et al, 2001). Therefore, 

the research of new therapeutic strategies with anti-inflammatory and anti-fibrotic 

properties with fewer side effects than steroids is needed in CD patients. 

 

Phosphodiesterases (PDE) are enzymes that regulate intracellular levels of the 

cyclic nucleotides cAMP and cGMP by catalyzing their breakdown to inactive 

metabolites. These proteins include 11 families of PDE enzymes (PDE1-PDE11) 

which are identified by substrate specificity, kinetic characteristics and amino 

acid sequence (Francis et al, 2001; Banner and Trevethick, 2004). Among these 

enzymes, the PDE4 enzymes selectively hydrolyze cAMP and have a low affinity 

to cGMP (Beavo and Brunton, 2002). It is currently known that increased 

intracellular cAMP levels can inhibit the pro-inflammatory and tissue-destructive 

properties of several inflammatory cells by inhibiting cytokine synthesis. In fact,  
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the PDE4 inhibitors have the ability to increase intracellular cAMP and suppress 

many cytokines, including TNF-α production in mononuclear cells (Sinha et al, 

1995, Spina, 2004), a cytokine that plays a pivotal role in the immunomodulatory 

response in Crohn’s disease (Breese EJ et al, 1994, Banner and Trevethick, 

2004). In addition, the PDE4 inhibitors have been successfully used in the 

treatment of several inflammatory pulmonary disorders, such as asthma and 

chronic obstructive pulmonary disease (Donohue, 2004) and inflammatory bowel 

disease (Banner and Trevethick, 2004). 

 

Our aim was to compare the effect of rolipram, a selective PDE4 inhibitor, vs 

steroids on the development of chronic inflammatory lesions in an experimental 

rat model of colitis induced by intracolonic administration of 

trinitrobenzensulphonic acid (TNBS). This experimental model resembles human 

Crohn’s disease, with transmural inflammation and serosal involvement. Chronic 

changes are observed from 1 to 3 weeks after TNBS enema administration 

(Vilaseca, 1990). Chronic lesions induced by TNBS are segmental and well 

circumscribed, consisting of mucosal ulcerations with granulation tissue at the 

base and mixed transmural infiltration by neutrophils, lymphocytes and 

macrophages. Small granulomas are often observed in the submucosa and 

serosa. In severe TNBS colitis, transmural fibrosis causes stricture of the lumen, 

while uninvolved areas do not show mucosal inflammation.  
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MATERIAL AND METHODS: 

Animals 

Male Sprague-Dawley rats weighing 225 to 250 g (CERJ, Le Genest, France) 

were used. The animals were maintained in a restricted access room with 

controlled temperature (23ºC) and light-dark cycle (12h: 12h). Standard rodent 

chow pellets (Biocenter, Barcelona, Spain) and tap water were provided ad 

libitum. All the experiments were approved by the Animal Care and Use 

Committee of the Hospital Vall d’Hebron and the Autonomous University of 

Barcelona. 

 

Experimental colitis 

The experimental procedure was as follows. Chow pellets were withdrawn and 

rats were given drinking water containing 20% sucrose and electrolytes for 36 

hours previous TNBS administration. Thereafter, rats were lightly anaesthetised 

with ether. A rubber cannula (8 cm long, external diameter 2 mm) was inserted 

rectally into the colon and used to instil 1 mL of a solution containing 60 mg of 

2,4,6-trinitrobenzenesulfonic acid (TNBS, Sigma, St. Louis, MO) in 20% ethanol 

(Merck, Darmstadt, Germany) into the colonic lumen. Chow pellets and tap water 

were then resumed. Body weight was routinely measured every second day. 

 

Experimental design 

Transmural colitis was induced in three groups of 20 rats each. One group 

comprised 20 rats that received 5 mg/kg/day methylprednisolone (Urbason®,  
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Aventis Pharma, Madrid, Spain) i.m from day 7 after enema instillation, another 

group (n=20) received 10 mg/kg/day rolipram (Almiral, Barcelona, Spain) by oral 

gavage as above, while the control group (n=20) no further treatment. On days 

14 and 21 after induction of colitis, 10 rats per group were anaesthetised with i.p. 

ketamine (100 mg/kg, KETOLAR, Parke-Davis, Barcelona, Spain) and 

subjected to intracolonic dialysis for analysis of luminal release of inflammatory 

mediators as described below. Afterwards, rats were euthanized by cervical 

dislocation. Using sterile equipment, a mid-laparotomy was performed, and the 

distal colon was removed, opened longitudinally, rinsed with sterile saline and 

divided into two parts by a longitudinal section. One specimen was homogenized 

in phosphate buffered saline (pH 7.4)  frozen in liquid nitrogen and then stored at 

-80C for later assay of tissular myeloperoxidase (MPO), TNF-α and TGF-β1. A 

second, 2 cm specimen was stored at -80C for later assay of tissue collagen 

content. Tissue samples were also taken and fixed for histological examination. 

 

Analytical methods 

Luminal Release of Inflammatory Mediators 

To measure luminal release of mediators, rats were subjected to intracolonic 

dialysis for one hour (Vilaseca et al, 1990), under ketamine anaesthesia. Dialysis 

bags were prepared using Visking seamless cellulose tubing (8/32, 6.3 mm 

diameter, 7 cm long; Medicell, London, UK) attached by a 8 cm rubber cannula to 

an external syringe. After inserting the entire cannula into the distal colon, the  
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dialysis bag was filled with 1 mL of dialysis solution, consisting of 0.3% bovine 

serum albumin in a solution of 120 mmol/L NaCl and 30 mmol/L KHCO3 (pH 7.9). 

One hour later, the fluid was withdrawn and stored at –20ºC until assayed. 

Eicosanoid concentrations in the dialysates were measured by specific 

radioimmunoassay. Tritiated standards were purchased from Amersham 

International (Buckinghamshire, UK). Antisera were purchased from Advanced 

Magnetic (Cambridge, MA). 

 

Myeloperoxidase Activity 

For the assay of MPO activity, the colonic specimen was homogenized in 2 mL 

phosphate-buffered saline, using a Tissue Tearor (model 985-370, Biospec, 

Racine, WI), and centrifuged (Schierwagen et al, 1990). The pellets were again 

homogenized in an equivalent volume of phosphate buffer (50 mM, pH 6) 

containing 0.5% hexadecyltrimethylammonium bromide (Sigma) and 5 mM EDTA, 

sonicated three times for 30 seconds each time (Labasonic 2000, Braun), and 

centrifuged. Supernatants were used for determination of tissue MPO activity by 

a kinetic method. One unit of enzyme activity is defined as the amount of MPO 

that degrades 1 mmol of peroxide per minute at 25ºC. 

 

TNF-α and TGF-β1 determination 

For assay of TGF-β1 and TNF-α in tissue, colonic samples were homogenized 

with the protease inhibitor phenyl-methyl-sulfonylfluoride (2 mmol/L). Afterwards,  
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samples were centrifuged and the supernatants at various dilutions were used for 

measurement of cytokine concentration in the tissue. Assay of TGF-β1 

concentration was performed by the ELISA method (Genzyme Diagnostics). 

Samples and standards were acidified using HCl for 1 hour and then neutralized 

to pH 7.0–7.4 before assay (Mourelle et al, 1998). Other aliquots of the 

supernatants were used for TNF-α assay, using a commercial ELISA method for 

rat TNF-α (Biosurce, Camarillo, Ca)( Videla et al, 1998). Results are expressed 

as nanograms of cytokine per square centimeter of colonic tissue.  

 

Tissue collagen content 

Tissue collagen content was estimated based on determination of hydroxyproline 

content as described previously (Mourelle et al, 1996). Briefly, the frozen colonic 

specimen was ground, and about 300 mg powder was placed in a 10-mL flask 

containing 2 mL 6N HCl for hydrolysis at 105°C for 16 hours. After evaporation to 

dryness at 50°C–60°C, samples were resuspended in 3 mL sodium acetate–citric 

acid buffer (pH 6.0). Excess charcoal was added, and the suspension was 

filtered. A 2-mL aliquot was placed in a Pyrex test tube and mixed with 1 mL 

chloramine T solution prepared immediately before use as described previously 

(Rojkind and Gonzalez, 1974). Samples were kept for 20 minutes at room 

temperature, and the reaction was stopped by addition of 0.5 mL of 2 mol/L 

sodium thiosulfate and 1 mL 1N NaOH; the solution was saturated with 2 g NaCl. 

Toluene was added, and the oxidation product of proline was extracted. Two  
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milliliters of the aqueous layer was placed in boiling water for 30 minutes to 

convert the oxidation product of hydroxyproline to a pyrrole. The samples were 

cooled at room temperature, and the pyrrole obtained was extracted with toluene. 

Aliquots were mixed with Ehrlich’s reagent and absorbance read at 560 nm. 

Results are expressed as milligrams of hydroxyproline per square centimeter of 

colon. 

 
Assessment of colonic damage 
 
The macroscopic lesions were scored separately by two independent observers 

who were unaware of the treatment applied and the results were averaged 

(Videla et al, 1998; Medina et al, 2001). The macroscopic score was obtained by 

assessment of colonic strictures, adhesions to surrounding tissues, mucosal 

ulcerations and wall thickening according to the criteria shown in Table 1. 

Samples were processed for the histological studies by routine techniques before 

embedding in paraffin. Sections were obtained from areas showing macroscopic 

damage, stained with hematoxylin and eosin and coded for blind examination by 

two pathologists. Both pathologists examined and scored all sections according 

to the presence of ulcerations, degree of inflammation, depth of the lesions and 

fibrosis (Table 1). 
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Statistical Methods 
 
Results are presented as mean ±SEM. Overall statistical difference was 

determined by one-way analysis of variance, and post-test comparison between 

treatment and placebo matched group was performed by Student’s t test. Event 

rates were compared by Fisher’s exact test. A two-tailed p value < 0.05 was 

considered as statistically significant. 
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RESULTS: 

 

TNBS induction of colitis 

Rectal administration of TNBS induced diarrhea and loss of weight in all rats. 

Chronic TNBS-induced colitis was associated with a high rate of colonic 

strictures. Gross tissue damage observation and examination of stained tissue 

sections also revealed that administration of TNBS at this concentration resulted 

in mucosal ulceration with granulation tissue at the base and severe transmural 

inflammatory response. On day 21 after enema instillation, in some cases small 

granulomas were observed in the submucosa and serosa. The inflammatory 

infiltrate consisted mainly of mononuclear cells and transmural fibrosis was 

observed in most of cases.   

 

Effect of corticosteroids or rolipram treatments on TNBS-induced colitis 

On day 14 after induction of colitis, one rat from the control group and another 

one rat from the corticosteroid and rolipram groups died during the follow-up, so 

that by the end of the study there were 9 surviving rats in each group. By day 14, 

normal growth rate was resumed, and no differences in body weight gain were 

found among the three groups. 
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On day 21 after induction of colitis, again one rat from the control group and one 

rat from each treatment group died during the follow-up, so by the end of the 

study there were 9 surviving rats in each animal group. And again, no differences 

in body weight were found between the three experimental groups as above. 

 

Figure 1 and 2 show the tissular MPO and TNF-α activity on day 14 and 21 after 

induction of colitis. Tissular specimens from TNBS rats dosed with 

methylprednisolone and rolipram had significantly lower MPO activity and TNF-α 

content compared to control tissues from TNBS rats on day 14. However, there 

was not statistical difference on day 21 among the three different groups. 

Furthermore, tissular TGF-β1 level was significantly reduced by rolipram 

treatment measured on days 14 and 21 after induction of colitis, whereas 

methylprednisolone had no effect (figure 3). 

 

Table 2 shows intracolonic release of inflammatory mediators on day 21 after 

induction of colitis. As shown in the graph, the release of PGE2, TXB2 and LTB4, 

was significantly lower in both treatment groups compared with control group. 

 

The effect of methylprednisolone and rolipram on morphological lesion scores in 

TNBS-induced colitis is shown in figure 4. On day 14, both treatment groups 

showed significantly lower scores than control group. However, on day 21 after 

induction of colitis, a statistically lower score vs control group was only observed  
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in colons from TNBS rats treated with rolipram. In fact, rolipram significantly 

lowered scores on strictures and wall thickness. Likewise, histological scores 

were significantly lower in rats that received rolipram treatment. In addition, on 

day 21 rolipram reduced the colonic collagen content on TNBS-induced colitis, 

whereas methylprednisolone had no effect (figure 5). 
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DISCUSSION: 

 

Crohn’s disease is a chronic, relapsing condition that can affect all parts of the 

gastrointestinal tract, where chronic inflammation and fibrosis of the bowel are 

prominent features. To date, however, there is no satisfactory treatment for 

inflammatory lesions and intestinal fibrosis of this disease. PDE4 belong to an 

important family of proteins that regulate the intracellular levels of cyclic 

nucleotide second messengers. It has been shown that targeting PDE4 with 

selective inhibitors may offer novel therapeutic strategies in the treatment of 

various inflammatory conditions (Genain et al, 1995; Sommer et al, 1997; 

Donohue, 2004), including inflammatory bowel disease (Banner and Trevethick, 

2004). In this study, we have tested the therapeutic effect of a selective PDE4 

inhibitor, rolipram, in a chronic rat model of colitis induced by TNBS. We found 

that this compound reduced the release of inflammatory mediators, macroscopic 

and histological damage scores and colonic collagen content in this experimental 

rat model of colitis.  

 

PDE4 are the predominant cAMP-hydrolyzing PDEs in most inflammatory cells 

and, in general, intracellular elevations in cAMP are associated with broad anti-

inflammatory effects by suppressing the synthesis of many cytokines (Spina, 

2004). For example, it has been shown that selective PDE4 inhibitors can inhibit 

interferon gamma production from T cells from intestinal lamina propria (Prehn et  
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al, 2001). But more interestingly, these compounds, including rolipram, strongly 

inhibit TNF-α production in monocytes and macrophages in vitro (Schade and 

Schudt, 1993;  Seldon et al, 1995). Furthermore, the synthesis of the anti-

inflammatory cytokine interleukin (IL)-10 can be enhanced by rolipram (Eigler et 

al, 1998) and exogenous IL-10 administration acts synergistically with rolipram in 

decreasing TNF-α production (Siegmund et al, 1997). 

 

It is well known that TNF-α plays a pivotal role in mucosal immunoinflammatory 

responses in inflammatory bowel disease (IBD) and TNF-α antibodies have been 

successfully tested in steroid-refractory and fistulizing Crohn’s disease patients 

(Rutgeerts et al, 1999). This cytokine is involved in the activation of neutrophils 

(Shalaby et al, 1985), up-regulation of adhesion molecules (Gamble et al, 1985), 

induction of nitric oxide synthase (Thiemermann et al, 1993) and matrix 

metalloproteinases (Pender et al, 1998) that contribute to tissue damage by 

degrading connective tissue extracellular matrix. We have previously shown that 

TNF-α is enhanced in TNBS-induced colitis, and neutralization of this cytokine 

with monoclonal antibodies therapy could be an important tool in the treatment of 

chronic intestinal inflammation (Videla et al, 1998). In the present study, we 

found that rolipram significantly reduced the TNF-α production on colonic tissues 

from TNBS rats as compared with control animals, with a significantly reduction 

of tissular MPO activity that represents the amount of neutrophils trapped into the 

intestinal tissue on day 14 after induction of colitis. However, we found no  
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significant difference on day 21 between the three experimental groups because 

of both tissular TNF-α and MPO activity returns to baseline levels, as previously 

observed (Videla et al, 1998). Our findings are in accordance with a previous 

study in an experimental model of colitis induced by dextran sulphate sodium 

(DSS), where administration of this selective PDE4 inhibitor significantly reduced 

TNF-α synthesis (Hartmann et al, 2000) and MPO activity (Diaz-Granados et al, 

2000) in the colon of colitic mice. In addition, mesopram, another PDE4 inhibitor 

has been successfully tested for established DSS-induced colitis and also 

prevented colitis induction in a dose-dependent manner (Loher et al, 2003). 

Furthermore, several studies have revealed a beneficial effect of rolipram in other 

inflammatory disorders. For instance, in a rat model of experimental autoimmune 

encephalomyelitis, where TNF-α synthesis plays an important role, rolipram 

decreased disease activity (Sommer et al, 1995). In an experimental model of 

autoimmune demyelinating disease, rolipram also protected against this 

condition even when administered after sensitization to central nervous system 

antigens (Genain et al, 1995). In another experimental model in rats, rolipram 

also decreased clinical activity of experimental arthritis (Nyman et al, 1997). 

 

Interestingly, our study shows that rolipram effectively induced histopathological 

remission of chronic colonic inflammatory lesions, with a marked reduction of 

colonic collagen content as compared with methylprednisolone and control 

groups on day 21 after induction of colitis. This effect could be explained not only  
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by a significantly reduction of TNF-α synthesis, but for a marked reduction of 

TGF-β1 levels on colons from TNBS rats dosed with rolipram, whereas steroids 

treatment failed to inhibit this cytokine. Our results are consistent with a previous 

work in acute lung injury experimental model in mice induced by 

lipopolysaccharide, where a selective PDE4 inhibitor significantly reduced TGF- 

β1 levels in bronchoalveolar fluid (Corbel et al, 2002), but they differ from the 

recent results in a mice renal fibrosis model, where rolipram had no effect on the 

renal expression of TGF-β mRNA (Lange-Sperandio et al, 2005).  TGF-β1 is a 

cytokine that plays an important role in regulating collagen synthesis, repair and 

regeneration after tissue injury and may be produced in intestinal wall by different 

cell populations. In humans, TGF- β1 increased collagen type III in intestinal 

lamina propria fibroblasts isolated from Crohn’s disease patients, specially in 

fibroblasts derived from strictures compared with fibroblasts from non-strictured 

but inflamed tissue (Stallmach et al, 1992). Furthermore, growing evidence 

support the hypothesis that TGF- β1 plays an important role in the development 

of several chronic fibrotic diseases by enhancing extracellular matrix deposition, 

such as liver cirrhosis (Castilla et al, 1991) and pancreatic fibrosis (Van Laethem 

et al, 1996). A previous study in mice has also shown that subcutaneous injection 

of TGF- β induces a marked increase of collagen synthesis (Roberts et al, 1986). 

In addition, in vitro studies have found that TGF- β1 increases collagen 

deposition by intestinal smooth muscle cells (Graham et al, 1990). Moreover, we 

have previously shown that increased TGF- β1 levels in rat colonic tissues are  
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associated with increased collagen deposition whereas its neutralization with 

specific antibodies reduces collagen content in the colonic wall (Mourelle et al, 

1998).  

 

In conclusion, our findings show that rolipram is useful in the treatment of tissue 

injury and fibrosis associated with chronic colonic inflammation. Therefore, 

selective PDE4 inhibition raises the possibility of a therapeutic approach to 

human Crohn’s disease. 

 
 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 27, 2005 as DOI: 10.1124/jpet.105.090837

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 20

     JPET #90837 

 
REFERENCES: 

Beavo JA and Brunton LL (2002). Cyclic nucleotide research still expanding after 

half a century. Nat Rev Mol Cell Biol 3: 710-718. 

 

Banner KH and Trevethick MA (2004). PDE4 inhibition: a novel approach for the 

treatment of inflammatory bowel disease. Trends Pharmacol Sci 25: 430-436. 

 

Breese EJ, Michie CA, Nicholls SW, Murch SH, Williams CB, Domizio P, Walker-

Smith JA and MacDonald TT (1994). Tumor necrosis factor alpha-producing cells 

in the intestinal mucosa of children with inflammatory bowel disease. 

Gastroenterology 106:1455-66. 

 

Castilla A, Prieto J and Fausto N (1991). Transforming growth factor β1 and α in 

chronic liver disease. N Engl J Med 324:933-940. 

 

Corbel M, Germain N, Lanchou J, Molet S, R e Silva PM, Martins MA, Boichot E 

and Lagente V (2002). The selective phosphodiesterase 4 inhibitor RP 73-401 

reduced matrix metalloproteinase 9 activity and transforming growth factor-beta 

release during acute lung injury in mice: the role of the balance between Tumor 

necrosis factor-alpha and interleukin-10. J Pharmacol Exp Ther 301:258-65. 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 27, 2005 as DOI: 10.1124/jpet.105.090837

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 21

     JPET #90837 

Diaz-Granados N, Howe K, Lu J and McKay DM (2000). Dextrane sulfate 

sodium-induced colonic histopathology, but not altered epithelial ion transport, is 

reduced by inhibition of phosphodiesterase activity. Am J Pathol 156: 2169-2177. 

 

Donohue JF (2004). Therapeutic responses in asthma and COPD. 

Bronchodilators. Chest 126(2 Suppl):125S-137S. 

 

Eigler A, Siegmund B, Emmerich U, Baumann KH, Hartmann G and Endres S 

(1998). Anti-inflammatory activities of cAMP-elevating agents: Enhancement of 

IL-10 synthesis and concurrent suppression of TNF production. J Leukocyte Biol 

63:101-107. 

 

Faubion WA Jr, Loftus EV Jr, Harmsen WS, Zinsmeister AR and Sandborn WJ 

(2001). The natural history of corticosteroid therapy for inflammatory bowel 

disease: a population-based study. Gastroenterology 121:255-260.  

 

Gamble JR, Harlan JM, Klebanoff SJ and Vadas MA (1985). Stimulation of the 

adherence of neutrophils to umbilical vein endothelium by human recombinant 

tumor necrosis factor. Proc Natl Acad Sci 82:8667-8671. 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 27, 2005 as DOI: 10.1124/jpet.105.090837

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 22

     JPET #90837 

Genain CP, Roberts T, Davis RL, Nguyen MH, Uccelli A, Faulds D, Li Y, 

Hedgpeth J and Hauser SL (1995). Prevention of autoimmune demyelination in 

non-human primates by a cAMP-specific phosphodiesterase inhibitor. Proc Natl 

Acad Sci USA 92: 3601-3605. 

 

Graham MF, Br yson GR and Diegelmann RF (1990). Transforming growth factor 

β1 selectively augments collagen synthesis by human intestinal smooth muscle 

cells. Gastroenterology 99:447-453. 

 

Hartmann G, Bidlingmaier C, Siegmund B, Albrich S, Schulze J, Tschoep K, 

Eigler A, Lehr HA and Endres S (2000). Specific type IV phosphodiesterase 

inhibitor rolipram mitigates experimental colitis in mice. J Pharmacol Exp Ther 

292:22-30.  

 

Lange-Sperandio B, Forbes MS, Thornhill B, Okusa MD, Linden J and Chevalier 

RL (2005). A2A adenosine receptor agonist and PDE4 inhibition delays 

inflammation but fails to reduce injury in experimental obstructive nephropathy. 

Nephron Exp Nephrol 100: e113-e123. 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 27, 2005 as DOI: 10.1124/jpet.105.090837

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 23

     JPET #90837 

Loher F, Schmall K, Freytag P, Landauer N, Hallwachs R, Bauer C, Siegmund B, 

Rieder F, Lehr HA, Dauer M, Kapp JF, Endres S and Eigler A (2003). The 

specific type-4 phosphodiesterase inhibitor mesopram alleviates experimental 

colitis in mice. J Pharmacol Exp Ther 305:549–556 

 

Medina C, Videla S, Radomski A, Radomski MW, Antolin M, Guarner F, Vilaseca 

J, Salas A and Malagelada JR (2001). Therapeutic effect of phenantroline in two 

rat models of inflammatory bowel disease. Scand J Gastroenterol 36:1314-1319. 

 

Mourelle M, Guarner F and Malagelada JR (1996). Polyunsaturated 

phosphatidylcholine prevents stricture formation in a rat model of colitis. 

Gastroenterology 110:1093-1097 

 

Mourelle M, Salas A, Guarner F, Crespo E, Garcia-Lafuente A and Malagelada 

JR (1998). Stimulation of transforming growth factor beta1 by enteric bacteria in 

the pathogenesis of rat intestinal fibrosis. Gastroenterology 114:519-26. 

 

Nyman U, Mussener A, Larsson E, Lorentzen J and Klareskog L (1997). 

Amelioration of collagen II-induced arthritis in rats by the type IV 

phosphodiesterase inhibitor Rolipram. Clin Exp Immunol 108:415-419. 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 27, 2005 as DOI: 10.1124/jpet.105.090837

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 24

     JPET #90837 

Pender S, Fell JME, Chamow SM, Ashkenazi A and MacDonald TT (1998). A 

p55 TNF receptor immunoadhesin prevents T cell-mediated intestinal injury by 

inhibiting matrix metalloproteinase production. J Immunol 160:4098-4103. 

 

Podolsky DK (2002). Inflammatory bowel disease. New Engl J Med 347:417–42. 

 

Prehn JL, Landers C, Muller GW, Man HW, Stirling DI and Targan SR (2001). 

Potent inhibition of cytokine production from intestinal lamina propria T cells by 

phosphodiesterase-4 inhibitory thalidomide analogues. J Clin Immunol 21:357–

364. 

 

Roberts AB, Sporn MB, Assoian RK, Smith JM, Roche NS, Wakefield LM, Heine 

UI, Liotta LA, Falanga V, Kehrl JH and Fauci AS (1986). Transforming growth 

factor β: rapid induction of fibrosis and angiogenesis in vivo and stimulation of 

collagen formation in vitro. Proc Natl Acad Sci USA 83:4167-4171.  

 

Rojkind M and González E (1974). An improved method for determining specific 

radioactivities of 14C-proline and 14C-hydroxyproline in collagen and 

noncollagen proteins. Anal Biochem 57:1-7. 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 27, 2005 as DOI: 10.1124/jpet.105.090837

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 25

     JPET #90837 

Rutgeerts P, D'Haens G, Targan S, Vasiliauskas E, Hanauer SB, Present DH, 

Mayer L, Van Hogezand RA, Braakman T, DeWoody KL, Schaible TF and Van 

Deventer SJ (1999). Efficacy and safety of re-treatment with anti-TNF-a antibody 

(infliximab) to maintain remission in Crohn’s disease. Gastroenterology 117: 

761–769. 

 

Schade FU and Schudt C (1993). The specific type III and IV phosphodiesterase 

inhibitor zardaverine suppresses formation of tumor necrosis factor by 

macrophages. Eur J Pharmacol 230: 9-14.  

 

Schierwagen C, Bylund-Fellenius AC and Lundberg C (1990). Improved method 

for quantification of tissue PMN accumulation measured by myeloperoxidase 

activity. J Pharmacol Methods 23:179-186.  

 

Seldon PM, Barnes PJ, Meja K and Giembycz MA (1995). Suppression of 

lipopolysaccharide-induced tumor necrosis factor-  generation from human 

peripheral blood monocytes by inhibitors of phosphodiesterase 4: Interaction with 

stimulants of adenylyl cyclase. Mol Pharmacol  48:447-457. 

 

Shalaby MR, Aggarwal BB, Rinderknecht E, Svedersky LP, Finkle BS and 

Palladino MA (1985). Activation of human polymorphonuclear neutrophil 

functions by interferon-  and tumor necrosis factors. J Immunol 135:2069-2073. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 27, 2005 as DOI: 10.1124/jpet.105.090837

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 26

     JPET #90837 

Siegmund B, Eigler A, Moeller J, Greten TF, Hartmann G and Endres S (1997). 

Suppression of tumor necrosis factor-  production by interleukin-10 is enhanced 

by cAMP-elevating agents. Eur J Pharmacol 321:231-239.  

 

Sinha B, Semmler J, Eisenhut T, Eigler A and Endres S (1995). Enhanced tumor 

necrosis factor suppression and cyclic adenosine monophosphate accumulation 

by combination of phosphodiesterase inhibitors and prostanoids. Eur J Immunol 

25:147–153.  

 

Sommer N, Loschmann PA, Northoff GH, Weller M, Steinbrecher A, Steinbach 

JP, Lichtenfels R, Meyermann R, Riethmuller A, Fontana A, Dichgans J and 

Martin R (1995). The antidepressant rolipram suppresses cytokine production 

and prevents autoimmune encephalomyelitis. Nat Med 1:244-248. 

 

Sommer N, Martin R, McFarland HF, Quigley L, Cannella B, Raine CS, Scott DE, 

Loschmann PA and Racke MK (1997). Therapeutic potential of 

phosphodiesterase type 4 inhibition in chronic autoimmune demyelinating 

disease. J Neuroimmunol 79:54-61. 

 

Spina D (2004). The potential of PDE4 inhibitors in respiratory disease. Curr 

Drug Targets Inflamm Allergy 3: 231-236. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 27, 2005 as DOI: 10.1124/jpet.105.090837

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 27

     JPET #90837 

Stallmach A, Schuppan D, Riese HH, Matthes H and Riecken EO (1992). 

Increased collagen type III synthesis by fibroblasts isolated from strictures of 

patients with Crohn's disease. Gastroenterology 102:1920-9. 

 

Thiemermann C, Wu CC, Szabo C, Perretti M and Vane JR (1993). Role of 

tumour necrosis factor in the induction of nitric oxide synthase in a rat model of 

endotoxin shock. Br J Pharmacol  110:177-182. 

 

Francis SH, Turko IV and Corbin JD (2001). Cyclic Nucleotide 

Phosphodiesterases: Relating Structure and Function. Prog Nucleic Acid Res 

Mol Biol 65: 1-52. 

 

Van Laethem JL, Robberecht P, Résibois A and Devière J (1996). Transforming 

growth factor β promotes development of fibrosis after repeated courses of acute 

pancreatitis in mice. Gastroenterology 110:576-582.  

 

Videla S, Garcia-Lafuente A, Antolin M, Vilaseca J, Guarner F, Crespo E, 

Gonzalez G, Salas A and Malagelada JR (1998). Antitumor necrosis factor 

therapy in rat chronic granulomatous colitis: critical dose-timing effects on 

outcome. J Pharmacol Exp Ther 287:854-9. 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 27, 2005 as DOI: 10.1124/jpet.105.090837

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 28

     JPET #90837 

Vilaseca J, Salas A, Guarner F, Rodriguez R and Malagelada JR (1990). 

Participation of thromoboaxane and other eicosanoid synthesis in the course of 

experimental colitis. Gastroenterology 98:269-277. 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 27, 2005 as DOI: 10.1124/jpet.105.090837

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 29

     JPET #90837 

FOOTNOTES SECTION: 

This work was supported by grants from Instituto de Salud Carlos III (C03/02), 

Ministerio de Ciencia y Tecnologia (SAF 2003-05262) and Generalitat de 

Catalunya (RE: 2001SGR00389). 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 27, 2005 as DOI: 10.1124/jpet.105.090837

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 30

     JPET #90837 

LEGENDS FOR FIGURES: 

Figure 1: Tissular MPO activity in colonic homogenates from TNBS control rats 

and rats dosed with methylprednisolone and rolipram on days 14 and 21 after 

induction of colitis (*p< 0.05 vs control). 

 

Figure 2: TNF-α levels in colonic homogenates in the group of rats described on 

figure 1 (*p< 0.05 vs control). 

 

Figure 3: TGF-β1 levels in colonic tissue from the same group of rats described 

on figure 1 and 2 (*p< 0.05 vs control). 

 

Figure 4: Morphological scores of colonic lesions on day 14 and 21 after 

induction of colitis. Macroscopic and histological scores were obtained according 

to the criteria stated in table 1 (*p< 0.05 vs control). 

 

Figure 5: Collagen content in colonic tissue from the same groups as described 

on figure 4 on day 21 after induction of colitis (*p< 0.05 vs control). 
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TABLES: 

TABLE 1: Morphologic Criteria for Assessment of Colonic Damage  

 

Macroscopic Score: 

ADHESIONS:   None       0 
    Minimum      1 
    Involving several bowel loops   2 
STRICTURES:  None       0 
    Mild       2 
    Severe, proximal dilatation    3 
ULCERS:   None       0 
    Linear ulceration < 1 cm length   1 
    Two linear ulcers < 1 cm    2 
    More sites of ulceration or one > 1 cm  3 
WALL THICKNESS: Less than 1 mm     0 
    1-3 mm      1 
    More than 3 mm     2 
 

Maximum possible Score        10 

 

Histological Score: 

ULCERATION:  No ulcers      0 
    Small ulcers < 3 mm    1 
    Large ulcers > 3 mm    2 
INFLAMMATION:  None       0 
    Mild       1 
    Moderate      2 
    Severe      3 
DEPTH OF LESION: None       0 
    Submucosa      1 
    Muscularis propria     2 
    Serosa      3 
FIBROSIS:   None       0 
    Mild       1 
    Severe      2 
 
Maximum possible Score        10 

 
 
The total score is obtained by summation of macroscopic and histological scores. 
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TABLE 2: Intraluminal release of inflammatory mediators in rats with TNBS 

colitis treated with methylprednisolone and rolipram. 

 

   PGE2 (ng/mL) TXB2 (ng/mL) LTB4 (pg/mL) 

Control    22 ± 3    8± 1.3    0.9 ± 0.2 

Methylprednisolone     2 ± 0.4*    2± 0.4*    0.2 ± 0.1* 

Rolipram      4 ± 0.3*    1± 0.2*    0.1 ± 0.1* 

 

         *p< 0.05 versus TNBS 

 

 

 

 

 

 
   

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 27, 2005 as DOI: 10.1124/jpet.105.090837

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 27, 2005 as DOI: 10.1124/jpet.105.090837

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 27, 2005 as DOI: 10.1124/jpet.105.090837

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 27, 2005 as DOI: 10.1124/jpet.105.090837

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 27, 2005 as DOI: 10.1124/jpet.105.090837

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 27, 2005 as DOI: 10.1124/jpet.105.090837

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/

