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The bisphosphonate alendronate improves the
damage associated with trinitrobenzenesulfonic
acid-induced colitis in rats
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Background and purpose: The nitrogen-containing bisphosphonates are drugs used successfully in the treatment of
osteoporosis. They act inhibiting farnesyl diphosphate synthase. This mechanism may also produce anti-inflammatory effects.
The therapeutic activity of alendronate was tested in vivo using a model of inflammatory bowel disease.
Experimental approach: The trinitrobenzenesulfonic acid model of colitis in the rat was used. Rats were treated orally with
alendronate and its efficacy compared with that of oral sulphasalazine or vehicle, starting 2 h after colitis induction. The status
of the animals was assessed 5 days later.
Key results: Alendronate treatment (25 or 75 mg kg-1 day-1) resulted in a decrease in the colonic damage score and loss of
body weight (at 25 mg kg-1 day-1 only). This was associated to a dramatic reduction in the mRNA levels of interleukin 1b (IL-
1b), monocyte chemoattractant protein 1 (MCP-1) and interleukin 1 receptor antagonist (IL-1ra). The magnitude of the
beneficial effect was comparable to that of sulphasalazine (at a 6-20 fold higher dose). Thus sulphasalazine post-treatment
reduced the mRNA levels of IL-1b/IL-1ra and MCP-1 to the same extent as alendronate and additionally lowered colonic
alkaline phosphatase activity, but failed to affect body weight loss or colonic damage score. Alendronate failed to exert
beneficial effects when administered intraperitoneally.
Conclusions and Implications: Oral but not intraperitoneal alendronate significantly protected the colon in experimental rat
colitis. Inflammatory bowel disease patients might benefit from exposure to oral alendronate.
British Journal of Pharmacology (2007) 151, 206–215. doi:10.1038/sj.bjp.0707227; published online 20 March 2007

Keywords: alendronate; trinitrobenzenesulfonic acid; experimental colitis; bisphosphonates; inflammatory bowel disease;
interleukin 1

Abbreviations: COX2, cyclooxygenase 2; IL-1b, interleukin 1b; IL-Ira, interleukin 1 receptor antagonist; IBD, inflammatory
bowel disease; iNOS, inducible nitric oxide synthase; TNBS, trinitrobenzenesulfonic acid; TGF-b, transforming
growth factor-b; TFF3, trefoil factor 3

Introduction

The phrase inflammatory bowel disease (IBD) refers to two

different but closely related conditions, ulcerative colitis and

Crohn’s disease. Both are chronic relapsing diseases of the

intestine that cause a significant deterioration of the quality

of life of patients and which have a substantial (and

increasing) prevalence (Sands, 2000). Despite an intense

investigative effort, the aetiology of IBD remains unknown,

but recent studies strongly suggest that IBD represents an

uncontrolled and exacerbated response to luminal antigens

that are innocuous for the normal population. There are

significant differences in the pathology of both IBD variants.

Thus Crohn’s disease appears to be a well-defined Th1-driven

condition characterized by the increased production of

interferon g, IL-12/IL-23, IL-18, IL-21 and osteopontin,

whereas ulcerative colitis exhibits a Th2 profile, with

augmented IL-5, IL-4 and IL-13 (Monteleone et al., 2006).

Furthermore, Crohn’s disease has been linked to gene

variants such as those affecting CARD15/NOD2, SLC22A4

and SLC22A5, although the mechanisms involved are not

well established (Siminovitch, 2006). However, despite these

differences in both conditions there is a marked increase in
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the biosynthesis of nonspecific inflammatory markers,

including eicosanoids, adhesion molecules, metalloprotei-

nases, oxidants/free radicals, chemokines, etc (Monteleone

et al., 2006). Hence it is not surprising that nearly all drug

treatments for IBD downregulate intestinal inflammation in

a non-specific fashion. These drugs, including corticoids,

aminosalicylates or azathioprine, among others, can often

manage IBD successfully, but have a plethora of serious

adverse effects which limit their application. Therefore, the

search for new treatments with a low profile of adverse

effects is much warranted (Sands, 2000; Van Assche et al.,

2005).

One of the possible strategies that can be applied to limit

the inflammatory response is to target protein prenylation,

which is essential for the bioactivity of a number of small

GTPases such as Rho and Rho-like enzymes, which in turn

are involved in the activation of the p38 and JNK MAP

kinases and NF-kB, among other pro-inflammatory path-

ways. One important drug family, the statins, exert anti-

inflammatory effects that are accounted for, at least in part,

by this mechanism (Abeles and Pillinger, 2006). These

include intestinal anti-inflammatory activity in a preclinical

model of IBD, acting by a mechanism independent of

cholesterol lowering (Sasaki et al., 2003).

The inhibitory effect on protein prenylation is character-

istic of another drug class, which is otherwise unrelated,

namely the bisphosphonates, a group of drugs used primarily

in the treatment and prevention of osteoporosis. The oldest

members of the bisphophonate family, such as clodronate

and etidronate, inhibit bone resorption through induction

of osteoclast apoptosis. However, the members of the so

called second generation of bisphosphonates (nitrogen-

containing) appear to act by an entirely different mechan-

ism, that is interference with signal transduction mechan-

isms by inhibition of farnesyl diphosphate synthase in the

cholesterol biosynthetic pathway (Coxon et al., 2006). This

results in inhibition of osteoclastic bone resorption and even

stimulation of bone matrix new synthesis. The clinical

efficacy of bisphosphonates in this context, including

risedronate, alendronate and pamidronate, among others,

is well established by clinical trials (Mathoo et al., 2004). Of

note, bisphosphonates are often associated with corticoids in

the treatment of IBD in an attempt to reduce the impact of

the latter on the bone. However, the therapeutic potential of

bisphosphonates in intestinal inflammation has not been

explored to date. Therefore, we set out to verify whether one

such drug, alendronate, has beneficial effects in the trini-

trobenzenesulfonic acid (TNBS) model of rat colitis, using

sulphasalazine a standard treatment for IBD, for comparison.

Methods

Animals

Female Wistar rats (150–200 g) obtained from the Laboratory

Animal Service of the University of Granada were housed in

makrolon cages, maintained in a 12 h light-dark cycle, fed

standard rodent chow (Panlab A04, Panlab, Barcelona, Spain)

and water ad libitum throughout the experiment. This study

was carried out in accordance with the Guide for the Care

and Use of Laboratory Animals as adopted and promulgated

by the US National Institutes of Health and was approved by

the Animal Welfare Committee of the University of Granada.

Induction of colitis and treatment protocol

After a 7-day acclimatization period, rats were weighed and

randomly distributed in the different experimental groups of

seven rats each. Colitis was induced by the administration of

an enema containing 0.25 ml of a solution of TNBS (10 mg)

in EtOH (50% v v�1). Animals were killed after 5 days. Three

different experiments were performed. In the first one the

animals that received the TNBS enema were treated daily

starting 2 h after colitis induction with either alendronate

(25 mg kg�1 day�1, alendronate group), sulphasalazine

(500 mg kg�1 day�1, sulphasalazine group) or vehicle (1%

methylcellulose, TNBS group) in parallel experiments until

the day they were killed. A control group, which received

saline instead of TNBS, was included for comparison.

The second experiment was similar but a suspension of

Fosamax tablets (Merck Sharp and Dohme) was used as

alendronate treatment. This approach was followed to

increase the dose to 75 mg kg�1 day�1, which resulted in

enhanced anti-inflammatory activity. In a third experi-

ment, alendronate was administered by the i.p. route

(10 mg kg�1 day�1) and compared with the control groups.

Assessment of colonic damage

Animal body weight and food consumption were recorded

daily. Animals were scored for diarrhoeal status (0–3), killed

by cervical dislocation and the colon was removed and

placed on an ice-cold plate, cleaned of fat and mesentery and

blotted on filter paper. Each specimen was weighed and its

length measured under a constant load (2 g). The intestinal

segments were subsequently divided longitudinally in 3–4

pieces and immediately frozen in liquid nitrogen for

biochemical determinations. Macroscopically visible damage

was scored on a 0–24 scale by an observer unaware of

treatment according to the criterion shown in Table 1.

Alkaline phosphatase activity was measured spectro-

photometrically using disodium p-nitrophenylphosphate as

substrate (Sanchez de Medina et al., 2004) and the results

expressed as mU mg protein�1. The sensitivity to the

inhibitor levamisole (1 mM), which is modulated by inflam-

mation, was also determined and expressed as % inhibition

(Sanchez de Medina et al., 2004). Myeloperoxidase activity

was determined as an index of neutrophil accumulation. The

enzyme activity was measured spectrophotometrically,

according to the technique described by Krawisz et al. (1984)

with minor modifications. The results are expressed as

myeloperoxidase units (mmol min�1) per gram of wet tissue.

Western blot

Colonic levels of nitric oxide synthase (iNOS) and cyclo-

oxygenase (COX-2) were determined by immunoblotting.

Colonic samples were homogenized in cold lysis buffer

containing 1% Igepal CA-630, 20 mM HEPES-Na pH 7.5,

10 mM ethylene glycol bis (b-amino ethylether)-N,N,N0,N0,-
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tetraaceticacid (EGTA), 40 mM b-glycerophosphate, 25 mM

MgCl2, 2 mM sodium orthovanadate and freshly added

protease inhibitors (phenyl-methylsulphonyl fluoride, apro-

tinin, leupeptin, 1,10-phenanthroline). The protein content

was measured by the bicinchoninic acid assay (Vilaseca et al.,

1990b), using bovine serum albumin (BSA) as standard.

Samples were boiled for 4 min in Laemmli buffer, then 75 mg

were separated by 7% sodium dodecyl sulphate-polyacryla-

mide gel electrophoresis (SDS-PAGE). The nitrocellulose

membranes were blocked for at least 1 h at room temperature

in Tris-Buffered saline-0.1% Tween-20 (TBS-T) containing

5% (w v�1) nonfat dry milk and then incubated with TBS-T

containing BSA 5% and the primary antibody at 41C

overnight. The dilutions of antibodies used were: 1:3000

for iNOS (Transduction Laboratories, BD Biosciences, Ma-

drid, Spain) and COX-2 (Cayman Chemical Company).

A primary antibody against a-actin was used as loading

control. After three washes of 5 min with TBS-T, perox-

idase-conjugated anti-mouse IgG was used as secondary

antibody. Then, enhanced chemiluminiscence (Perkin

Elmer, Life Sciences, Boston, MA, USA) detection was

performed.

Immunohistochemical analysis

The samples for the histological study were taken from the

edge of the necrotic area, coded, fixed in formaldehyde and

processed for routine analysis using haematoxylin/eosin

staining. The sections were scored for microscopic damage

(including tissue oedema) by an investigator (AN) unaware

of the sample identity as described previously (Stucchi et al.,

2000). Immunohistochemistry was performed with COX-2

and iNOS polyclonal antibodies (Oxford Biomedical Re-

search and Santa Cruz Biotechnology, Heidelberg, Germany

respectively) at a 1:400 and 1:100 dilution for 30 min at

room temperature. The developing system was Dako Chem-

MateTM Universal Kits (LSBA), following manufacturer’s

instructions. Immunoreactivity was visualized with 3–30

diaminobenzidine tetrachloride (Sigma) and hydrogen per-

oxide (0.01%) and slides were counterstained for 2 min with

Gill’s haematoxylin. Dilutions and washing were made in

TBS (Castells et al., 2006). Negative control slides were made

by substituting the primary antibody with TBS or with

normal pig serum.

Analysis of gene expression by reverse transcriptase-polymerase

chain reaction

Colonic fragments were frozen immediately post mortem in

liquid nitrogen. Total RNA was isolated by single-step,

guanidium thiocyanate-phenol-chloroform extraction with

the TRIzol Reagent (Invitrogen, Paisley, UK) according to

the manufacturer’s instructions. RNA (5 mg sample�1) was

reverse-transcribed into complementary DNA (cDNA) using

reverse transcriptase (First-Strand cDNA Synthesis Kit,

Amersham Biosciences, Barcelona, Spain) and following the

instructions as indicated. The expression of the 18 S riboso-

mal unit was routinely examined as a loading standard. The

following primer sequences (50-30) were used: for Muc-2,

forward: 50-GCTCAATCTCAGAAGGCGACAC-30 and reverse:

50-CCAGATAACAATGATGCCAGAGC-30; for Muc-3, forward:

50-CACAAAGGCAAGAGTCCAGA-30 and 50-ACTGTCCTTGG

TGCTGAATG-30; for trefoil factor 3 (TFF-3), forward: 50-ATG

GAGACCAGAGCCTTCTG-30 and reverse 50-ACAGCCTTGTG

CTGACTGTA-30; for interleukin-1b (IL-1b), forward: 50-AAT

GACCTGTTCTTTGAGGCTGAC-30 and reverse 50-CGAGATG

CTGCTGTGAGATTTGAAG-30; for interleukin 1 receptor

antagonist (IL-1ra), forward: 50-GAGTCAGCTGGCCACCTG-30

and reverse 50-CAGACTTGACACAAGACAGGCAC-30; for

transforming growth factor-b (TGF-b), forward: 50-GCTAAT

GGTGGACCGCAACAAC-30 and reverse 50-CACTGCTTCCC

GAATGTCTGAC-30; for macrophage chemoattractant pro-

tein 1 (MCP1), forward 50-CACTATGCAGGTCTCTGTCACG-30

and reverse 50-CTGGTCACTTCTACAGAAGTGC-30; and for

18S, forward: 50-CCATTGGAGGGCAAGTCTGGTG-30 and

reverse 50-CGCCGGTCCAAGAATTTCACC-30. The polymer-

ase chain reaction was performed in a 25 ml volume contain-

ing 1 ml of RT product (cDNA) and 23 ml PCR master

mix: 10� buffer, 1U Taq DNA polymerase (Amersham

Biosciences), 5 mM of each dNTPs (Roche, Mannheim,

Germany) and 2 pM concentration of each primer. For each

primer pair, control experiments were performed to deter-

mine the range of cycles, in which a given amount of cDNA

would be amplified in a linear fashion. The cycle numbers

and hybridization temperatures for each PCR reaction were

as follows: MUC2, 27 cycles and 591C, MUC3, 25 cycles and

561C, TFF-3, 27 cycles and 591C, IL-1b, 30 cycles and

571C, IL-1ra, 34 cycles and 591C, TGF-b, 33 cycles and 571C,

MCP1, 40 cycles and 561C and 18 S, 15 cycles and 601C.

Semiquantitative analyses of photographs of ethidium

bromide-stained DNA gels (2% agarose) were performed

with Scion Image (Scion Corporation, Frederick, MD, USA).

Table 1 Scoring criteria applied to the visible lesions in the rat colona

Adhesions 0 No adhesions
1 Difficult dissection
2 Visible adhesions
3 ‘Wrapped’ intestine

Obstruction 0 No obstruction
1 Need for gentle manual cleaning
2 Fecal impaction

Thickening 0 Similar to uninflamed intestine
1 Thicker than normal (B1–2 mm)
2 Much thicker than normal (42 mm)

Hyperemia 0 Similar to uninflamed intestine
1 Mild and generalized or intense but localized hyperemia
2 Intense and localized hyperemia
3 Frank hemorrage

Shortening 0 Normal colonic length (415 cm)
1 Colonic length o15 cm
2 Colonic length o14 cm
3 Colonic length o13.5 cm

Necrosis 0 No signs of necrosis
1 Small areas of necrosis
2 Patchy necrosis (cobblestone appearance)
3 Focal necrosis, +o0.8 cm
4 Focal necrosis, +40.8 cm
5 Extended necrotic lesion

Other signs þ2 proximal dilation
þ2 deformity
þ1 fragility (tendency to break)
þ1 scarring

aAll scores were assigned by one investigator unaware of the treatment.
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The data were normalized to transcript levels for the

constitutively expressed 18 S gene.

Statistical analysis

All results are expressed as mean7s.e.m. Differences among

means were tested for statistical significance using one way

analysis of variance and a posteriori least significance tests.

Statistical significance was set at Po0.05. All analyses were

carried out with SigmaStat 2.0 (Jandel Corporation, San

Rafael, CA, USA).

Materials

Except where indicated, all chemicals and primers were

obtained from Sigma (Madrid, Spain).

Results

TNBS colitis

Administration of 10 mg of TNBS intrarectally induced a

severe colonic inflammatory reaction characterized by

mucosal necrosis (Figure 1), submucosal fibrosis and oede-

ma, bowel wall thickening and shortening of colonic length

(Table 2), as described previously (Morris et al., 1989; Sanchez

de Medina et al., 1996). These features were associated with

marked anorexia and loss of body weight (Table 2), which

were strongly correlated.

Colon inflammation was also measured biochemically. The

results reveal that trinitrobenzenesulfonic acid (TNBS) colitis

was associated with a significant increase in myeloperoxidase

activity, a marker of neutrophil infiltration (not shown),

as well as of alkaline phosphatase (AP) activity, recently

proposed as an inflammatory marker (Table 2) (Sanchez de

Medina et al., 2004). In addition, the expression of COX-2

and iNOS, as assessed by Western blot, was significantly

upregulated compared to the uninflamed group (Figure 2).

Further examination of the inflammatory status revealed

that the mRNA levels of IL-1b and IL-1ra were upregulated by

the TNBS challenge (Figure 3). IL-1b is a potent proinflam-

matory cytokine, whereas IL-1 receptor antagonist (IL-1ra) is

a naturally occurring antagonist; both are expressed in the

mucosa of patients with IBD (Hannum et al., 1990; Stokkers

et al., 1998). The TGF-b transcript levels were higher in the

TNBS than in the uninflamed group, but the difference did

not reach statistical significance. On the other hand, MUC2

levels did not change significantly after colitic induction,

whereas MUC3 levels were decreased. Finally, the colonic

expression of TFF3, a peptide produced by goblet cells with

important cytoprotective functions in the gut, was also

measured, but no significant changes were detected

(Figure 3).

Effect of sulphasalazine on TNBS colitis

Sulphasalazine was included as a standard established drug

in the treatment of IBD for comparison purposes. This drug

has been previously shown to be efficacious in TNBS colitis

(Daddaoua et al., 2005; Woodruff et al., 2005). Our data show

that sulphasalazine had a beneficial impact administered as a

postreatment in TNBS colitis. Sulphasalazine treated rats

exhibited a significant decrease in the colonic AP activity

compared to non-treated rats (Table 2), while IL-1b mRNA

levels were normalized (Figure 3). On the other hand, there

was no significant change in colonic weight to length ratio,

damage score, body weight, myeloperoxidase, COX2, MUC2

or TGF-b levels (Table 2, Figures 2 and 3, and data not

shown). The effect on iNOS was significant but of low

magnitude. IL-1ra levels were strongly reduced (but less than

those of IL-1b), and MUC3 was downregulated compared

Figure 1 Macroscopic appearance of rat TNBS colitis in the
different experimental groups. Photographs are representative of
the macroscopic features of the large intestine in each group.
Uninflamed: noncolitic group; TNBS: colitic animals treated with
vehicle; alendronate: colitic animals treated with alendronate
(25 mg kg�1 day�1); sulphasalazine: colitic animals treated with
sulphasalazine (500 mg kg�1 day�1). Darkened areas correspond to
epithelial necrosis.

Table 2 Effect of alendronate on macroscopic parameters and AP activity in rat TNBS colitis

Colonic weight/length ratio
(mg/cm)

Extension of necrosis
(cm)

Damage score Body weight gain after 5 days AP activity (mU/mg protein)

Uninflamed 53.871.8 0 0 þ2.371.6 71.174.8
TNBS 201.0711.9þ 3.270.5þ 11.070.5þ �10.872.3þ 169.6736.7þ

Alendronate 180.0722.9þ 3.170.6þ 7.471.1þ* �5.373.9þ* 171.1743.0þ

Sulphasalazine 143.7741.5þ 2.270.9þ 8.176.5þ �12.872.0þ 110.24735.8þ*

Abbreviations: AP, alkaline phosphatase; TNBS, trinitrobenzenesulfonic acid

The doses of alendronate and sulphasalazine were 25 and 500 mg kg�1 day�1, respectively. Values are means7s.e.m., n¼7. þDifferent from Control group,

Po0.05, *different from TNBS group, Po0.05. Body weight gain is expressed as percentage change from the start of the experiment.
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with non-treated animals (Figure 3). TFF-3 expression was

slightly higher in sulphasalazine-treated rats, but without

reaching the statistical threshold for significance.

Effect of alendronate on TNBS colitis

Oral treatment of rats with alendronate (25 mg kg�1 day�1)

reduced body weight loss when compared with untreated

colitic rats (Table 2). Postmortem evaluation of the colon

showed a significant improvement, which resulted in a

reduction of tissue damage score by approximately 33% in

comparison with non-treated colitic animals (Table 2). The

photographs in Figure 1 show the features of TNBS

inflammation, including wall thickness and colon length

shortening. Amelioration of these parameters was observed

after alendronate treatment, which resulted in decreased

colonic damage score (Table 2).

The intestinal protective effect exerted by alendronate was

associated with a significant, though slight, inhibition of

COX-2 and iNOS protein expression in the colon (Figure 2)

when compared to the TNBS group. In addition, alendronate

was associated with a dramatic decrease in colonic IL-1b and

IL-1ra expression (Figure 3). The extent of the inhibitory

effect was comparable to that of sulphasalazine treated rats.

Colonic TFF3 mRNA was higher in the alendronate group

than in the TNBS group but this difference did not reach

statistical difference. On the other hand, no significant

differences were detected in the expression levels of

TGF-b, MUC2 or MUC3 compared to the TNBS group

(Figure 3).

Effect of higher dose of alendronate (Fosamax) on TNBS colitis

The aim of this second set of experiments was twofold. First,

to obtain new samples for further determinations, including

Figure 2 Colonic protein expression of COX-2 (70 kilodaltons) in
the different experimental groups. Uninflamed: noncolitic group;
TNBS: colitic animals treated with vehicle; alendronate: colitic
animals treated with alendronate (25 mg kg�1 day�1); sulphasala-
zine: colitic animals treated with sulphasalazine
(500 mg kg�1 day�1). Expression was assessed by Western blot and
densitometry was performed with the Scion Image software. A
representative gel is shown. þPo0.05 vs uninflamed group;
*Po0.05 vs TNBS group.
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Figure 3 Effect of alendronate on IL-1b, IL-1ra and TGF-b (a), MUC2, MUC3 and TFF-3 (b) mRNA levels in colon specimens. Representative
gels (of at least triplicate experiments) and densitometric analysis are shown. Uninflamed: noncolitic group; TNBS: colitic animals treated with
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immunohistochemical analysis. Second, to assess the effect

of a higher dose of alendronate. Because of the short supply

of alendronate available from chemical vendors we decided

to use a commercial form, Fosamax, administered as a

suspension of the powdered tablets in methylcellulose. This

treatment resulted in an increased therapeutic effect on

extension of necrosis and damage score (Table 3), while the

impact on IL-1b was similar (Figure 4). There was also a

striking reduction in monocyte chemoattractant protein 1

(MCP-1). Again, the effect of alendronate was similar or even

higher than that of sulphasalazine, which failed to amelio-

rate colonic weight to length ratio or AP sensitivity,

parameters that were significantly reduced with Fosamax.

COX2 and iNOS protein levels were slightly reduced by both

sulphasalazine and Fosamax, as in the first set of experiments

(not shown). It should be noted that although the Fosamax

excipients could not be added to the reference groups, they

are unlikely to be involved in the pharmacological

effect, because alendronate was active by itself in the first

experiment.

The histological analysis (Figure 5) showed that the

majority of the TNBS control animals presented more than

50% of epithelial surface ulceration at the edge of the

affected region, generally associated with marked transmural

infiltration by inflammatory cells. The infiltrate was com-

posed of neutrophils in the lamina propria, whereas the

submucosa and muscle layers presented also eosinophils,

lymphocytes and plasma cells. Submucosal and specially

muscularis oedema contributed slightly to bowel wall

thickening (scored as 1.670.3). The histological score was

16.373.9. In the sulphasalazine group there was only focal

ulceration or even complete absence thereof, except in two

rats, which were comparable to the TNBS group. However,

the histological score was not decreased significantly

(10.473.1). This may be related to the high value assigned

to mucosal hyperplasia and goblet cell depletion, which

usually precede mucosal healing and thus might be inter-

preted as signs of tissue recovery. This uneven effect of

therapy was also observed in the alendronate group, in

which three of six rats exhibited focal or no ulceration and

low scores, while the other three rats were similar to those of

the TNBS group. As a result the histological score, although

lower than the TNBS group (13.773.3), was not altered

significantly. Both sulphasalazine and alendronate reduced

muscularis oedema significantly (0.770.3 and 0.770.2

respectively, Po0.05 vs. TNBS).

Immunohistochemical analysis revealed that COX2

immunoreactivity was restricted to lymphoplasmacytic

cells in all cases, although markedly enhanced by TNBS

colitis. Treatment with either alendronate or sulphasalazine

resulted in lower COX2 levels. On the other hand, iNOS,

which appeared localized mainly to the epithelium and

secondarily to the muscle layer, was also increased in

TNBS colitic animals, but largely unaffected by both drug

treatments.

Effects of intraperitoneally administered alendronate

The aim of this set of experiments was to test the influence of

the route of administration in the effect of alendronate.

The dose selected was relatively high, considering the low

oral bioavailability of this drug (Lin et al., 1994; Porras et al.,

1999). Interestingly, this approach blunted the therapeutic

impact of alendronate and actually resulted in a worse

clinical outcome, as reflected by the increased body weight

loss and extension of necrosis (Table 4). The other para-

meters examined were not changed.

Table 3 Effect of Fosamax (containing alendronate) on macroscopic parameters in rat TNBS colitis

Colonic weight/length ratio (mg cm�1) Diarrhea score Extension of necrosis (cm) Damage score Body weight gain after 5 days

Uninflamed 65.472.2 0 0 0 4.970.5
TNBS 155.0714.2þ 2.070.4þ 3.570.4þ 9.470.7þ �7.271.5þ

Alendronate 125.4715.6þ* 1.470.3þ 2.170.7þ* 5.571.2þ * �12.071.9þ*
Sulphasalazine 141.575.7þ 1.770.2þ 3.570.5þ 8.870.4þ �11.670.8þ*

Abbreviations: TNBS, trinitrobenzenesulfonic acid.

The doses of Fosamax (containing alendronate) and sulphasalazine were 75 and 500 mg kg�1 day�1, respectively. Values are means7s.e.m., n¼7.
þDifferent from Control group, Po0.05.

*Different from TNBS group, Po0.05.

Body weight gain is expressed as percentage change from the start of the experiment.

Figure 4 Effect of alendronate (Fosamax) on TNBS colitis. Control
values were: 2.670.1 U g�1 tissue (myeloperoxidase; MPO),
83.474.5 mU mg�1 protein (AP), 16.571.9% (AP sensitivity). TNBS:
vehicle-treated colitic rats; SAZ: colitic rats treated with sulphasala-
zine (500 mg kg�1); Ale: colitic rats treated with alendronate
(75 mg kg�1). *Different from TNBS group, Po0.05. All means in
the TNBS group are significantly different from the control (not
shown).
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Discussion

IBD, comprising Crohn’s disease and ulcerative colitis,

poses a clear challenge to the biomedical community in

terms of both basic and applied research. Thus despite

the intense investigative effort dedicated to IBD in the

past few years, a causative factor is yet to be identified.

Thus the pharmacological strategies are necessarily empirical

and are common to a number of inflammatory disorders.

Although these treatments are generally effective, they

have significant adverse effects and refractoriness is not

infrequent.

Figure 5 Immunohistochemical analysis of the effect of alendronate (Fosamax) on rat TNBS colitis. A piece of the distal colon was fixed in
formaldehyde and stained with antibodies specific for either COX2 (a–d) or iNOS (e–h). The images are representative of the groups of control
rats (a, e) and TNBS colitic rats treated with vehicle (b, f), sulphasalazine 500 mg kg�1 (c, g) or alendronate 75 mg kg�1 (d, h). Original
magnification: �5.
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On the other hand, IBD is a predisposing factor to

osteoporosis, and high rates of reduced bone mineral density

are reported in patients with IBD (Bernstein and Leslie,

2005). The risk is increased in the elderly and in underweight

patients, as well as in those treated with corticoids, although

it should be noted that the overall increase in fractures is

relatively low. The approach to fracture prevention in IBD

patients should be applied to the patients showing the

highest risk and comprises removal of systemic corticoids,

supplementation with vitamin D and calcium, weight-

bearing exercise and treatment with bisphosphonates (Bern-

stein and Leslie, 2005). The second-generation (nitrogen

containing) bisphosphonates, including alendronate and

risedronate, are widely used for the prevention and treat-

ment of osteoporosis and related disorders (Licata, 2005).

Alendronate (Haderslev et al., 2000), ibandronate (von

Tirpitz et al., 2003) and pamidronate (Bartram et al., 2003)

have been employed successfully to increase bone mineral

density in IBD.

Although incompletely characterized, the mechanism of

action of nitrogen containing bisphosphonates is related to

direct inhibition of farnesyl diphosphate synthase in the

cholesterol biosynthetic pathway. This results in diminished

protein geranylgeranylation, which is essential for the basic

cellular processes required for osteoclastic bone resorption

(Reszka and Rodan, 2003; Green, 2004; Rogers, 2004; Licata,

2005). In addition, nitrogen containing bisphosphonates

may induce osteoclast apoptosis, but this action is not

necessary for their inhibition of bone resorption. This

mechanism is similar to that of the hypocholesterolemic

agents (statins), which inhibit 3-hydroxy-3-methylglutaryl

coenzyme A reductase but ultimately also reduce protein

prenylation (Stancu and Sima, 2001). In fact, this property of

statins accounts for the wide spectrum of pharmacological

actions ascribed to this drug group, which includes both

anti-inflammatory (Shovman et al., 2002) and anti-osteo-

porotic effects (Yaturu, 2003), although clinical evidence of

the latter is still controversial (Koida et al., 2004; Gonyeau,

2005). Pravastatin has been specifically shown to be effective

in rat experimental colitis induced by dextran sulphate

sodium (Sasaki et al., 2003). Therefore, bisphosphonates may

have beneficial effects in the gut. We selected alendronate for

testing in one of the most widely used models of IBD,

namely TNBS colitis (Neurath et al., 2000).

Our data demonstrate that alendronate is effective in

reducing the severity of the colonic inflammatory reaction,

when administered after induction of colitis, as assessed by

reduced body weight loss, colonic damage score, IL-1b, MCP-

1, COX2 and iNOS expression. IL-1b is one of the

predominant cytokines in rat TNBS colitis and it is expressed

at higher levels than tumor necrosis factor or interferon-g,
whereas MCP-1 is an important monocyte chemoattractant

and activator. Both are increased in IBD (Banks et al., 2003;

Ludwiczek et al., 2004). The effects on COX2 and iNOS are

comparatively minor and are probably of lesser importance.

The biological activity of IL-1b is in part regulated by the

endogenous inhibitor IL-1ra, which specifically inhibits IL-1

activities by binding to IL-1 receptors, but does not display

agonist activity (Hawthorne et al., 1992). In the intestinal

mucosa, epithelial cells and lamina propria mononuclear

cells are the major sources of IL-1ra. An imbalance between

the production of IL-1b and IL-1ra has been described in

freshly isolated intestinal mucosal cells and in colonic

mucosal biopsies obtained from inflamed intestinal tissue

of IBD patients (Vilaseca et al., 1990a). Although upregula-

tion of IL-1ra seems to be an appropriate response to control

IL-1-mediated inflammation, this response is not sufficient.

A large excess of IL-1ra is required to block the binding of IL-

1 to the IL-1 type I receptor (Rask-Madsen et al., 1992).

It should be noted that these effects were attained with a

presumably rather low effective dose, because oral bioavail-

ability of alendronate, as with other bisphosphonates, is

around 1% only (Lin et al., 1994; Porras et al., 1999). Thus the

amount of alendronate that reaches systemic circulation

may be as low as 0.25–0.75 mg kg�1. Previous pharmacoki-

netic studies indicate that alendronate is preferentially

distributed to the bone or cleared by the kidney (Lin et al.,

1994; Porras et al., 1999). It should be noted nonetheless that

the dose is relatively high compared with the standard 10 mg

used in humans. In an attempt to increase bioavailability, we

performed an additional experiment in which alendronate

was administered as a post-treatment by the i.p. route with a

reduced dose (10 mg kg�1 day�1). This approach did not

result in significant anti-inflammatory activity, but instead

produced a marked loss of body weight, suggesting toxicity.

This clearly suggests that the therapeutic effect of oral

alendronate may be owing to a direct effect on the mucosal

tissue by the drug as it reaches the colon. This may explain

the lack of anti-inflammatory effect observed previously

with subcutaneously administered pamidronate in TNBS

colits although still exerting significant effects on the bone

(Lin et al., 2000). Thus it appears that low intestinal

absorption favors the anti-inflammatory effect of alendro-

nate in the distal region of the intestine, although it is

plausible that a higher local uptake would result in an

increased therapeutic benefit.

Table 4 Effect of intraperitoneally administered alendronate on macroscopic and biochemical parameters in rat TNBS colitis

Weight to length ratio
(mg cm�1)

Extension of necrosis
(cm)

Damage score Body weight gain after 5 days MPO (U g�1) AP (mU mg protein�1)

Uninflamed 67.572.6 0 0 3.070.6 2.670.2 53.072.7
TNBS 158.8727.8þ 3.670.7þ 7.071.6þ �4.373.3þ 40.276.7þ 104.6711.1þ

Alendronate 124.776.6þ 4.170.3þ* 7.070.6þ �16.371.4þ* 46.876.4þ 98.677.4þ

Abbreviations: TNBS, trinitrobenzenesulfonic acid.

The dose of alendronate was 10 mg kg�1 day�1. Values are means7s.e.m., n¼ 7.
þDifferent from control group, Po0.05.

*Different from TNBS group, Po0.05. Body weight gain is expressed as percentage change from the start of the experiment.
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The protective effect of alendronate was comparable to

that of sulphasalazine, a standard drug used in IBD treatment

(Sands, 2000). Alendronate was better in terms of body

weight gain, colonic damage score and COX2 expression,

whereas sulphasalazine was the only one that reduced

colonic alkaline phosphatase activity, a marker of intestinal

inflammation related to both leukocyte infiltration and

epithelial phenotypic changes (Sanchez de Medina et al.,

2004). Interestingly, both drug treatments tended to increase

TFF3 and decrease MUC2 despite the lack of changes brought

about by inflammation. The increase in TFF3 might

represent a mechanism of anti-inflammatory action, as this

peptide has mucosal protective and regenerative properties,

which ultimately result in intestinal antiinflammatory

effects (Vandenbroucke et al., 2004; Poulsen et al., 2005).

The relatively modest effect of sulphasalazine must be

interpreted in terms of the dosing protocol applied, that is

post-treatment rather than pre-treatment. It is well known

that drug treatments, including sulphasalazine, are generally

less effective when given after colitis has been induced than

when administered as a preventive measure (Daddaoua et al.,

2005). This in turn highlights the positive results obtained

with alendronate. As sulphasalazine is considered to act by

mechanisms unrelated to farnesyl diphosphate synthase

inhibition (Nikolaus et al., 2000), it is conceivable that it

may have synergistic effects with alendronate.

In conclusion, we have demonstrated that alendronate is

effective in the TNBS model of rat colitis, a widely employed

preclinical model of IBD, with an activity comparable to that

of sulphasalazine. Our results suggest that IBD patients

under risk of osteoporotic fractures could additionally

benefit from bisphosphonate therapy. Additional experi-

ments are warranted to establish the mechanistic basis of

alendronate effect. On the other hand, pharmacokinetic

manipulation might provide more pronounced therapeutic

effects of alendronate by increasing access of the colonic

mucosa to the drug.
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