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Attenuation of inflammation and cytokine
production in rat colitis by a novel selective
inhibitor of leukotriene A4 hydrolase
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Background and purpose: Leukotriene B4 (LTB4), formed by the sequential actions of the 5-lipoxygenase (5-LO) and
leukotriene A4 hydrolase (LTA4H), is a pro-inflammatory mediator implicated in the pathogenesis of inflammatory bowel
disease. However, inhibitors of 5-LO have not proved to be consistent in their therapeutic efficacy in colitis. Another approach
to inhibiting LTB4 synthesis is through the use of inhibitors of LTA4H, such as the novel, potent and selective compound, JNJ
26993135.
Experimental approach: The effect of oral administration of JNJ 26993135 has been evaluated in a rat model of colitis
provoked by colonic instillation of trinitrobenzenesulphonic acid (TNBS). The extent and severity of the macroscopic
inflammatory response, the colonic levels of myeloperoxidase (MPO) and LTB4 and of the pro-inflammatory cytokines, tumour
necrosis factor-a (TNF-a) and interleukin-6 (IL-6) were measured.
Key results: Oral administration of JNJ 26993135 (5, 15 and 30 mg kg�1, twice a day) dose-dependently reduced both the
extent and intensity of the colonic inflammatory damage observed 3 days after TNBS challenge. JNJ 26993135 also dose-
dependently reduced the elevated colonic levels of LTB4, as well as the inflammatory biomarkers, MPO, IL-6 and TNF-a. This
dosing regimen was supported by the pharmacokinetic profile of JNJ 26993135, along with the demonstration of the
inhibition of ex vivo production of LTB4 in whole blood following oral administration.
Conclusions and implications: These results with JNJ 26993135 in the rat TNBS model support the role of LTB4 in colitis and
the potential value of targeting LTA4H for the treatment of inflammatory bowel diseases.
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Introduction

Among the local lipid mediators that have a potential role in

inflammatory bowel diseases, leukotriene B4 (LTB4) is highly

active in recruiting and activating a range of inflammatory

cells including neutrophils, eosinophils and dendritic cells

(Ford-Hutchinson et al., 1994; Murray et al., 2003; Shin et al.,

2006). LTB4 also has chemotactic effects for CD4þ and

CD8þ effector T cells (Ott et al., 2003; Tager et al., 2003), all

such cells being considered to be involved in the pathogen-

esis of colitis (Boughton-Smith et al., 1988a, b; Muller et al.,

1998; Hogan and Rothenberg, 2004; Kristjansson et al., 2004;

Hart et al., 2005; Nancey et al., 2006). Early work established

that LTB4 can be found in the inflamed colonic tissue from

both experimental models (Boughton-Smith et al., 1988a, b;

Rachmilewitz et al., 1989; Wallace and Keenan, 1990) and

patients with colitis (Boughton-Smith et al., 1983; Sharon

and Stenson, 1984; Lobos et al., 1987; Hawthorne et al.,

1992). The precise role of LTB4 in the initiation and

progression of pathological processes in gut diseases and its

interaction with other inflammatory mediators however, is

not fully clear.
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Leukotriene B4 biosynthesis is initiated by the conversion

of free arachidonic acid to an unstable epoxide intermediate,

leukotriene A4 (LTA4) by actions of 5-lipoxygenase (5-LO) in

the presence of the accessory 5-LO-activating protein,

known as FLAP (Ford-Hutchinson et al., 1994). Subsequent

hydrolysis of LTA4 by the enzyme LTA4 hydrolase (LTA4H)

yields LTB4 (Haeggstrom, 2004; Rudberg et al., 2004). In

addition to the development of leukotriene receptor antago-

nists, pharmacological approaches to modulate the produc-

tion of LTB4 and other biologically active leukotrienes, such

as leukotriene C4 (LTC4) and leukotriene D4 (LTD4), have

previously focussed primarily on inhibiting the pivotal

enzyme, 5-LO (Funk, 2005; Werz and Steinhilber, 2006).

One early 5-LO-inhibiting compound, zileuton, was active

in experimental models of colitis such as the hapten model

of colitis induced by trinitrobenzene sulphonic acid (TNBS)

in rat (Zingarelli et al., 1993; Bertran et al., 1996), although

this efficacy was variable (Zarif et al., 1996; Holma et al.,

2001). Other agents such as an FLAP inhibitor, MK-886, have

been reported to accelerate healing in chronic TNBS rat

colitis (Wallace and Keenan, 1990). Although initial reports

on the clinical efficacy of compounds acting on 5-LO were

encouraging (Collawn et al., 1992; Rask-Madsen et al., 1992),

more detailed clinical evaluation of zileuton, or of the FLAP

inhibitor MK-591 suggested that overall, these agents failed

to produce consistent rates of remission, maintenance of

remission or other therapeutic benefits in ulcerative colitis

patients (Hawkey et al., 1997; Roberts et al., 1997).

A different approach to attenuate the production of LTB4

has been through the inhibition of LTA4H (Haeggstrom,

2004). A series of inhibitors of LTA4H have been described

with efficacy in vitro, while their anti-inflammatory profile in

vivo has also been reported, although toxicity and pharma-

cokinetic issues of some of those early compounds were

identified (Penning, 2001; Askonas et al., 2002; Kachur et al.,

2002; Penning et al., 2002, 2003). Recent studies have shown

the activity of a novel, highly selective and orally effective

LTA4H inhibitor, JNJ 26993135, in a number of murine

inflammatory models (Rao et al., 2007). JNJ 26993135 has

been reported to inhibit the epoxide hydrolase activity of

recombinant human LTA4H with an IC50 of 10 nM and has an

IC50 of 340 nM for LTB4 production in murine whole blood

(Rao et al., 2007). Following oral administration, it reduces

acute ear and peritoneal inflammation and LTB4 production

ex vivo in mouse blood (Rao et al., 2007).

In the present study, the ability of JNJ 26993135 to inhibit

the ex vivo generation of LTB4 in blood following its oral

administration, along with its pharmacokinetic profile, has

been evaluated in rat. These findings support its study in a

model of colitis. Thus, the effect of oral administration of JNJ

26993135 has been evaluated in the colitis provoked by

colonic instillation of TNBS in rat over 3 days. This model is

considered to exhibit many of the pharmacological, patho-

logical, immunological and molecular aspects of clinical

inflammatory bowel disease (Boughton-Smith et al., 1988a, b;

Morris et al., 1989; Torres et al., 1999; Sun et al., 2001;

Whittle et al., 2003; Rivera et al., 2006). The actions of JNJ

26993135 in modifying the extent and severity of the

macroscopic inflammatory response were determined, along

with the effects on the colonic levels of LTB4 and of the

neutrophil marker, myeloperoxidase (MPO), as well as on

the pro-inflammatory cytokines, tumour necrosis factor-a
(TNF-a) and interleukin-6 (IL-6), determined as inflamma-

tory biomarkers.

Methods

The animal care and research protocols were reviewed by

the University of Szeged and the Institutional Animal Care

and Use Committee of Johnson and Johnson, and were

in accordance with the guidelines of the United Kingdom

Home Office guidance on the operation of the Animals

(Scientific Procedures) Act 1986.

Inhibition of LTB4 production in blood ex vivo

To determine the activity of JNJ 26993135 on LTB4 produc-

tion ex vivo in rat, the compound was prepared in 20%

hydroxypropyl b cyclodextrin (HPCD) and administered in

doses from 0.3 to 30 mg kg�1 orally to groups of three male

Wistar rats (200–240 g). A vehicle control group that did not

receive the compound and a baseline group whose blood was

not stimulated were also included. At 4 h after dosing, blood

was removed from a tail vein into heparin-containing tubes

for both stimulation and subsequent assay of LTB4 and for

the determination of the plasma concentrations of JNJ

26993135. Blood samples were diluted 1:1 in RPMI 1640

medium, after which 200 ml aliquots of the diluted blood

were transferred to a microtiter plate. The calcium ionophore

A23187 was added to samples (to give a final concentration

of 20 mg ml�1) and incubated for 30 min to allow eicosanoid

formation. The reaction was terminated by centrifugation

(833 g, 10 min at 4 1C) to form a cell pellet, and the amount

of LTB4 produced was assayed in the supernatants (diluted

5- to 15-fold) by enzyme immunoassay.

After preparation of plasma from the whole blood, liquid

chromatography/mass spectrometry (LC/MS) analysis was

used to quantitate the plasma levels of JNJ 26993135 relative

to standard curves (Rao et al., 2007).

Evaluation of immunoassay of plasma LTB4

The cross-reactivity of the enzyme immunoassay used (Assay

Designs-VWR, West Chester, PA, USA; catalogue no. 901-068)

was for LTB4 (100%); 6-trans-12-epi-LTB4 (5.5%); 6-trans-LTB4

(4.9%); 12-epi-LTB4 (0.94%); and 20-OH-LTB4, PGE2, PGF2a,

20-COOH-LTB4, LTC4, LTD4, LTE4, 5(S)-HETE, 12(S)-HETE,

15(S)-HETE (o0.20%). In studies to evaluate the use of this

immunoassay compared with HPLC/MS assay, each assay

gave a comparable linear relationship (correlation r2¼0.99)

over the concentration range of LTB4 standards studied.

However, the HPLC/MS assay was considerably less sensitive

than commercial immunoassay kits available, with the lower

limit of quantitation being 0.25 ng ml�1, compared with the

lower limit of the immunoassay of 0.01 ng ml�1. Measure-

ment of varying concentrations of LTB4 in eight plasma

samples using both assays indicated a good correlation

(r2¼0.85) between the values determined by immunoassay

and HPLC/MS.
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Pharmacokinetic evaluation of JNJ 26993135

For the determination of the pharmacokinetic profile of

JNJ 26993135, the compound, prepared in 20% HPCD, was

administered i.v. (2 mg kg�1) or orally (10 mg kg�1) to groups

of three male rats. At various time intervals, blood was

removed from a tail vein into heparin-containing tubes and

the plasma levels of JNJ 26993135 were determined by

LC/MS analysis (Rao et al., 2007). The pharmacokinetic

parameters Cmax (maximum plasma concentration), tmax

(time of maximum plasma concentration), AUC 0–N (area

under the plasma concentration time curve), t1/2 (half-life in

plasma), CL/F (total clearance over bioavailable fraction),

Vdss (volume of distribution at steady state) and F (bioavail-

able fraction) were determined from the data using Winonlin

software (Pharsight, Mountain View, USA).

Induction of colitis

Male Wistar rats (200–240 g; n¼64) were randomized before

the commencement of the colitis study, housed at a

temperature of 21–25 1C with a 12 h light cycle in groups

of five animals and inspected and weighed every day. Food

was only withdrawn overnight for 12 h prior to TNBS

administration, and the rats were allowed free access to

drinking water during all periods.

Under transient ether-induced anaesthesia, TNBS (10 mg

in 0.25 ml of 50% ethanol, v v�1) was administered intrarec-

tally through an 8 cm long soft plastic catheter (Boughton-

Smith et al., 1988a, b; Morris et al., 1989). The dose of TNBS

used produced a reproducible yet not unduly severe colitis.

The rats were allowed to recover with free access to food and

drinking water. At the end of the experiment, 72 h after TNBS

administration (that is on the morning of day 3), the animals

were killed, the distal colon was exposed and the terminal

8 cm was dissected, photographed and stored appropriately

for the subsequent analyses.

The primary parameters measured were the area of

macroscopic injury and its severity score, the levels of MPO

and LTB4, and the cytokines TNF-a and IL-6, in segments of

the distal 8 cm of colon. In addition, the weight of the whole

8 cm colonic segment was measured as an indirect and

nonspecific marker of oedema, while the body weight of the

animals was determined each day of the study as an

indicator of general health.

Experimental design for colitis model

JNJ 26993135 was prepared in the vehicle, HPCD and

administered orally, twice daily (2 ml kg�1) commencing

24 h before TNBS administration, on the day of TNBS

administration and on days 1 and 2 after challenge. The

doses of JNJ 26993135 used were 5, 15 and 30 mg kg�1, p.o.,

twice a day (that is 10, 30 and 60 mg kg�1 day�1 total dose).

This dose range was selected from and supported by studies

on the pharmacokinetic profile of JNJ 26993135 and its

effects on the plasma levels of LTB4 following ex vivo

incubation of whole blood with the calcium ionophore,

A23187, as described above. A further group of rats that was

challenged with TNBS received the vehicle alone, twice a day

(2 ml kg�1 p.o.), whereas another group had no challenge or

drug treatment and was used for base-line measurements.

In a further study using the same dosing schedule, the

actions of a single dose-level of JNJ 26993135 and of the

5-LO inhibitor, zileuton, were compared. For this study, JNJ

26993135 at a dose of 10 mg kg�1, p.o., twice a day (that is

20 mg kg�1 day�1 total dose) was selected from the previous

dose–response curve, and zileuton at a dose of 30 mg kg�1,

p.o., twice a day (that is 60 mg kg�1 day�1 total dose) was

selected with reference to the available literature. Higher

doses of zileuton were not evaluated, as hepatotoxicity has

been reported at such doses (Beierschmitt et al., 2001).

Macroscopic analysis

The distal 8 cm portion of the colon (measured from the

rectum) was removed, opened longitudinally and gently

rinsed with ice-cold phosphate buffer (pH 7.4), blotted,

weighed (Scaltec, Gottingen, Germany) and photographed

(Samsung, Digimax 340, digital camera). The extent of

macroscopically apparent inflammation, ulceration and

tissue disruption was determined in a randomized manner

from the colour images via computerized planimetry (Scion

Image B4.02 version; Scion Corp.). The area of macroscopi-

cally visible mucosal involvement was calculated and

expressed as the percentage of the total colonic segment

area under study.

The tissue was then cut into longitudinal strips, each strip

being 8 cm long and included the whole of the zone of

injury. This tissue was weighed, processed and the resulting

supernatant stored at �20 1C for the subsequent determina-

tion of MPO activity, protein levels, for the assay of LTB4 and

for TNF-a and IL-6.

Macroscopic score

In addition to the quantitative measurement of area of

damage, the degree of colonic damage was also assessed in a

randomized blinded fashion using a Damage Score, utilizing

a 1–10 scale that has been adapted from that used previously

(Boughton-Smith et al., 1988a):

� 0 No damage.

� 1 One region of localized inflammation or thickening. No

ulcers.

� 2 Linear ulceration, but no significant inflammation.

� 3 Linear ulceration with inflammation at one site.

� 4 Two or more sites of ulceration and/or inflammation.

Ulcers present in at least one site.

� 5 Two or more sites of ulceration and inflammation with

one major site of ulceration and inflammation extending

1 cm along the length of the colon.

� 6–10 Two or more sites of ulceration and inflammation

with one major site of ulceration and inflammation

extending 2, 3, 4, 5 or 6 cm along the length of the colon.

Myeloperoxidase activity

The 8 cm longitudinal strips of the colon were weighed and

homogenized (Ultra Turrax, T25, 13 500 r.p.m., twice for 30 s;

250 mg colon per ml buffer) in ice-cold phosphate buffer
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(50 mM, pH 6.0), freeze-thawed three times and then

centrifuged twice (each time at 15 000 g for 15 min at 4 1C).

A 12 ml aliquot of the supernatant was then mixed with

280 ml phosphate buffer (50 mM, pH 6) containing

0.167 mg ml�1 of O-adenosine dihydrochloride and the

reaction started with 10 ml of 0.03% hydrogen peroxide and

assayed spectrophotometrically at 490 nm (Benchmark

Microplate reader; Bio-Rad, Budapest, Hungary) after 90 s of

shaking. MPO was expressed as mU per mg protein.

Colonic leukotriene B4 levels

The colonic tissue sample was minced with scissors and

homogenized for 60 s in ice-cold Tris-HCl buffer (50 mM,

pH 7.4), containing 100 mM NaCl, 1 mM CaCl2, 1 mg ml�1

D-glucose and 28 mM indomethacin. The homogenate was

centrifuged twice at 15 000 g for 15 min at 4 1C. Homogenates

were stored at �20 1C until use. The levels of LTB4 in the

supernatant were assayed using immunoassay, as described

above. The LTB4 values were expressed as pg per mg protein.

Colonic levels of cytokines

The colonic tissue samples were thawed, weighed and

homogenized (Ultra-Turrax, T25, 2� 30 s on ice; 250 mg

colon per ml buffer) using a modified Greenburg buffer

(300 mM NaCl, 15 mM Tris, 2 mM MgCl2, 2 mM Triton X-100,

20 ng ml�1 pepstatin A, 20 ng ml�1 leupeptin, 20 ng ml�1

aprotonin; pH 7.4). Tissue homogenates were lysed for

30 min on ice and then centrifuged twice (10 min,

14 000 g). The aliquots of the supernatant were stored at

�20 1C until use.

The IL-6 protein levels in the colonic homogenate were

determined using a two-site enzyme-linked immunosorbent

assay for recombinant rat IL-6 according to the manufac-

turer’s directions (R&D Systems Inc., Minneapolis, MN, USA;

Quantikine rat IL-6 Elisa kit, catalogue no. R6000). Optical

density was measured at 450 nm (wavelength correction was

540 nm). The mean minimum detectable level of rat IL-6 is

stated to be 21 pg ml�1 for this kit. The IL-6 values were

expressed as pg per mg protein.

The TNF-a levels were determined with quantitative

enzyme-linked immunosorbent assay (R&D Systems Inc.;

Quantikine rat TNF-alpha Elisa kit catalogue no. RTA00),

using similar procedures as above, with the samples

measured spectrophotometrically at 450 nm (Benchmark

Microplate reader; Bio-Rad). This kit had minimum detec-

tion level of 5 pg ml�1 of rat TNF-a. The TNF-a values were

expressed as pg per mg protein.

Protein determination

Using a commercial protein assay kit (Bio-Rad; catalogue no.

500–0002), aliquots (20 ml) of the diluted samples (25� or

50� with distilled water) were mixed with 980 ml distilled

water and 200ml Bradford reagent was added to each sample.

After mixing and a 10 min incubation, the samples were

assayed spectrophotometrically at 595 nm. Protein level was

expressed as mg protein ml�1.

Data analysis and statistical evaluation

Results shown in the figures are expressed as mean±-

s.e.mean from (n) rats per experimental group. Each value

used in these groups represents a single measurement for

that parameter from each individual rat. For statistical

comparisons, the two-tailed Student’s t-test or ANOVA with

the Bonferroni test were used, as appropriate. Po0.05 was

taken as showing a significant difference between means. In

the graphs, statistical comparison is made against the values

for the TNBS-challenged HPCD vehicle group.

Drugs, reagents and materials

The investigational drug JNJ 26993135, 1-[4-(benzothiazol-2-

yloxy)-benzyl]-piperidine-4-carboxylic acid (Rao et al., 2007),

was synthesized in the laboratories of Johnson & Johnson

Pharmaceutical Research & Development, LLC. Zileuton was

obtained from the ChemPacific Corporation (Baltimore,

Maryland, USA). These compounds were prepared freshly

on each day of use in the vehicle, HPCD (Sigma Aldrich

Chemical Company, St Louis, MO, USA). TNBS was obtained

from Fluka Chemie AG (Buchs, Switzerland). All other

compounds and assay reagents were from the Sigma Aldrich

Chemical Company.

Results

Inhibition of LTB4 synthesis in blood ex vivo by JNJ 26993135

Incubation of blood taken from rats 4 h after oral adminis-

tration of the vehicle (20% HPCD) with the ionophore

A23187 (20 mg ml�1, 30 min) led to a significant (Po0.001)

production of LTB4 in the plasma determined by immunoassay,

compared with the non-stimulated control (Figure 1). Oral

administration of JNJ 26993135 (0.3–30 mg kg�1) caused a

dose-dependent reduction in this ex vivo-generated LTB4

production, which was significant (Po0.001) at doses of

1 mg kg�1 and above, as shown in Figure 1.

The concentration of JNJ 26993135 in the plasma, 4 h

following oral administration, increased proportionally

with increasing doses. Thus, the mean plasma concentrations

of JNJ 26993135 were 0.15±0.02, 1.0±0.5, 4.0±0.76,

7.7±0.89 and 33.5±2.45 mM with doses of 0.3, 1, 3, 10 and

30 mg kg�1, which inhibited the ionophore-stimulated ex

vivo LTB4 production by 32, 70, 80, 91 and 88%, respectively

(% inhibition data derived from Figure 1).

Pharmacokinetic profile of JNJ 26993135

The pharmacokinetic profile of JNJ 26993135 in rat was

determined following the i.v. or oral administration of doses

of 2 and 10 mg kg,�1 respectively. As shown in Table 1, the

maximum plasma concentration of JNJ 26993135 was

achieved 2 h following oral dosing, with excellent bioavail-

ability (100%) and was eliminated with a half-life of 3.4 h.

These measurements supported the selection of the dose

range used for the colitis study in a twice-a-day administra-

tion regimen.
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Effects of JNJ 26993135 on macroscopic colonic injury

Intracolonic instillation of TNBS (10 mg) provoked areas of

colonic injury, determined 3 days after challenge in the

group of rats that had received the vehicle (HPCD) involving

52±4% (n¼8) of the total colonic area of the segment

studied (Figure 2). This macroscopic injury consisted of

broad areas of haemorrhagic necrosis, with evidence of tissue

inflammation and hyperaemia. There was no detectable

macroscopic injury in the colons from the non-challenged

group of rats receiving only saline p.o. (Figure 2).

Oral administration of JNJ 26993135 (5, 15 and

30 mg kg�1, b.i.d.) commencing 24 h prior to challenge,

caused a dose-dependent reduction in the area of TNBS-

induced colonic injury, being statistically significantly

different from the damage in the challenged vehicle group

at the intermediate and highest doses used (Figure 2).

When the severity of the colonic damage was evaluated

using a 1–10 macroscopic score, comparable findings to

those from the determination of damage area were seen.

Thus, the score that was achieved following challenge in the

vehicle group was dose-dependently reduced by treatment

with JNJ 26993135 (5, 15 and 30 mg kg�1, p.o., b.i.d.) as

shown in Figure 2.

Effects of JNJ 26993135 on body and colon weight

Following challenge with TNBS, there was a progressive fall

in body weight over the 3-day treatment period in the

challenged vehicle group, being significantly reduced to

93±2% (n¼8; Po0.001) of the body weight prior to

challenge on day 3. By contrast, the non-challenged group

gained weight over the experimental period (to 115±2%

of the pre-challenged weight n¼8). Treatment with JNJ

26993135 (5, 15 and 30 mg kg�1, p.o., b.i.d.) dose-depen-

dently attenuated the fall in body weight determined 3 days

after TNBS challenge (to 94±1, 97±2 and 100±2%

compared with the pre-challenged value with these doses

respectively), this being significantly (Po0.05) different from

the challenged vehicle group at the intermediate and highest

doses used.

Table 1 The pharmacokinetic profile of JNJ 26993135 following oral and intravenous administration in the rat

Route Dose (mg kg�1) Cmax (mM) tmax (h) AUC(0–N) (mM
�1 h) t1/2 (h) CL/F (l h�1 kg�1) Vdss (l kg�1) F (%)

i.v. 2 9.9±3.4 NA 21.5±1.5 3.1±0.2 0.24±0.01 1.1±0.07 NA
p.o. 10 13.6±1.21 2±0 110±5.7 3.4±0.1 0.24±0 NA 102

The pharmacokinetic parameters Cmax (maximum plasma concentration), tmax (time of maximum plasma concentration), AUC 0–N (area under the plasma

concentration time curve), t1/2 (half-life in plasma), CL/F (total clearance over bioavailable fraction), Vdss (volume of distribution at steady state) and F (bioavailable

fraction) are shown (NA¼non-applicable measurement). Values are the mean±s.e.mean from groups of 3 rats following oral or intravenous administration of

JNJ 26993135 in doses of 2 or 10 mg kg�1 respectively.

Figure 2 Effects of the vehicle (20% hydroxypropyl b cyclodextrin)
or JNJ 26993135 in oral doses of 5, 15 and 30 mg kg�1, b.i.d., on the
area of colonic injury, expressed as % of the total colonic area of the
segment (upper panel), or the macroscopic score (1–10 scale)
assigned to the colonic injury (lower panel). Measurements were
taken 3 days after intracolonic challenge with trinitrobenzenesul-
phonic acid. The values from the non-challenged control group
(con) are also shown. Results are expressed as mean±s.e.mean
(n¼8 rats), where statistical significance is given as *Po0.05,
**Po0.01compared with the vehicle (veh) group.

Figure 1 Effects of oral administration of the vehicle (20%
hydroxypropyl b cyclodextrin) or JNJ 26993135 (0.3–30 mg kg�1)
on the ex vivo generation of leukotriene B4 (LTB4) in whole blood.
Blood was collected 4 h after drug administration, incubated with
A23187 (20 mg ml�1 for 30 min) and plasma LTB4 levels subsequently
determined by immunoassay. The values of LTB4 in the plasma from
the non-challenged control group (con) are also shown. Results are
expressed as mean±s.e.mean (n¼3 rats), where statistical signifi-
cance is given as ***Po0.001 compared with the vehicle (veh)
group.
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As an indirect index of inflammatory oedema in the

colonic tissue, the weight of the colonic segments was

determined at the end of the treatment period. The colonic

weight in the challenged vehicle groups was significantly

higher than that of the non-challenged colon for a

comparable tissue segment (1.69±0.07 and 0.77±0.03 g,

respectively, Po0.01). Treatment with JNJ 26993135 at the

intermediate and higher doses significantly reduced the

elevated colonic weight (to 1.35±0.02 and 1.41±0.05 g,

respectively; Po0.05).

Effects of JNJ 26993135 on colonic MPO levels

The level of MPO determined in the colonic tissue of rats

that received TNBS challenge was substantially increased

compared with that in the colons of unchallenged rats, as

shown in Figure 3. Treatment with JNJ 26993135 (5, 15 and

30 mg kg�1, p.o., b.i.d.) caused a dose-dependent reduction

in the TNBS-elevated MPO levels (Figure 3).

Effects of JNJ 26993135 on colonic LTB4 levels

The colonic levels of LTB4 were significantly elevated in the

challenged vehicle group compared with those in the

unchallenged group (Figure 3). This increase in colonic

LTB4 levels was dose-dependently reduced by JNJ 26993135

(5, 15 and 30 mg kg�1, p.o., b.i.d.), as shown in Figure 3.

Effects of JNJ 26993135 on colonic TNF-a and IL-6 levels

The levels of TNF-a observed in the colonic tissue were

significantly increased some fourfold in the group chal-

lenged with TNBS compared with those in the unchallenged

rats, determined after 3 days as shown in Figure 4. These

elevated TNF-a levels were reduced following administration

of JNJ 26993135 (5, 15 and 30 mg kg�1, p.o., b.i.d.), as shown

in Figure 4.

The levels of IL-6 were likewise significantly increased

some fourfold in the colonic tissue from the challenged

group compared with those in the unchallenged control

tissue, as shown in Figure 4. These IL-6 levels were reduced

following administration of JNJ 26993135 (5, 15 and

30 mg kg�1, p.o., b.i.d.), being significant (Po0.05) at all

doses.

Single dose-level comparison of JNJ 26993135 and zileuton

In a separate study, the effects of a single dose-level of JNJ

26993135 and zileuton were compared. JNJ 26993135

(10 mg kg�1, p.o., b.i.d.) significantly (Po0.05) reduced the

macroscopic colonic damage from the level in HPCD

vehicle-treated challenged rats (from 38±3 to 19±3% of

total area measured; n¼8), the increase in colonic weight

(reduced from 1.5±0.9 to 1.1±0.07 g) and MPO (reduced

from 588±152 to 287±38 mU per mg protein). The

increases in the colonic tissue mediators following challenge

were likewise substantially attenuated, with a significant

Figure 3 Effects of the vehicle (20% hydroxypropyl b cyclodex-
trin) or JNJ 26993135 in oral doses of 5, 15 and 30mg kg�1, b.i.d., on
the colonic myeloperoxidase activity, expressed as mU per mg
protein (upper panel) and colonic leukotriene B4 (LTB4) levels
expressed as pg per mg protein (lower panel). Measurements were
taken 3 days after intracolonic challenge with trinitrobenzenesul-
phonic acid. The values from the non-challenged control group
(con) are also shown. Results are expressed as mean±s.e.mean
(n¼8 rats), where statistical significance is given as *Po0.05,
***Po0.001 compared with the vehicle (veh) group.

Figure 4 Effects of the vehicle (20% hydroxypropyl b cyclodextrin) or
JNJ 26993135 in oral doses of 5, 15 and 30 mg kg�1, b.i.d., on the
colonic TNF-a activity, expressed as pg per mg protein (upper panel)
and colonic IL-6 levels expressed as pg per mg protein (lower panel).
Measurements were taken 3 days after intracolonic challenge with
trinitrobenzenesulphonic acid. The values from the non-challenged
control group (con) are also shown. Results are expressed as
mean±s.e.mean (n¼8 rats), where statistical significance is given
as *Po0.05, **Po0.01, ***Po0.001 compared with the vehicle
(veh) group.

LTA4H inhibitor and rat colitis
BJR Whittle et al988

British Journal of Pharmacology (2008) 153 983–991



(Po0.05) reduction in TNF-a (reduced from 986±205 to

455±79 pg per mg protein), IL-6 (reduced from 2846±373

to 1256±261 pg per mg protein ) and LTB4 (reduced from

763±220 to 440±85 pg per mg protein).

Treatment with zileuton (30 mg kg�1, p.o., b.i.d.) signifi-

cantly (Po0.05) reduced the macroscopic colonic damage

compared with the HPCD control above (reduced from

38±3 to 21±4% of total area), the colonic weight (to

1.0±0.8 g) and the MPO levels (from 588±152 to

286±46 mU per mg protein). Colonic TNF-a levels were also

reduced (from 986±205 to 382±57 pg per mg protein;

Po0.05), whereas neither the IL-6 levels (from 2846±373 to

2145±316 pg per mg protein) nor the LTB4 levels (from

763±220 to 525±168 pg per mg protein respectively) were

substantially reduced by zileuton in the dosage used.

Discussion

The present findings demonstrate the ability of the LTA4H

inhibitor, JNJ 26993135, to reduce dose-dependently, both

the extent and intensity of the rat colonic inflammatory

damage observed 3 days after TNBS challenge. Following oral

administration twice a day, a dosing regimen supported by

the pharmacokinetic profile established in the current work,

JNJ 26993135 also reduced the elevated levels of the

biomarkers of colonic injury, the index of neutrophil

infiltration, MPO and the cytokines, IL-6 and TNF-a.

As confirmed in the present study, increased colonic levels

of LTB4 are associated with the colitis provoked by TNBS in

rat (Boughton-Smith et al., 1988a; Rachmilewitz et al., 1989;

Wallace and Keenan, 1990; Zingarelli et al., 1993; Holma

et al., 2001; Camuesco et al., 2004; Gonzalez et al., 2004). In

support of the mechanism by which JNJ 26993135 exerted

its beneficial effects, the elevated colonic levels of LTB4

following challenge with TNBS observed in the current study

were dose-dependently reduced. It is pertinent to note that

in recent studies, selective antagonists for the histamine H4

receptor have also shown efficacy in this same model of

colitis (Varga et al., 2005), as this receptor is considered to

modulate LTB4 production and mast-cell-dependent recruit-

ment of neutrophils (Takeshita et al., 2003; Zhang et al.,

2007). Although it is possible that some contribution to this

attenuation of the colonic levels of this pro-inflammatory

leukotriene in the present study could have resulted from the

general diminution of the extent of tissue injury, it seems

more likely that the pharmacological effects observed with

JNJ 26993135 reflected the primary mechanism of inhibition

of LTB4 biosynthesis. Indeed, profound inhibition of ex vivo

generation of LTB4 in blood stimulated by A23187 was

observed in the present work 4 h following a single oral

administration of JNJ 26993135, in doses effective in the

colitis model.

Early studies on modulating LTB4 production by targeting

the 5-LO enzyme have also demonstrated beneficial actions

in experimental models of colitis, although the degree of

efficacy of the various compounds varied (Wallace and

Keenan, 1990; Zingarelli et al., 1993; Bertran et al., 1996;

Zarif et al., 1996; Holma et al., 2001). In a direct single dose-

level comparative study in the present work, the established

5-LO inhibitor, zileuton reduced the TNBS-induced macro-

scopic injury and the elevated MPO levels. However, it had

less inhibitory activity on colonic cytokine and LTB4

production in the dose used than did JNJ 26993135. Higher

doses of zileuton were not explored as they are known to

alter liver function adversely in rat, even at the doses used in

the current work (Beierschmitt et al., 2001) and hence

limited conclusions can be drawn from this initial compara-

tive study.

Clinical studies with either zileuton or the FLAP inhibitor,

MK-591, did not support the further development of these

5-LO inhibitors for use in ulcerative colitis as they failed to

affect the primary end points of accelerating or maintaining

remission (Hawkey et al., 1997; Roberts et al., 1997). What

remains unclear is whether the inconsistent efficacy re-

ported, particularly in the clinic, reflected the nature of the

particular compounds used, their pharmacokinetic proper-

ties, their broader pharmacological profile or the possibility

that directly inhibiting the 5-LO enzyme is not an effective

approach in this disease. Another theoretical possibility is

that by inhibiting 5-LO and FLAP, the biosynthesis of the

endogenous anti-inflammatory products, the lipoxins, could

be concomitantly reduced, thereby attenuating the overall

anti-inflammatory activity, as lipoxin A4 and lipoxin B4 can

be formed by the action of either 5- or 15-lipoxygenase and

from the leukotriene intermediate, LTA4 (Serhan and Savill,

2005; Chiang et al., 2006). A stable lipoxin A4 analogue had

anti-inflammatory effects in colitis in mice (Gewirtz et al.,

2002), and a lipoxin A4 analogue, ZK-192 also attenuated

colitis in mice (Fiorucci et al., 2004). Specific inhibition of

LTA4H should not similarly affect lipoxin biosynthesis.

Indeed, in zymosan-induced peritonitis in mice, JNJ

26993135 inhibited the production of LTB4, whereas it did

not reduce lipoxin A4 levels in the peritoneal lavage (Rao

et al., 2007). However, it is not yet known whether colonic

levels of lipoxins are altered in models of colitis as they

have not yet been detected, whereas in colitic patients, only

extremely low levels of ‘LXA’ from colonic tissue have been

reported (Mangino et al., 2006). Such actions on lipoxin

production are thus unlikely to be the major mechanism of

action of LTA4H inhibitors in rat colitis, which primarily is

likely to reflect a diminution of the LTB4 production.

In the present study, the changes in colonic cytokines,

TNF-a and IL-6, were measured as biomarkers for the degree

of tissue inflammation, and JNJ 26993135 reduced their

levels in the colonic tissue. Previous studies have shown that

the colonic expression and levels of TNF-a and IL-6 are

increased in TNBS-induced colitis (Sykes et al., 1999; Sun

et al., 2001; Ten Hove et al., 2001; Maric et al., 2003; Villegas

et al., 2003; Kitamura et al., 2004). An upregulation of soluble

receptors to TNF-a and other cytokines such as IL-6 has been

reported in colitic patients (Gustot et al., 2005; Raddatz et al.,

2005). Clinical studies with antibodies targeting IL-6 recep-

tors have shown such approaches to be of therapeutic benefit

in initial trials (Ito, 2004), and there is ample clinical

evidence of the efficacy of reducing TNF-a activity through

the use of biological agents (Rutgeerts et al., 2006).

Although these cytokines are well recognized as inflam-

matory disease biomarkers, the present findings with JNJ

26993135 could also indicate a generalized reduction in the
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production of these potent pro-inflammatory mediators

using LTA4H inhibitors. The promiscuous activity of LTB4

on the chemotaxis and activation of numerous cell types

involved in the colitic processes suggests multiple potential

points of intervention for LTA4H inhibitors, which could

lead to a reduction of cytokine production and release. For

example, it has been reported that LTB4 can enhance the

production of TNF-a and IL-6 by macrophages (Gagnon

et al., 1989; Thivierge and Rola-Pleszczynski, 1992; Stankova

et al., 1993).

In earlier studies in inflammation models with inhibitors

of the LTA4H enzyme, the compound SC-57461A was

mentioned as having good efficacy when given orally twice

a day over 8 weeks in reducing the spontaneous colitis

observed in cotton-top tamarins, while also reducing the

LTB4 levels in their rectal dialysates (Penning et al., 2002). As

no actual data on the changes in colitis or in LTB4 levels

with this compound were reported, it is difficult to assess

its activity, whereas mild hepatic toxicity and the adipose

accumulation of a metabolite apparently led to the dis-

continuation of the development of that particular com-

pound (Penning et al., 2002). This pharmacological

approach, however, is supported by the recent demonstra-

tion of an increase in LTA4H in colonic biopsies from

patients with inflammatory bowel diseases (Jupp et al.,

2007). The current data with the novel orally active agent,

JNJ 26993135, in rat colitis now demonstrate the potential

therapeutic efficacy of inhibiting LTA4H, and suggest that

this target has utility in the development of new pharma-

cological agents for treating inflammatory bowel diseases.
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