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Ef� cacy of repifermin (keratinocyte growth factor-2)
against abnormalities in gastrointestinal mucosal
transport in a murine model of colitis

B. Greenwood-Van Meerveld, K. Venkova and K. Connolly

Abstract

Human keratinocyte growth factor-2 (KGF-2) is a member of the � broblast growth factor family that

promotes healing of experimental small intestinal ulceration and colitis. The aim of this study was to

determine whether repifermin, a truncated form of recombinant human KGF-2, reverses ab-

normalities in colonic mucosal transport in a murine model of dextran sulfate sodium (DSS)-induced

colitis. Male Swiss-Webster mice were given 4% DSS in drinking water for 7 days and then normal

drinking water for 3 days. Repifermin (5 mg kg 1, i.p.) or vehicle was administered daily for 7 days

starting on Day 4 of DSS exposure. On Day 10, net ion transport was measured electrophysiologically

in colonic mucosal sheets. Repifermin signi� cantly reduced DSS-induced colonic in� ammation

measured by tissue myeloperoxidase activity. Concurrently, in colonic tissue taken from mice treated

with repifermin, there was a normalization of basal potential difference and short circuit current, and

an improvement in the secretory responses to stimulation of muscarinic and ganglionic cholinocep-

tors. In control mice, repifermin did not interact directly with colonic epithelial cells or intramural

neurones to induce immediate changes in net electrogenic transport. The results suggest that

repifermin therapy may improve the mucosal electrogenic transport that is impaired during colitis.

Introduction

Keratinocyte growth factors (KGFs) are members of the ® broblast growth factor
(FGF) subfamily that function as paracrine mediators of epithelial cell proliferation,
migration and morphogenesis and are associated with epithelial growth and repair.
KGF-2 (also known as FGF-10) and KGF-1 (or FGF-7) are soluble polypeptides
secreted by ® broblasts and endothelial cells that act primarily on epithelial cells
possessing selective FGF receptors. The structure of recombinant human KGF-2, ® rst
reported by Emoto et al (1997), shows 96% homology to the rat FGF-10 protein
(Yamasaki et al 1996), 92% homology to mouse FGF-10 (Beer et al 1997), and displays
57% homology to the human KGF-1 protein (Jimenez et al 2000). Both KGF-1 and
KGF-2 bind to the FGFR-2iiib receptor isoform, which is expressed exclusively by
epithelial cells (Igarashi et al 1998). Unlike KGF-1, KGF-2 also binds to a splice variant
of FGFR-1iiib, although with 10-fold lower a� nity (Beer et al 2000). The signi® cance
of FGF expression is demonstrated in genetically manipulated knockout mice. In
contrast to KGF-1-de® cient mice that are phenotypically normal, the KGF-2 knockout
mouse is a perinatally lethal mutant, lacking lung or limb development (Martin 1998).

Studies in cell culture indicate that KGFs are mitogenically active only on epithelial
cells and are produced often by cells of mesenchymal origin, leading to the hypothesis
that KGFs function as paracrine mediators of mesenchymal± epithelial communication
(Rubin et al 1995). Functional assays, both in organ culture and in-vivo, con® rmed a
variety of responses to KGF-2 and KGF-1, including proliferation, migration and
morphogenesis of epithelial cells (Emoto et al 1997 ; Igarashi et al 1998 ; Jimenez et al
2000). The expression of FGF-10 (Tagashira et al 1997) and FGF-7 (Werner 1998) was
found to be up-regulated in the dermis of mice after cutaneous wounding. In the
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gastrointestinal epithelium, KGF messenger RNA levels
are increased during active in¯ ammation associated with
in¯ ammatory bowel disease (IBD), suggesting that it may
be involved in the alterations of intestinal epithelial cell
function in this disease (Finch et al 1996 ; Bajaj-Elliot et al
1997). When systemically administered in rats, recom-
binant KGF has been found to induce proliferation of
epithelial cells throughout the gastrointestinal tract, con-
® rming its ability to regulate gastrointestinal epithelial
populations in-vitro (Housley et al 1994). KGF was also
found to have a protective eŒect against chemotherapy and
radiation-induced gastrointestinal injury, and to reduce
mortality in mice (Farrell et al 1998). Repifermin is a
truncated, recombinant form of human KGF-2 obtained
by high-throughput sequencing of prostate and fetal lung
cDNA libraries (Ruben et al 2000). Previously, a positive
eŒect of repifermin on epithelial repair in the skin and
intestine was found in various animal models (Soler et al
1999 ; Han et al 2000). Using a murine model of colitis
induced by a 7-day exposure to dextran sulfate sodium
(DSS), Miceli et al (1999) demonstrated that repifermin
treatment signi® cantly reduced weight loss, bloody diar-
rhoea and colon histopathology. Despite the promising
results showing prophylactic activity of repifermin against
DSS-induced colitis, the mechanisms that link the pro-
tective and healing eŒect of repifermin on intestinal mucosa
to normalization of mucosal function have not been inves-
tigated. The overall objective of the present study was to
determine whether repifermin has a therapeutic eŒect in
the murine model of DSS-induced colitis, that is whether
repifermin treatment is capable of reversing abnormalities
in mucosal transport associated with an in¯ ammatory
insult. Our speci® c study objectives were: (i) to investigate
the eŒect of a 7-day treatment with repifermin on the
symptoms of colitis and net electrogenic transport in the
colon of mice exposed to DSS; and (ii) to determine whether
repifermin applied either directly to the isolated mucosal
sheets (acute eŒect) or given intraperitoneally for 7 con-
secutive days aŒected the net electrogenic transport in the
colon of control mice not treated with DSS. The study
describes the eŒects of repifermin treatment of mice with
chronic DSS-induced colitis on the basal parameters of
electrogenic colonic transport and secretory responses in-
duced by cholinergic stimulation in isolated colonic muco-
sal sheets studied in modi® ed Ussing chambers.

Materials and Methods

Test and control materials

Repifermin and the placebo vehicle were supplied by
Human Genome Sciences, Inc. (Rockville, MD, USA).
Lyophilized repifermin (lot no. HG03411-16-1618-27A )
was reconstituted with deionized distilled water to obtain a
stock solution containing 2 mg mL 1 repifermin. This was
aliquoted and stored at ® 80 ° C. Working dilutions of
repifermin were prepared using the vehicle (lot no. 1618-
18) and were stored at 4 ° C for 2± 3 days. A dose of 5 mg kg 1

repifermin or vehicle control was injected intraperitoneally

in a 200- L volume. Modi® ed Krebs bicarbonate buŒer
was used in the study of colonic mucosal function, con-
taining (mm ): NaCl 120, KCl 6, MgCl2 1.2, NaH2PO4 1.2,
CaCl2 2.5, NaHCO3 14.4, and glucose 11.5. DSS (MW
40000± 50000) was obtained from Spectrum Laboratory
Products (Gardena, CA, USA). Carbamylcholine chloride,
1,1-dimethyl-4-phenyl-piperazinim iodide (DMPP), and
tetrodotoxin were purchased from Sigma-Aldrich Com-
pany (St Louis, MO, USA). Reagents were dissolved in
distilled water and were added to the baths in volumes of
less than 1% of the total bath volume.

Animals

Adult male Swiss-Webster mice (30± 35 g bodyweight),
supplied by Harlan Laboratories (Indianapolis, IN, USA),
were housed four per cage under standard conditions and
with free access to rodent chow and water. Animals were
assigned to test groups and a 10-day acclimatization period
was allowed. The study was approved by the Oklahoma
City Veteran’ s Administration Medical Center Animal
Care Sub-Committee in accordance with the provisions of
the US Animal Welfare Act and the Guide for Care and
Use of Laboratory Animals, ILAR Commission on Life
Sciences.

Myeloperoxidase (MPO) activity

Full-thickness colonic tissue samples (approx. 50± 75 mg)
were excised and immediately frozen in liquid nitrogen.
Tissue homogenization and extraction of MPO from the
homogenate were carried out in hexadodecyl trimethyl
ammonium bromide phosphate buŒer (pH 6). MPO
activity was assayed in 10- L samples using the
3,3 « ,5,5 « -tetramethyl benzidine (TMB) Microwell Peroxi-
dase Substrate System (Sigma-Aldrich Company) with
horseradish peroxidase as a relative standard. MPO activity
in each tissue sample was expressed as equivalent to the
activity of the relative standard (ng horseradish peroxidase )
converting the same amount of TMB substrate for 10 min
at room temperature. Values were normalized per gram of
tissue wet weight.

Experimental design

A murine model of DSS-induced colitis was used in these
experiments to assess the eŒect of treatment with repifermin
on mucosal transport of electrolytes and water in the colon.
Colitis was induced by exposure of Swiss-Webster mice to
4% DSS in the drinking water for 7 days. Thereafter, the
animals were provided with regular tap water. Oral admini-
stration of DSS results in a time-dependent development of
colitis that is fully expressed within the ® rst 4 days of
exposure to DSS and persists after the DSS treatment is
discontinued. DSS treatment was initiated on Day 1 and
continued until Day 7. Repifermin (5 mg kg 1, i.p.) was
administered once a day for 7 days from Day 4 through
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Figure 1 Colitis was induced in male Swiss-Webster mice by ex-

posure to 4% dextran sulfate sodium (DSS) in drinking water from

Day 1 to Day 7 of the experiment. Symptoms of colitis were found in

all animals on Day 4 of the exposure to DSS and persisted after Day

7, when DSS was no longer added to the drinking water. Starting on

Day 4, the mice received repifermin or the vehicle (5 mg kg 1, i.p.) for

7 days. All animals were killed on Day 10 of the experiment and

colonictissue was isolated for in-vitro studies. MPO, myeloperoxidase.

Day 10, as shown in Figure 1. A total of ® ve groups,
including DSS-exposed and non-DSS exposed control mice
administered either repifermin or vehicle, as well as a naive
untreated group were used in the study. The number of
animals in each group was as follows : DSS-exposed place-
bo-treated group, n ¯ 28 ; DSS-exposed repifermin treated
group, n ¯ 24 ; control placebo-treated group, n ¯ 8; con-
trol repifermin treated group, n ¯ 8; and naive group, n ¯
16. Animals in each group were divided into subsets of four
mice that were treated simultaneously and used to provide
colonic tissue for each experiment. All animals were killed
on Day 10, the colons were collected and used in the study
of mucosal electrogenic ion transport and for determi-
nation of MPO activity.

In-vivo monitoring of DSS-induced colitis

The course of the disease in this murine model of DSS-
induced colitis was followed by daily monitoring of body-
weight loss, faecal occult blood, and stool consistency from

Table 1 Parameters of the composite disease activity index (DAI)

used to assess the clinical signs of colitis.

Parameter Change Score

Weight loss 0 0

1 to ! 5% 1

5 to ! 10% 2

10 to ! 20% 3
" 20% 4

Faecal occult blood Negative 0

Positive 2

Gross bleeding 4

Stool consistency Normal 0

Loose 2

Diarrhoea 4

The DIA is calculated as the mean of the scores given for the three

parameters (Cooper et al 1993).

Day 0 through Day 10. A composite disease activity index
(DAI) was calculated to assess the clinical signs of colitis
according to Cooper et al (1993). Brie¯ y, scores between 0
and 4 are given for bodyweight loss, faecal occult blood,
and stool consistency (Table 1). Colorectal bleeding was
evaluated using a diagnostic screening test for faecal occult
blood (Beckman Coulter, Inc., Fullerton, CA, USA). A
daily DAI was calculated as the average of the three
parameters for each animal. Mean DAI values were calcu-
lated within the groups of four animals and averaged to
obtain the mean daily DAI values.

In-vitro electrophysiological measurement of
mucosal transport

A subset of four animals within each of the main ® ve
experimental groups was killed for each experiment. The
colons were harvested, and mucosal sheets stripped from
the external muscle layer were placed in modi® ed Ussing
chambers (World Precision Instruments, Inc, Sarasota,
FL, USA). The luminal and serosal sides of the tissue
specimens were bathed with Krebs solution. The solutions
were connected via two pairs of agar-KCl-bridge electrodes
to a voltage-current clamp apparatus (EVC 4000 ; World
Precision Instruments, Inc.). Potential diŒerence (PD) and
short circuit current (Isc)were recorded continuously using
a PowerLab data acquisition system (AD Instruments,
Grand Junction, CO, USA) by switching between the open
circuit PD and Isc modes of the voltage clamp. Tissue
conductance was calculated using Ohm’s law.

Colonic secretory responses to cholinoceptor
agonists

The parameters of basal electrogenic transport were
recorded following a 45-min equilibration period. Secre-
tory responses were induced either by carbamylcholine
chloride (0.1± 500 m ), a muscarinic cholinoceptor agonist,
or by DMPP (200 m ), a selective activator of nicotinic
cholinoceptors in the myenteric ganglia. These agents were
added to the serosal bathing solutions, and the secretory
responses were measured in terms of the maximal increase
in basal Isc.

Direct effect of repifermin on net electrogenic
transport in the colon

A series of experiments was performed to investigate a
possible direct eŒect of repifermin on colonic transport.
Transmucosal PD and Isc were recorded following ap-
plication of either repifermin (1± 1000 ng mL 1) or vehicle.
To mimic systemic drug application, either repifermin or
the vehicle was added to the serosal bathing solution in
volumes not exceeding 0.1% (v}v)of the total bath volume.
The eŒect of a single concentration of repifermin (1, 10, 100
or 1000 ng mL 1) was recorded for 120 min in individual
preparations. During the treatment period, the recording
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system was switched from voltage-clamped to open-circuit
mode at speci® ed time intervals (every 5 min from 0 to
20 min, and every 20 min from 20 to 120 min). The values
of PD and Isc obtained were used to calculate the tissue
conductance during the time-course of treatment.

Data analysis and statistics

Data were presented as the mean ³ s.d. The diŒerence
between the experimental groups was tested using one-way
analysis of variance on numeric values or ranks where
appropriate. The diŒerence was considered statistically
signi® cant at the 5% level (P ! 0.05). The concentration of
carbachol inducing half the maximal response (EC50) was
calculated from the concentration± response curves using
regression analysis applied to the linear sections of the
curves. The diŒerence between EC50 values was tested
statistically by comparing 95% con® dence limits (CL)
calculated from a summarized regression for all experi-
ments in one group. Statistical analyses were performed
using StatView software (SAS Institute, Inc, Cary, NC,
USA).

Results

General observations in-vivo

All of the animals exposed to DSS in drinking water had
diarrhoea and faecal occult blood or gross colorectal
bleeding accompanied by signi® cant weight loss. The symp-
toms of colitis developed gradually throughout the 7-day
exposure to DSS and persisted after cessation of the DSS
treatment. As shown in Figure 2, daily treatment with
repifermin, administered intraperitoneally at a dose of
5 mg kg 1 from Day 4 through Day 10, improved stool
consistency and reduced rectal bleeding. In addition to
changes in the intensity of the symptoms, diarrhoea and}or
faecal blood were observed in only 25% of the animals
treated with repifermin, whereas 40% of the placebo-
treated mice had diarrhoea and}or blood in the faeces. In
animals treated with repifermin, there was no signi® cant
reversal in the decline in body weight. Taken together, the
daily DAI calculated at the peak of the repifermin response
signi® cantly decreased with the treatment (repifermin
DAI ¯ 2.4 ³ 0.3 ; placebo DAI ¯ 3.2 ³ 0.3).

Effects of repifermin treatment on colonic MPO
activity

The MPO activity, indicative of a neutrophil in® ltrate in
the tissue, was signi® cantly increased in the colons of mice
exposed to DSS compared with control mice. MPO activity
was 273 ³ 150 ng (g tissue) 1 in DSS-exposed mice com-
pared with 45 ³ 17 ng (g tissue) 1 in control mice not
exposed to DSS. Administration of repifermin to DSS-
exposed mice signi® cantly decreased MPO activity by
approximately 40% to 161 ³ 117 ng (g tissue) 1 (Figure 3).
In a diŒerent set of experiments, repifermin had no signi® -
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Figure 2 Time-course of the eŒects of repifermin treatment on stool

consistency (A), faecal blood (B), and bodyweight (C). Faecal blood

and stool consistency are expressed as the mean daily score (criteria

listed in Table 1). Colitis was induced in mice by 4% dextran sulfate

sodium (DSS) present in drinking water from Day 1 to Day 7 of the

experiment. Repifermin (5 mg kg 1, i.p., y) or the vehicle (+) were

injected daily from Day 4 to Day 10. Data are mean³ s.d. from 16± 28

mice for each group. *P ! 0.05, signi® cantly diŒerent compared with

the DSS placebo-treated group (non-parametric analysis of variance

followed by Dunn’s test). Values measured in naive animals (n ¯ 8)

during 7 days are presented as a reference to controls (D).

cant eŒect on colonic MPO activity when administered to
naive mice.

Direct effect of repifermin on net electrogenic
transport in the colon

The colonic mucosal sheets isolated from control untreated
mice had a mean basal transmucosal PD of ® 1.1 ³ 0.2 mV
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Figure 3 EŒects of repifermin or placebo treatment on myeloper-

oxidase (MPO) activity in the colon of mice with dextran sulfate

sodium (DSS)-induced colitis and controls. Colitis was induced in

mice by 4% DSS present in drinking water from Day 1 to Day 7 of the

experiment. Repifermin (RF) (5 mg kg 1, i.p.) was injected daily from

Day 4 to Day 10. All animals, except for naive untreated controls,

were killed on Day 10 of the experiment 3 h after the last injection of

repifermin. Data are mean³ s.d. from 16± 28 mice for each group.

Signi® cance of diŒerenceswas assessed using non-parametric analysis

of variance followed by Dunn’s test.

(n ¯ 12). Exposure of the serosal surface of the colonic
epithelium to increasing concentrations of repifermin (1±
1000 ng mL 1) had no signi® cant eŒect on basal PD com-
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Figure 4 Direct eŒect following application of increasing concentrations of repifermin (RF) (1, 10, 100 and 1000 ng mL 1) to the serosal

bathing solution. Basal short circuit current (Isc) of colonic mucosal sheets isolated from control mice was measured during a 120-min treatment

with each concentration. Data represent mean³ s.d. from 5± 8 mucosal sheets isolated from at least three animals.

pared with the eŒect of the vehicle. Simultaneously, the
active electrogenic transport showed a basal Isc of 39 ³
9 A cm 2 (n ¯ 12). Repifermin, applied to the serosal
bathing solution at concentrations of 1± 1000 ng mL 1, had
no signi® cant eŒect on basal Isc values (Figure 4). Basal
tissue conductance (35 ³ 13 mS cm 2 ; n ¯ 12) was quanti-
® ed as an indirect measure of mucosal permeability. Repi-
fermin did not alter the electrical conductance of colonic
mucosa (data not shown). In separate experiments (n ¯ 3),
repifermin was added to the mucosal bathing solution at a
® nal concentration of 1000 ng mL 1 to mimic conditions
for topical intraluminal administration of the agent. Under
these experimental conditions, neither repifermin nor the
vehicle showed any signi® cant eŒects on basal PD or basal
Isc.

Effect of repifermin treatment of mice with
DSS-induced colitis on basal colonic transport

The net electrogenic transport across the colonic tissue
from mice exposed to DSS and treated with placebo was
characterized by lower values of basal PD and Isc as
compared with control placebo-treated mice (Table 2).
However, this was not associated with a statistically sig-
ni® cant change in basal electrical conductance (21 ³
14 mS cm 2 vs 29 ³ 11 mS cm 2). In mice with DSS-induced
colitis, chronic treatment with repifermin signi® cantly in-
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creased (P ! 0.05) basal PD and Isc values compared with
the placebo-treated mice with DSS-induced colitis (Table
2). Furthermore, these values did not diŒer signi® cantly
from those in control placebo-treated animals. In control
mice, neither basal PD nor Isc showed signi® cant diŒer-
ences between repifermin- and placebo-treated groups.

Effect of repifermin treatment of mice with
DSS-induced colitis on carbachol-stimulated
colonic secretory responses

Application of increasing concentrations of carbachol
(0.1± 300 m ) to the serosal side of colonic mucosal sheets
from control mice induced a concentration-dependent in-
crease in Isc that was inhibited in the presence of atropine
(1 m ). There was no signi® cant diŒerence between the
concentration± response curves in mucosal sheets from
control mice receiving either placebo or repifermin treat-
ment. Moreover, there was no signi® cant diŒerence
(P " 0.05) in the maximal increase in Isc between the
placebo-treated control mice (79 ³ 17 A cm 2 ; n ¯ 12) or
the control mice treated with repifermin (84 ³ 12 A cm 2 ;
n ¯ 10). In colonic mucosal sheets isolated from mice
exposed to DSS and treated with placebo, the respon-
siveness to carbachol was impaired, that is the maximal
increase in Isc was suppressed and no concentration± eŒect
relationship was observed compared with the secretory
response in the colon of control placebo-treated mice
(Figure 5). Treatment of DSS-exposed mice with repifermin
induced a signi® cant improvement in the response to
carbachol, increasing the maximal Isc and restoring a
concentration± response relationship. However, the maxi-
mal response to carbachol in the colon of repifermin-
treated mice exposed to DSS was lower in amplitude
compared with the response in control animals (79 ³
17 A cm 2 vs 29 ³ 8 A cm 2, P ! 0.05). There was no
diŒerence between the EC50 values obtained for repi-
fermin-treated animals (24.7 m , 95% CL 12± 48 m ) and
the placebo-treated controls (27.3 m , 95% CL 18± 37 m ).

Table 2 EŒects of in-vivo treatmentwith repifermin (5 mg kg 1, i.p.,

for 7 days) or placebo on the basal potential diŒerence (PD) and short

circuit current (Isc) measured in isolated colonic mucosa.

DSS exposure Treatment Basal PD

(mV)

Basal Isc

(lA cm 2)

DSS Placebo ® 0.6³ 0.4* 12³ 7a

DSS Repifermin ® 1.0³ 0.5 26³ 11

Control Placebo ® 1.1³ 0.5 29³ 12

Control Repifermin ® 1.1³ 0.5 32³ 12

DSS, dextran sulfate sodium. Values are presented as the mean³ s.d.

from 22± 34 experiments. *P ! 0.05 compared with placebo-treated

controls using one-way analysis of variance followed by Bonferroni

test.
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Figure 5 Increase in short circuit current (Isc) in colonic mucosal

sheets induced by increasing concentrations of carbachol applied to

the serosal bathing solution. Colonic tissue was isolated from control

mice receiving placebo (D) or mice with dextran sulfate sodium-

induced colitis that received either repifermin (y) or placebo (+).

Repifermin (5 mg kg 1, i.p.) or placebo was injected daily from Day 4

to Day 10. Animals were killed on Day 10 of the experiment 3 h after

the last injection of repifermin. Data are mean³ s.d. from 8± 12 mice

for each group.

Effect of repifermin treatment of mice with
DSS-induced colitis on DMPP-induced colonic
responses in the colon

This set of experiments was performed to investigate the
eŒect of repifermin treatment on neurally mediated se-
cretory responses in the colon initiated by activation of
ganglionic nicotinic cholinoceptors. DMPP, applied to the
serosal bathing solution at a concentration of 200 m ,
induced a pronounced and reproducible increase in Isc in
colonic mucosal sheets obtained from control placebo-
treated mice. In colonic preparations isolated from naive
mice, the response to DMPP (28 ³ 12 A cm 2, n ¯ 3) was
abolished by tetrodotoxin (1 m ), demonstrating activation
of enteric neuronal pathways by DMPP. In colons from
placebo-treated mice exposed to DSS, the Isc induced by
DMPP was signi® cantly inhibited compared with placebo-
treated control animals not exposed to DSS. When mice
exposed to DSS were treated with repifermin, the colonic
response to DMPP increased signi® cantly compared with
placebo-treated DSS-exposed mice. However, even with
the repifermin treatment, the mean DMPP-induced re-
sponse was lower in amplitude than that for control
placebo-treated mice (Figure 6). There were no signi® cant
changes in DMPP-induced increase in Isc in the colons of
control (non-DSS-exposed) animals treated with either
placebo or repifermin.

Discussion

Normal transport and barrier function of the gastroin-
testinal mucosa is maintained by continuous regeneration
of the epithelial layer from a small number of crypt stem
cells. Expression of KGF receptors and KGF mRNA has
been detected within the entire gastrointestinal tract, sug-
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Figure 6 Increase in short circuit current (Isc) in colonic mucosal

sheets induced by 1,1-dimethyl-4-phenyl-piperazinimiodide (DMPP;

200 m ) applied to the serosal bathing solution. Tissue was harvested

from control mice or mice with dextran sulfate sodium (DSS)-induced
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mice for each group. Signi® cance of diŒerences was assessed using

one-way analysis of variance followed by Bonferroni (selected pairs)

test.

gesting that KGF is likely a normal paracrine mediator of
epithelial growth within the gut (Housley et al 1994).
However, in patients with IBD, the expression of KGF is
increased, possibly as a molecular mechanism promoting
repair of the injured mucosa (Finch et al 1996 ; Bajaj-Elliott
et al 1997). Taken together, these ® ndings imply that KGF
is an important mediator of mucosal defence and repair
and may be of clinical value in the treatment of gas-
trointestinal mucosal injury. Repifermin, a truncated form
of recombinant human KGF-2, has been demonstrated to
have therapeutic or protective eŒects in a variety of models
of gastrointestinal mucosal injury (Farrell et al 1998 ; Soler
et al 1999 ; Han et al 2000 ; Baatar et al 2002). In previous
experiments, repifermin, given as a protective agent before
and during the chronic phase of DSS-induced colitis, was
found to reduce mortality, decrease colonic in¯ ammation
and prevent or improve histological mucosal damage
(Egger et al 1999 ; Miceli et al 1999). In the present study,
we focused on the therapeutic action of repifermin admini-
stered during the chronic phase of DSS-induced colitis.
The model of DSS-induced colitis in the mouse was chosen
for a number of reasons : (i) this model induces reproducible
mucosal colonic in¯ ammation by an easily administered
oral agent that produces lesions that mimic many features
of human IBD; (ii) DSS appears to have a primary cyto-
toxic eŒect on epithelial cells and is thus particularly suited
to the evaluation of mechanisms of epithelial regeneration
and the investigation of the potential e� cacy of drugs to
promote regeneration and healing (Elson et al 1995); and
(iii) there was also prior experience with the use of repifer-
min in the treatment of murine DSS-induced colitis to
ameliorate symptoms and reduce histological damage in
the intestinal mucosa (Miceli et al 1999).

The present study demonstrates that repifermin treat-
ment applied during the chronic phase of DSS-induced

colitis is associated with improvement of the transport
function in the colon. Epithelial dysfunction, including
abnormal ion secretion, was evident during chronic DSS-
induced colitis in the animals treated with the vehicle, that
is the basal PD and Isc values were signi® cantly lower
compared with controls. In contrast, the basal PD and Isc
in the DSS-exposed group receiving repifermin were el-
evated and did not diŒer signi® cantly from controls. Since
repifermin did not cause changes in Isc or PD when added
directly to the bathing solution, the possibility exists that
normalization in baseline ion transport results from the
`̀ healing ’ ’ action of repifermin inducing epithelial growth
and repair, rather than from a direct interaction with
secretory mechanisms in the enterocyte. We thus speculate
that the anti-in¯ ammatory eŒect of repifermin (decrease in
colonic MPO activity) in DSS-exposed animals is an in-
direct consequence of mucosal repair and not a result of
repifermin interaction with the immune system. Restoring
the integrity of the epithelial lining of the intestine limits
the uptake of noxious intraluminal substances and antigens
and prevents the release of pro-in¯ ammatory mediators
from activated immune cells located in the lamina propria.
Such a mechanism of action for repifermin on DSS-induced
colitis is supported by the signi® cant improvement in
colonic histopathology observed following repifermin (1±
10 mg kg 1) treatment reported by Miceli et al (1999).

In the colon of mice exposed to DSS, the active mucosal
transport of electrolytes is also signi® cantly impaired. We
found that the increase in Isc induced by activation of
muscarinic or nicotinic cholinoceptors by carbachol or
DMPP, respectively, was signi® cantly reduced in the colon
of DSS-treated mice receiving placebo. This ® nding was
similar to the decreased responsiveness of the epithelial
layer observed by others in DSS-induced colitis (Diaz-
Granados et al 2000) or in diŒerent animal models of
colonic in¯ ammation (Kachur et al 1995 ; Asfaha et al
1999). Reduced responses to secretagogues and enteric
nerve stimulation are considered relevant to the impairment
of intestinal transport in patients with IBD, where a
signi® cant inhibition and abolishment of the secretory
responses to stimulation of intramural neurons has been
observed (Hubel & Renquist 1990). Furthermore, similar
to IBD, the DSS-induced model of colitis has a chronic
phase and is characterized by the lack of profound thera-
peutic eŒects following treatment with a variety of anti-
in¯ ammatory agents. For example, DSS-induced colitis is
resistant to dexamethasone treatment (Van Meeteren et al
2000) as well as to inhibition of phosphodiesterase activity
that is purported to reduce the activity of immune cells by
elevation in cAMP (Diaz-Granados et al 2000).

Nevertheless, we established that when mice exposed to
DSS were given repifermin, the colonic mucosa responded
to carbachol with a concentration-dependent increase in
Isc, although the maximal response remained lower in
comparison with the control. A similar improvement was
observed also in the neurally mediated secretory response
to selective activation of ganglionic nicotinic receptors by
DMPP. These ® ndings indicate that although repifermin
treatment is associated with a signi® cant improvement,
there is not complete normalization of colonic mucosal
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responsiveness to cholinergic stimuli. Moreover, they
strongly suggest that repifermin may have a potential
therapeutic eŒect in IBD, despite the fact that the mecha-
nism(s) and site of action are not precisely understood.
Based on current literature data, it is unlikely that repi-
fermin has a direct eŒect on enteric neurones. Intestinal
mucosal in¯ ammation is linked to functional remodelling
of the enteric nervous system (Collins 1996), typically
manifested as a decrease in the stimulated release of acetyl-
choline from myenteric neurones (Collins et al 1989 ; Davis
et al 1998 ; Lourenssen et al 2002). In unin¯ amed mucosal
preparations, impaired cholinergic responses could be
mimicked by application of exogenous interleukin-1 or -6,
indicating that enteric neurons are aŒected by the action of
pro-in¯ ammatory mediators (Main et al 1993 ; Xia et al
1999). In addition, in patients with IBD, the intestinal
epithelial cells themselves release in¯ ammatory mediators
and are targeted by their action (Monteleone et al 2002).
Thus, it is most likely that the repifermin-induced im-
provement in active secretion measured as an increase in
Isc is the summarized result of functional improvement in
both enteric nerves and enterocytes due to repifermin-
activated epithelial growth and repair.

At the time our studies were initiated, it was thought that
repifermin exerted its eŒects purely by stimulating epithelial
cell proliferation, diŒerentiation, and migration, thereby
promoting the wound healing process, as shown in a topical
wound healing model (Soler et al 1999). Subsequently,
evidence of anti-in¯ ammatory activity for repifermin has
accumulated, as shown by : (i) the up-regulation of cyclo-
oxygenase-2 expression in Caco-2 cells ; (ii) the enhanced
production of the tissue protective prostaglandin, PGE2;
and (iii) the reduced amounts of the proin¯ ammatory
cytokine, interleukin-1 , in intestinal tissue from repi-
fermin-treated rats with indometacin-induced intestinal
injury (Han et al 2000). In-vitro studies assessing the eŒect
of repifermin on the diŒusion of labelled mannitol and
sucrose through Caco-2 monolayers (unpublished data on
® le at Human Genome Sciences, Inc.) suggest a positive
eŒect on preservation of intestinal cell tight junctions. In
addition, the possible eŒect of repifermin on intestinal
trefoil factor release from goblet cells is being investigated
in DSS-induced murine colitis. In view of these ® ndings, it
is believed that repifermin has a complex healing eŒect and
may prove eŒective in the recovery of the damaged epi-
thelium and normalization of mucosal transport in patients
with IBD. Accordingly, clinical trials using repifermin are
in progress in patients with ulcerative colitis.

Conclusions

In the present study using a murine model of DSS-
induced colitis, a 7-day therapeutic regimen of repifermin
(5 mg kg 1, i.p.), begun after 4 days of exposure to DSS,
inhibited colorectal bleeding and diarrhoea associated with
the colitis, although it did not signi® cantly reduce weight
loss over the same time period. It is possible that if the
observation period had been extended, a repifermin-medi-
ated rebound in weight gain may have occurred, as has

been noted in earlier reports (Miceli et al 1999). Repifermin
signi® cantly reduced colonic in¯ ammation (assessed by
MPO activity). Assessment of colonic mucosal function
indicated that injection of mice with repifermin normalized
the spontaneous basal transport of electrolytes and par-
tially restored both muscarinic (carbachol) and nicotinic
(DMPP) cholinergically mediated secretion in the DSS-
colitis-impaired colon. In naive mice not exposed to DSS
treatment, repifermin had no marked eŒect on colonic
electrolyte transport. These data support the hypothesis
that repifermin may prove eŒective in treating mucosal
transport abnormalities in patients with IBD. The ® ndings
further support the importance of KGF-2 as a mediator of
intestinal mucosal defence and repair.

References

Asfaha, S., Bell, C. J., Wallace, J. L., MacNaughton, W. K. (1999)

Prolonged colonic epithelial hyporesponsiveness after colitis: role

of inducible nitric oxide synthase. Am. J. Physiol. 267 : G703± G710

Baatar,D., Kawanaka,H., Szabo,I. L., Pai, R., Jones, M. K., Kinato,

S., Tarnawski, A. S. (2002) Esophageal ulceration activates kera-

tinocyte growth factor and its receptor in rats: implications for

ulcer healing. Gastroenterology 122: 458± 468

Bajaj-Elliott, M., Breese, E., Poulsom, R., Fairclough, P. D.,

MacDonald, T. T. (1997) Keratinocyte growth factor in in¯ am-

matory bowel disease. Increased mRNA transcripts in ulcerative

colitis compared with Crohn’s disease in biopsies and isolated

mucosal myo® broblasts. Am. J. Pathol. 151: 1469± 1476

Beer, H. D., Florence, C., Dammeier, J., McGuire, L., Werner, S.,

Duan, D. R. (1997) Mouse ® broblast growth factor 10: cDNA

cloning, protein characterization, and regulation of mRNA ex-

pression. Oncogene 15 : 2211± 2218

Beer, H. D., Vindevoghel, L., Gait, M. J., Revest, J. M., Duan, D. R.,

Mason, I., Dickson, C., Werner, S. (2000)Fibroblast growth factor

(FGF) receptor 1-IIIb is a naturally occurring functional receptor

for FGFs that is preferentially expressed in the skin and the brain.

J. Biol. Chem. 275: 16091± 16097

Collins, S. M. (1996) The immunomodulation of enteric neurotrans-

mitter function: implications for motility and in¯ ammatory dis-

orders. Gastroenterology 111: 1683± 1699

Collins, S. M., Blennerhassett, P. A., Blennerhassett, M. G., Ver-

million, D. L. (1989) Impaired acetylcholinerelease from the myen-

teric plexus of Trichinella-infected rats. Am. J. Physiol. 257: G898±

G903

Cooper, H. S., Murthy, S. N., Shah, R. S., Sedergran, D. J. (1993)

Clinicopathologic study of dextran sulfate sodium experimental

murine colitis. Lab. Invest. 69 : 238± 249

Davis, K. A., Masella J., Blennerhassett, M. G. (1998) Acetylcholine

metabolism in the in¯ amed rat intestine. Exp. Neurol. 152: 251± 258

Diaz-Granados, N., Howe, K., Lu, J., McKey, D. M. (2000) Dextran

sulfate sodium-induced colonic histopathology, but not altered

epithelial ion transport, is reduced by inhibition of phospho-

diesterase activity. Am. J. Pathol. 156: 2169± 2177

Egger, B., Procaccino, F., Sarosi, I., Tolmos, J., Buchler, M. W.,

Eysselein, V. E. (1999) Keratinocyte growth factor ameliorates

dextran sodium sulfate colitis in mice. Dig. Dis. Sci. 44 : 836± 844

Elson, C. O., Sartor, R. B., Tennyson, G. S., Riddell, R. H. (1995)

Experimental models of in¯ ammatory bowel disease. Gastroen-

terology 109 : 1344± 1367

Emoto, H., Tagashira, S., Mattei, M. G., Yamasaki, M., Hashimoto,

G., Katsumata, T., Negoro, T., Nakatsuka, M., Birnbaum, D.,

http://www.ingentaconnect.com/content/external-references?article=/0016-5085^28^29122L.458[aid=3424352]
http://www.ingentaconnect.com/content/external-references?article=/0002-9440^28^29151L.1469[aid=3424353]
http://www.ingentaconnect.com/content/external-references?article=/0021-9258^28^29275L.16091[aid=3424354]
http://www.ingentaconnect.com/content/external-references?article=/0023-6837^28^2969L.238[aid=2872852]
http://www.ingentaconnect.com/content/external-references?article=/0014-4886^28^29152L.251[aid=3424355]
http://www.ingentaconnect.com/content/external-references?article=/0002-9440^28^29156L.2169[aid=3424356]
http://www.ingentaconnect.com/content/external-references?article=/0163-2116^28^2944L.836[aid=3424357]
http://www.ingentaconnect.com/content/external-references?article=/0016-5085^28^29109L.1344[aid=166502]
http://www.ingentaconnect.com/content/external-references?article=/0950-9232^28^2915L.2211[aid=3424358]
http://www.ingentaconnect.com/content/external-references?article=/0016-5085^28^29111L.1683[aid=3424359]
http://www.ingentaconnect.com/content/external-references?article=/0016-5085^28^29109L.1344[aid=166502]


75Repifermin and colonic transport in DSS-induced colitis

Coulier, F., Itoh, N. (1997) Structure and expression of human

® broblast growth factor-10. J. Biol. Chem. 272: 23191± 23194

Farrell, C. L., Bready, J. V., Rex, K. L., Chen, J. N., DiPalma, C. R.,

Whitcomb, K. L., Yin, S., Hill, D. C., Wiemann, B., Starnes,

C. O., Havill, A. M., Lu, Z. N., Aukerman, S. L., Pierce, G. F.,

Thomason, A., Potten, C. S., Ulich, T. R., Lacey, D. L. (1998)

Keratinocyte growth factor protects mice from chemotherapy and

radiation-induced gastrointestinal injury and mortality. Cancer

Res. 58 : 933± 939

Finch, P. W., Pricolo, V., Wu, A., Finkelstein, S. D. (1996) Increased

expression of keratinocyte growth factor messenger RNA associ-

ated with in¯ ammatory bowel disease. Gastroenterology 110: 441±

451

Han, D. S., Li, F., Holt, L., Connolly, K., Hubert, M., Miceli, R.,

Okoye,Z., Santiago,G., Windle, K., Wong, E., Sartor, R. B. (2000)

Keratinocyte growth factor-2 (FGF-10) promotes healing of ex-

perimental small intestinal ulceration in rats. Am. J. Physiol.

Gastrointest. Liver Physiol. 279: G1011± G1022

Housley, R. M., Morris, C. F., Boyle, W., Ring, B., Biltz, R., Tarpley,

J. E., Aukerman, S. L., Devine, P. L., Whitehead, R. H., Pierce,

G. F. (1994) Keratinocyte growth factor induces proliferation of

hepatocytes and epithelial cells throughout the rat gastrointestinal

tract. J. Clin. Invest. 94 : 1764± 1777

Hubel, K. A., Renquist, K. S. (1990) Ion transport in normal and

in¯ amed human jejunum in vitro. Changes with electric ® eld

stimulation and theophylline. Dig. Dis. Sci. 35 : 815± 820

Igarashi, M., Finch, P. W., Aaronson, S. A. (1998) Characterization

of recombinant human ® broblast growth factor (FGF)-10 reveals

functional similarities with keratinocyte growth factor (FGF-7).

J. Biol. Chem. 273: 13230± 13235

Jimenez, P. A., Greenwalt, D., Mendrick, D. L., Rampy, M. A., Su,

J., Leung, K. H., Connolly, K. M. (2000) Keratinocyte growth

factor-2. In : Narula, S. K., CoŒman, R. (eds) New cytokines as

potential drugs. Birkhauser Verlag, Basel, pp 101± 119

Kachur, J. F., Keshavarzian, A., Sundaresan, R., Doria, M., Walsh,

R., de las Alas, M. M., Gaginella, T. S. (1995)Colitis reduces short-

circuit current response to in¯ ammatory mediators in rat colonic

mucosa. In¯ ammation 19 : 245± 259

Lourenssen, S., Jeromin, A., Roder, J., Blennerhassett, M. G. (2002)

Intestinal in¯ ammationmodulatesexpression of the synaptic vesicle

protein neuronal calcium sensor-1. Am. J. Physiol. 282 : G1097±

G1104

Main, C., Blennerhassett, P., Collins, S. M. (1993) Human recom-

binant interleukin 1 beta suppresses acetylcholine release from rat

myenteric plexus. Gastroenterology 104: 1648± 1654

Martin, G. R. (1998) The roles of FGFs in the early development of

vertebrate limbs. Genes Dev. 12 : 1571± 1586

Miceli, R., Hubert, M., Santiago, G., Yao, D. L., Coleman, T. A.,

Huddleston, K. A., Connolly, K. (1999) E� cacy of keratinocyte

growth factor-2 in dextran sulfate sodium-induced murine colitis.

J. Pharmacol. Exp. Ther. 290: 464± 471

Monteleone, I., Vavassori, P., Biancone, L., Monteleone, G., Pallone,

F. (2002) Immunoregulation in the gut: success and failures in

human disease. Gut 50 (suppl. 3): III60± III64

Ruben, S. M., Jimenez, P., Duan, D. R., Rampy, M. A., Mendrick,

D., Zhang, J., Ni, J., Moore, P. A., Coleman, T. A., Gruber, J. R.,

Dillon, P. J., Gentz, R. L. (Inventors) (2000) Human Genome

Sciences, Inc. (Assignee). Keratinocyte growth factor-2. US patent

no. 6 077 692. June 20, 2000

Rubin, J. S., Bottaro, D. P., Chedid, M., Miki, T., Ron, D., Cunha,

G. R., Finch,P. W. (1995)Keratinocytegrowth factoras a cytokine

that mediates mesenchymal± epithelial interaction. In : Goldberg,

I. D., Rosen, E. M. (eds) Epithelial± mesenchymal interactions in

Cancer. Birkhauser Verlag, Basel, pp 191± 214

Soler, P. M., Wright, T. E., Smith, P. D., Maggi, S. P., Hill, D. P.,

Ko, F., Jimenez, P. A., Robson, M. C. (1999) In vivo characteriza-

tion of keratinocyte growth factor-2 as a potential wound healing

agent. Wound Repair Regen. 7 : 172± 178

Tagashira, S., Harada, H., Katsumata, T., Itoh, N., Nakatsuka, M.

(1997) Cloning of mouse FGF10 and up-regulation of its gene

expression during wound healing. Gene 197: 399± 404

Van Meeteren, M. E., Meijssen, M. A., Zijlstra, F. J. (2000)The eŒect

of dexamethasone treatment on murine colitis. Scand. J. Gastroen-

terol. 35 : 517± 521

Werner, S. (1998) Keratinocyte growth factor: a unique player in

epithelial repair processes. Cytokine Growth Factor Rev. 9 : 153± 165

Xia, Y., Hu, H. Z., Liu, S., Ren, J., Za® rov, D. H., Wood, J. D. (1999)

IL-1beta and IL-6 excite neurons and suppress nicotinic and

noradrenergic neurotransmission in guinea pig enteric nervous

system. J. Clin. Invest. 103: 1309± 1316

Yamasaki, M., Miyake, A., Tagashira, S., Itoh, N. (1996) Structure

and expression of the rat mRNA encoding a novel member of the

® broblast growth factor family. J. Biol. Chem. 271: 15918± 15921

http://www.ingentaconnect.com/content/external-references?article=/0021-9258^28^29272L.23191[aid=3424360]
http://www.ingentaconnect.com/content/external-references?article=/0008-5472^28^2958L.933[aid=741011]
http://www.ingentaconnect.com/content/external-references?article=/0021-9738^28^2994L.1764[aid=159362]
http://www.ingentaconnect.com/content/external-references?article=/0163-2116^28^2935L.815[aid=3424362]
http://www.ingentaconnect.com/content/external-references?article=/0021-9258^28^29273L.13230[aid=3424363]
http://www.ingentaconnect.com/content/external-references?article=/0360-3997^28^2919L.245[aid=3424364]
http://www.ingentaconnect.com/content/external-references?article=/0016-5085^28^29104L.1648[aid=3424365]
http://www.ingentaconnect.com/content/external-references?article=/0890-9369^28^2912L.1571[aid=2018031]
http://www.ingentaconnect.com/content/external-references?article=/0022-3565^28^29290L.464[aid=3424366]
http://www.ingentaconnect.com/content/external-references?article=/1067-1927^28^297L.172[aid=3424367]
http://www.ingentaconnect.com/content/external-references?article=/0378-1119^28^29197L.399[aid=3424368]
http://www.ingentaconnect.com/content/external-references?article=/0036-5521^28^2935L.517[aid=3424369]
http://www.ingentaconnect.com/content/external-references?article=/1359-6101^28^299L.153[aid=741033]
http://www.ingentaconnect.com/content/external-references?article=/0021-9738^28^29103L.1309[aid=3424370]
http://www.ingentaconnect.com/content/external-references?article=/0021-9258^28^29271L.15918[aid=3424371]
http://www.ingentaconnect.com/content/external-references?article=/0008-5472^28^2958L.933[aid=741011]
http://www.ingentaconnect.com/content/external-references?article=/0036-5521^28^2935L.517[aid=3424369]

