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Systemically administered trefoil factors are
secreted into the gastric lumen and increase
the viscosity of gastric contents
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Background and purpose: Trefoil factors (TFFs) secreted by mucus-producing cells are essential for the defence of the
gastrointestinal mucosa. TFFs probably influence the viscoelastic properties of mucus, but this has not been demonstrated
in vivo. We therefore studied the gastric secretion of systemically administered TFF2 and TFF3, and their influence on the
viscosity of the secretions.
Experimental approach: Mice and rats under general anaesthesia were injected intravenously with human (h) TFF2, hTFF3
(5 mg kg�1 to mice and 25 mg kg�1 to rats), murine (m) 125I-TFF3, or 125I-hTFF3 (300 000 cpm, mice only). The appearance of
TFFs in the gastric mucosa and luminal secretions was analysed by autoradiography, gamma-counting, and ELISA, and the
viscosity by rheometry.
Key results: 125I-mTFF3 and 125I-hTFF3 were taken up by secretory cells of the gastrointestinal tract and detected at the gastric
mucosal surface 15 min after injection. Stressing the stomach by carbachol (3.5 mg kg�1) and pyloric ligation significantly
increased the uptake. Injected hTFF2, hTFF3, and mTFF3 were retrieved from the gastric contents after 4 h. In rats, an
approximately seven-fold increase in the viscosity was detected after injection of TFF2 compared to the controls, whereas TFF3
did not increase the viscosity. In mice, TFF2 increased the viscosity approximately 4-fold.
Conclusions: These data indicate that systemically administered TFFs are transferred to the gastric lumen in a biologically
active form.
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Introduction

The trefoil factor family (TFF), TFF1, TFF2 and TFF3 comprise

a group of polypeptides (7–12 kDa) secreted to mucosal

surfaces by mucus-producing cells, most prominently in the

gastrointestinal (GI) tract (Thim, 1989; Hoffmann et al.,

2001). The peptides are important for maintaining the

integrity of the GI mucosal lining (Mashimo et al., 1996;

Farrell et al., 2002), and their expression is increased in areas

of GI inflammation, ulceration and metaplasia in humans

and in animal models of GI disease (Taupin and Podolsky,

2003). Beneficial effects of TFF2 and TFF3 on mucosal

restitution in animal models of gastric ulceration and

intestinal disease have been demonstrated following both

luminal and systemic administration (Playford et al., 1995;

Babyatsky et al., 1996; Poulsen et al., 2005). The mechanisms

behind these effects have been investigated in vitro mainly

by studying signalling pathways, cellular migration or by

measuring proton permeation through the mucus layer

(Taupin and Podolsky, 2003). Final conclusions have not

been achieved however, and it is not clear whether the

effects of the trefoil peptides are mediated via interactions

with a possible cellular receptor or via direct interactions

with gastric mucins. Detailed studies on TFF/receptor

interactions have been hampered by the lack of relevant

cell lines (resembling TFF-binding gastric cells) and unsuc-

cessful attempts to identify, definitively, a trefoil receptor

or binding molecule.

We have previously shown that the TFFs, especially TFF2,

are able to increase the viscosity of gastric mucins in vitro

(Thim et al., 2002). This may be the way endogenous TFFs

protect the gastric mucosal surface and the way orally
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administered trefoil peptides exert their therapeutic effects in

the stomach. Our previous finding that systemically admi-

nistered 125I-TFFs specifically bind to mucus-producing cells

in the rat stomach and that, by autoradiography, grains

subsequently can be observed in the lumen of the gastric

glands and the luminal mucus layer (Poulsen et al., 1999)

render it possible that injected TFF is transported intact to the

mucus layer and thereby acts similarly to endogenous TFF.

Identification of the TFF peptides in the gastric lumen after

systemic administration and demonstration of a direct

biological effect on mucus properties would bring strong

in vivo evidence to support this hypothesis. In the present

study, we have developed an in vivo model allowing us to

(1) demonstrate the presence of injected TFF2 and 3 in the

gastric contents of mice and rats, and (2) report a

concomitant increase in the viscosity of the gastric secretion

after TFF2 injection.

Methods

Animals

Female C57BL/6NTac mice (17–23 g) and female Wistar

Hannover GALAS (HanTac:WH) rats (250–300 g) were pur-

chased from Taconic M&B (RY, Denmark) and were housed

in the conventional animal facility at The Panum Institute

(University of Copenhagen, Denmark) in rooms with con-

trolled temperature (211C) and humidity (55%) and with a

12-h light/dark cycle. They were fed standard chow (Altro-

min, Lage, Germany) ad libitum and had free access to tap

water. The animal studies were approved by the Danish

National Committee for Animal Studies (i.e. the Animal

Experiments Inspectorate). General anaesthesia was induced

in mice with a mixture of fentanyl 0.15 mg kg�1, droperidol

9.8 mg kg�1 and midazolam 1 mg kg�1 administered subcu-

taneously (s.c.), and in rats with methohexital 50 mg kg�1

intraperotoneally. Surgical level of anaesthesia was con-

firmed by the absence of the toe-pinch reflex. Animals were

supplied with half of the initial dose every 20–30 min for

mice and 15–20 min for rats or sooner if the toe-pinch reflex

recurred. For analgesia, buprenorphine 0.1 mg kg�1 s.c. was

administered by the time of induction to all rats undergoing

surgery, and after recovery to all mice, which regained

consciousness before killing (i.e. following removal of the

mandibular glands). A total of 124 mice and 44 rats was used

in the experiments described here.

Binding of 125I-TFF3 in the tissues of control mice

A total of 32 mice in groups of eight were anaesthetized,

opened by a midline incision and given 0.1 ml 125I-TFF3

(human or murine) into the inferior vena cava. The dose

injected was 300 000 c.p.m. (approximately 0.04 mg kg�1

TFF3) in each animal. After closure of the incision, the mice

were placed under a heating lamp, and remained anaesthe-

tized until killed. After 15 or 180 min, they were perfused

transcardially for 2 min with 20 ml 0.9% saline (room

temperature), selected organs (including the GI tract) were

excised and the radioactivity measured in a gamma-counter

(Wallac Wizard 1740, PerkinElmer, Boston, MA, USA). The

amount of tracer counted in each sample was expressed as

the percentage of the total injected dose. Two mice were

injected with 300 000 c.p.m. Na-125I and killed after 15 min

by the same method.

Secretion of 125I-TFF3 into the gastric contents

A total of 36 mice had their mandibular glands removed 3–5

days before the experiments to avoid secretion of 125I and

endogenous TFF3 from the glands to the gastric contents

(Jagla et al., 1999). The mice were fasted overnight, injected

with 30 mg kg�1 omeprazole intramuscularly (i.m.) 16 and

1 h before surgery (to reduce secretion from the oxyntic

glands), anaesthetized and 0.1 ml 125I-TFF3 (300 000 c.p.m.)

was injected into the inferior vena cava (16 mice received
125I-mTFF3 and eight received 125I-hTFF3). For collection of

gastric contents, the pylorus was ligated to prevent gastric

emptying. After surgery and closure of the abdominal

incision, the mice remained anaesthetized until they were

killed, 180 min after injection of tracer. Thirty minutes

before death, 3.5mg kg�1 of the mucus secretagogue carba-

chol was administered s.c to eight of the mice injected with
125I-mTFF3 and all mice receiving 125I-hTFF3. Immediately

after death, the gastric contents and mucus were gently

brushed off the mucosal surface with 0.3 ml 0.9% saline/

0.1% Triton X-100 and collected in a 4.5 ml polyethylene

tube. Histological samples of stomach tissue were stained

with haematoxylin/eosin/periodic acid Schiff and examined

by light microscopy to ensure that the surface epithelium

was not damaged during sampling. The radioactivity was

subsequently measured in 0.1 ml blood, the stomach tissue,

gastric contents and mucus, one kidney and a sample of

muscle tissue from the thigh.

As the stomach was rather distended following pyloric

ligation, another set of experiments was performed where

the pylorus was ligated but distension omitted by means of

a soft polyethylene catheter (diameter 1.2 mm), inserted via

the duodenum through the ligature into the stomach.

The catheter was connected to a collection tube outside

the animal where excess gastric secretions were collected.

The remaining experimental procedure was performed as

described above. Group one: 125I-mTFF3 and carbachol

(n¼6); group two: 125I-mTFF3 and saline (n¼6).

Viscosity of stomach secretions after injection of hTFF2 and

hTFF3

The initial studies were performed in mice, but rats were

used subsequently to secure adequate amounts of sample

material. Twenty mice and 44 rats had their submandibular

glands removed 3–5 days before the experiments. The

animals were fasted overnight and injected with 30 mg kg�1

omeprazole i.m. 16 and 1 h before surgery to reduce dilution

of the gastric mucus by secretions from oxyntic glands.

hTFF2, hTFF3 or 0.9% saline was administered i.v. or s.c.

to anaesthetized animals (5 mg kg�1 to mice and 25 mg kg�1

to rats for each administration route). Thirteen mice received

hTFF2 and seven received saline. Eighteen rats received

hTFF2, six received hTFF3 and 20 were saline controls. The

pylorus was ligated and about 40 mg kg�1 pepstatin was
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injected through the wall of the fore-stomach using a

27-gauge needle. Thirty minutes before death, 3.5 mg kg�1

carbachol was administered s.c. After 4 h, the animals were

killed, the stomach removed, opened and its contents

collected in a polyethylene tube and allowed to stand for

25 min before analysis for sedimentation of particles. The

viscosity was measured in 500 ml samples from the mid-third

of the contents in the tubes and compared to two viscosity

standards (hydroxypropylmethylcellulose solutions) on a

rheometer (Bohlin Reo Cue, Lund, Sweden). All values of

viscosity were expressed in nm2 s�1.

Detection of hTFF in serum and gastric secretions by ELISA

hTFF2 and hTFF3 in the same doses as described above were

injected i.v. and s.c. to mice and rats, and samples of gastric

secretions and serum (rats only) were analysed for the

contents of hTFF2 or hTFF3 by ELISA as described previously

(Vestergaard et al., 2002, 2004). The gastric secretions were

collected as for the viscosity measurements and were then

sonicated, centrifuged and diluted with assay buffer before

analysis. The lowest dilution that gave results within the

calibration values (3–65 pM) was used to calculate the

concentration of hTFF2 or hTFF3. As we wanted to

discriminate the injected TFF from the endogenous, these

studies were performed solely with human TFF. Analysis for

hTFF2 was performed on samples from seven mice injected

with hTFF2 and 11 with saline, 11 rats injected with hTFF2

and 11 with saline. hTFF3 contents were analysed in samples

from nine mice injected with hTFF3 and nine with saline, six

rats injected with hTFF3 and seven with saline. In serum, the

hTFF2 content was analysed in samples from five rats

injected with hTFF2 and five with saline. hTFF3 was

measured in serum samples from five rats injected with

hTFF3 and six with saline.

Autoradiography

For visualization of 125I-TFF3, given i.v., in the stomach and

gastric secretions, four normal controls received 125I-mTFF3

and four received 125I-hTFF3 in a dose of 800 000 c.p.m. They

were killed in groups of two for each peptide after 15 and

180 min. Two mice with stomach ligation received murine
125I-TFF3, and were killed after 180 min. Furthermore, two

mice received Na125-I i.v. (800 000 c.p.m.) and were killed

after 15 min. Blood was removed from the vascular system

by transcardial perfusion with 20 ml of 0.9% saline (room

temperature, 10 ml min�1), followed by 40 ml of 10%

formalin (41C, 20 ml min�1). Selected tissues including the

GI tract were removed, processed, paraffin-embedded and

histological sections (7mm) prepared for autoradiography

(Poulsen et al., 2003).

Immunohistochemistry

Immunohistochemistry on formalin-fixed paraffin-

embedded tissue samples from mouse stomach and colon

was performed as described previously (Poulsen et al., 2003).

In situ hybridization

In situ hybridization was performed on the same tissues

as used for immunohistochemistry. Preparation of probes:

Fragments of mouse TFF1-3 cDNA were generated by reverse

transcriptase–polymerase chain reaction from mouse em-

bryo 17 days polyAþ RNA and used to prepare the following

subclones in pBluescript KS(þ ): mTFF1, base pairs 1–198;

mTFF2, base pairs 21–312; mTFF3, base pairs 36–238 (EMBO

database AQC numbers: mTFF1 NM_009362; mTFF2

NM_009363; mTFF3 NM_011575). All clones were confirmed

by sequencing (MWG Biotech, Ebersberg, Germany). Gen-

eration of 35S-UTP labelled antisense and sense probes from

these plasmids by in vitro transcription using the relevant

polymerase (T3 or T7) was performed as described by Pyke

et al. (1994), as was the in situ hybridization procedure (Pyke

et al., 1994). Briefly, after initial preparation including acid

and proteinase K treatment, the sections were incubated

overnight in a hybridization solution containing 35S-UTP-

labelled antisense or sense RNA probes. After hybridization

and RNase A treatment, K5 autoradiographic emulsion was

applied, and the sections were developed after 3 weeks of

exposure.

Statistical analysis

Results are expressed as means with 95% confidence

intervals (95% CIs). Results in the figures are shown as box

(first and third quartiles) and whisker (range) plots with the

median shown as a line in the box. A two-tailed Mann–

Whitney U-test was used for statistical analysis. Po0.05 was

considered statistically significant.

Materials

Drugs: fentanyl (Janssen-Cilag, Berchem, Belgium), droper-

idol (Nomeco, Copenhagen, Denmark), midazolam (Roche,

Basel, Switzerland), methohexital (Lilly, Indianapolis, USA),

buprenorphine (Schering-Plough, Brussels, Belgium), carba-

chol and hydroxypropylmethylcellulose (Sigma-Aldrich, St

Louis, MO, USA), omeprazole (AstraZeneca, Soedertaelje,

Sweden) and pepstatin (Roche, Switzerland). Methohexital

was diluted in sterile water. Carbachol and pepstatin were

diluted in 0.9% sterile saline. Omeprazole was diluted in the

solvent supplied by the manufacturer.

Antibodies for immunohistochemistry: Polyclonal rabbit anti-

human TFF1 (2239A) and anti-human TFF2 (2240A) (Vester-

gaard et al., 2002). Rabbit anti-mouse TFF3 (manufactured

essentially as described previously (Vestergaard et al., 2002)).

Peptides and tracers: Human TFF3 dimer and human TFF2

were prepared at Novo Nordisk a/s (Thim et al., 1993, 1995).

Murine TFF3 dimer was prepared at Novo Nordisk a/s

essentially as described for the human TFF3, according to

the published sequence (Tomita et al., 1995). Murine and

human TFF3 dimers were labelled at Novo Nordisk a/s with

sodium 125iodide (Na125I) using lactoperoxidase to a radio-

chemical purity of B98%. The specific activity was

2.2 mCi pmol�1 for both TFF tracers and for Na125I. All tracers

were diluted with 0.9% saline to a final concentration of

300 000 c.p.m. (B0.04 mg TFF3 kg�1) or 800 000 c.p.m.

(B0.11 mg TFF3 kg�1). In situ hybridization: Mouse embryo
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17 days polyAþ RNA (P0480, Sigma-Aldrich, USA). pBlue-

script KS(þ ) and T3 and T7 polymerases (Stratagene, La

Jolla, CA, USA), K5 autoradiographic emulsion (Ilford,

Cheshire, UK).

Results

Distribution of 125I-TFF3 administered i.v. to the mouse stomach

and gastric secretions

Binding of 125I-TFF3 administered i.v. in the tissues of control

mice. The mean percentage of the injected dose of 125I-

mTFF3 and 125I-hTFF3 per animal is shown in Table 1. Except

for the GI tract, kidneys, mandibular glands and thyroids,

the radioactivity in the remaining organs was low. Compar-

able results were obtained with 125I-hTFF3 and 125I-mTFF3

after 15 min, whereas after 180 min, a higher amount of

radioactivity was measured in the blood and GI tract and

less in the kidney following injection of 125I-hTFF3 than

following injection of 125I-mTFF3.

Detection of 125I-TFF3 in the surgically manipulated mouse

stomach and its contents. Ligation of the pylorus (‘ligated’)

or ligation combined with catheterization of the stomach via

the duodenum (‘catheterized’) resulted in significantly

increased amounts of 125I-TFF3 in the gastric tissue com-

pared to non-manipulated controls as shown in Figure 1a.

Carbachol did not affect the percentage of the injected dose

found in the tissues.

A considerable amount of the injected tracer could be

detected also in the gastric secretions, with significantly more

measured in the ligated animals than for the catheterized

(Figure 1b). The total amount of tracer taken up and secreted

by the stomach was thus approximately 29% of the injected

dose for the ligated group and 13% of the injected dose in

the catheterized group. Carbachol caused a further increase

in the radioactivity found in the secretions from the

catheterized animals, but not from the ligated animals. The

species origin of the peptide influenced the percentage of the

injected dose in secretions, but not in the tissue, as a higher

percentage of the injected dose was found in the secretions

after injection of murine 125I-TFF3 compared with that

after injection of human 125I-TFF3 (see last two results in

Figure 1b).

Histological analysis of stomach tissue samples showed no

signs of surface epithelial damage to the gastric mucosa.

Viscosity of stomach secretions after injection of hTFF2 and

hTFF3

Administration of hTFF2 to mice and rats resulted in a

significantly higher viscosity than injection of either saline

or hTFF3. For rats, the viscosity was about six-fold greater in

the hTFF2 group than that in either the hTFF3 group or the

Table 1 Distribution of radioactivity from 125I-TFF3, given i.v., to the main target tissues 15 and 180 min after injection to mice

Blood Kidney GI tract Stomach Gll. Man.a Thyroids

125I-mTFF3 15 min 35 (29, 41) 18 (11, 26) 14 (13, 15) 4.7 (4.0, 5.0) 0.5 (0.3, 0.6) 0.2 (0.1, 0.2)
125I-hTFF3 15 min 34 (22, 45) 20 (12, 27) 15 (13, 18) 4.9 (3.9, 5.9) 0.5 (0.4, 0.6) 0.2 (0.1, 0.2)
125I-mTFF3 180 min 16 (13, 19) 8.1 (6.4, 10) 7.8 (6.8, 8.8) 4.2 (3.5, 4.8) 4.2 (3.1, 5.2) 2.6 (1.4, 3.8)
125I-hTFF3 180 min 24 (16, 32)* 2.5 (1.6, 3.4)*** 13 (9.8, 16)** 6.9 (4.8, 8.9)* 4.4 (3.1, 5.7) 1.6 (0.9, 2.2)

Abbreviations: CI, confidence intervals; GI, gastrointestinal; i.v., intravenously; TFF, trefoil factor family.

Mice (n¼8 per group) were injected i.v. with either 125I-mTFF3 or 125I-hTFF3 (300 000 c.p.m.). After 15 or 180 min, the animals were killed and the radioactivity in

a blood sample and in various tissues was measured in a gamma-counter. The values are presented as the mean percentage of injected dose with 95% CIs

in parentheses. * mTFF3 vs hTFF3. *Po0.05. **Po0.01, ***Po0.0001.
aMandibular glands.

Figure 1 Distribution of 125I-TFF3 to the stomach and gastric
secretions of mice. Values shown are the percentage of injected dose
(% ID) in a box and whisker plot. 125I-mTFF3 or 125I-hTFF3 was
injected i.v. into control mice (n¼8), mice that had the stomach
ligated (n¼16) or catheterized (n¼12). Half of the mice in the
surgically manipulated groups received 3.5 mg kg�1 carbachol s.c.
(þ carbachol) and half received saline. Specimens were sampled
180 min after injection and the radioactivity measured. (a) In the
gastric tissue, all manipulations resulted in significantly increased %
ID as compared to control mice. (b) In the gastric secretions, a
significantly higher % ID was found after ligation than after
catheterization. Carbachol caused a significantly increased accumu-
lation of 125I-mTFF3 in catheterized but not ligated mice. In both (a)
and (b), the last two values compare the distribution of mouse and
human peptide. Although the tissue binding was comparable,
significantly more 125I-mTFF3 than 125I-hTFF3 was detected in the
secretions. **Po0.01, ***Po0.0001.
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control group (Figure 2). For mice, the viscosity was

similarly higher in the group injected with hTFF2 relative

to that in the controls. No change in viscosity was

detected in preliminary studies with hTFF3 in mice (data

not shown).

Detection of unlabelled human TFF in gastric secretions and

serum

The concentrations of TFF both in serum and in gastric

secretions were significantly higher in the groups of animals

injected with TFFs when compared to the control groups. For

TFF2 administered to mice, the mean hTFF2 concentration

in gastric secretions from mice given the peptide i.v. was over

100 nM, whereas no hTFF2 reactivity was detected in control

mice (Figure 3a). In rats, as shown in Figure 3c, the hTFF2

concentrations in gastric secretions and serum were raised

well above the nonspecific reactivity for hTFF2 in the control

group (Figure 3c).

For mice injected with hTFF3, the concentrations of this

peptide in the gastric secretions ranged from 20 to 490 nM,

whereas the hTFF3 reactivity in the control group was lower,

corresponding to 0.8–8 nM, with 18 nM recorded for one

animal (Figure 3b). In rats, the hTFF3 concentrations in

gastric secretions in the group injected with the peptide were

the same as those in serum and higher than the correspond-

ing values in the control group injected with saline

(Figure 3c).

Visualization of injected 125I-mTFF3 and endogenous TFF1-3

in the stomach

In stomach tissue from control mice injected with 125I-

mTFF3, autoradiography showed accumulation of grains in

the mucous neck cells and the pyloric glands (Figure 4a and

c). The findings were similar after 15 and 180 min. Mice with

stomach ligations had accumulation of grains in the same

locations as the controls, but to a considerably higher extent

(Figure 4b and d). In all mice, grains were also seen in the

lumen of the glands, in the gastric pits and in the surface

Figure 2 Viscosity of gastric secretions. Rats and mice were injected
with hTFF2 (rats, n¼18; mice, n¼13), hTFF3 (rats, n¼6) or 0.9%
saline (control: rats, n¼20; mice, n¼7) i.v. and s.c. and the stomach
was ligated. Four hours after injection, the stomach contents were
collected and the viscosity measured. Viscosity is expressed in
nm2 s�1 (individual values and median). **Po0.01, ***Po0.001.

Figure 3 Retrieval of injected hTFF2 and hTFF3 in gastric secretions
from mice (a–b) and in serum and gastric secretions from rats (c).
hTFF2, hTFF3 or saline was injected i.v., and the stomach was
ligated. Specimens were sampled after 4 h, and the TFF concentra-
tions measured by ELISA for either hTFF2 or hTFF3. (a) hTFF2 in
gastric secretions from mice. Box and whisker plots. (b) hTFF3 in
gastric secretions of mice. Values shown are the number of samples
in a specific concentration range. (c) hTFF2 or hTFF3 in gastric
secretions (secr.) and serum from rats. Box and whisker plot. In all
groups injected with hTFF2 or hTFF3, significantly higher concentra-
tions of hTFF2 or hTFF3, respectively, were detected (Po0.001).

Figure 4 Localization of i.v. injected and endogenous TFF by autoradiography, in situ hybridization and immunohistochemistry on sections of
stomach tissue from controls, and from ligated carbachol-treated mice. The accumulation of grains in the mucous neck cells and pyloric glands
was considerably higher in ligated animals than in controls, as was the amount of grains in the lumen of the gastric glands and on the surface of
the stomach. The localization of TFF mRNA and peptide correlated, except for TFF3, where peptide but not mRNA was found in the corpus
fundus. (a) Accumulation of grains in neck cells, control, (b) higher amounts of grains in the ligated stomach. Comparable differences are seen
between pyloric glands of controls (c) and ligated (d). (e) Binding of grains to the basal part of mucous neck cells 15 min after injection.
(f) Marked accumulation of grains in the lumen of gastric pits and (g) in the surface mucus layer of the ligated stomach. (h) TFF1 mRNA in the
gastric surface epithelial cells. (i) TFF2 mRNA in surface epithelial and mucous neck cells. (j) Negative in situ hybridization for TFF3 mRNA in the
stomach. (k) TFF1 peptide in surface epithelia. (l) TFF2 peptide in mucous neck cells. (m) TFF3 peptide in mucous neck cells. Scale bars: 50 mm.
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mucus layer (Figure 4e–g). Similar findings were made after

injection of 125I-hTFF3, whereas no specific accumulation

of grains was seen after injection of Na-125I.

A strong signal for TFF1 mRNA and a weaker signal for

TFF2 mRNA were detected in the epithelium lining, the

gastric surface and pits, and high expression of TFF2 mRNA
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in the mucous neck cells and the pyloric glands (Figure 4h

and i). No signal for TFF3 mRNA was found in the stomach

(Figure 4j). The immunohistochemical findings mirrored the

expression of the equivalent mRNA, except for TFF3, where

a weak immunoreactivity was found in the mucous neck

cells (Figure 4k–m).

Discussion

Several studies have demonstrated the effects of TFF1-3 after

systemic administration in experimental models of GI disease

(Chinery and Playford, 1995b; Playford et al., 1995; March-

bank et al., 1998). The effects of TFFs on cell motility and the

pharmacological response to even low doses of systemically

administered TFF2 (Playford et al., 1995) may suggest direct

interactions between TFF and receptor-like molecules on the

epithelial cells. On the other hand, the intimate colocaliza-

tion of mucins and endogenous, as well as systemically

administered, trefoil peptides, together with reports on

mucin–TFF interplay (Dignass et al., 1994; Kindon et al.,

1995; Tanaka et al., 1997; Newton et al., 2000; Tomasetto

et al., 2000; Thim et al., 2002), suggest that TFFs could

mediate some of their effects via interactions with mucin.

Although direct TFF–mucin interaction offers a probable

explanation for the effect after topical administration of the

peptides, this seems less obvious after systemic administra-

tion, as this would require transport of the peptide across the

mucosa and into the lumen, which never the less has been

suggested from findings in our previous studies.

In the present study, we have demonstrated (1) the

presence of murine and human 125I-TFF3 in stomach tissue

and stomach secretions by autoradiography and gamma

counting, (2) the appearance of hTFF2 and hTFF3 in gastric

secretions as detected by ELISA and (3) an increased viscosity

of gastric secretions after hTFF2 (but not hTFF3), all after i.v.

administration of the peptides. These findings demonstrate

for the first time by means of quantitative measurements

that parenterally administered hTFF2 and TFF3 are secreted

in forms that are biologically active through the stomach

mucosa and into the lumen. This suggests that the

pharmacological effects of systemically administered hTFF2

can be owing to direct interactions with mucins, resulting in

increased viscosity of the luminal secretions. The cellular

mechanism of this secretion has not been clarified, but the

transport seems predominantly to occur via the mucus-

secreting cells, as autoradiography of the stomach shows

specific localization of the tracer to these cells and in the

newly secreted mucus, possibly involving a receptor-like

mechanism or a protein-transporting molecule. We have, so

far, only demonstrated this mechanism in the stomach, but

if the findings can be extrapolated to other TFF/mucus-

secreting surfaces, this concept might be interesting from

a therapeutic point of view, as it implies that TFF might be

enabled to reach sites of the body that are less accessible by

local treatment. A further advantage of the trans-mucosal

distribution after systemic administration is that TFF not

only reaches the luminal mucus layer, but may also interact

with the mucins inside the cells before secretion or at the

luminal surface of the cells just after secretion, which may be

of importance when establishing the mucus–TFF network.

This would probably not be possible with luminally

administered TFF, as this becomes trapped in the outer

mucus layer and is thus not accessible to interact with newly

secreted mucus (Poulsen et al., 1999).

Carbachol enhanced the amounts of radioactivity detected

in the gastric secretions. Cholinergic drugs have been shown

to enhance secretion of endogenous TFF3 in the colon (Ogata

and Podolsky, 1997), and it is possible that the secretion of

injected TFF is regulated similarly to endogenous TFF3. The

effect of carbachol may be owing to a direct stimulation of

the mucus-secreting cells, but may also be a consequence of

carbachol-induced severe contractions of the gastric muscle

coat. The latter seems less likely, as autoradiography of

stomach tissue from carbachol-treated mice showed

increased binding of grains in the same cell types as in

untreated tissue and the mucosal surface appeared intact,

suggesting that nonspecific accumulation of TFF owing to

tissue damage had not taken place. The tissue binding and

gastric accumulation of TFF3 were also enhanced after

surgical manipulation, indicating that distribution of the

TFF3 to the target organs is increased during pathological

conditions resulting in tissue distress. In accordance with

this finding, crosslinking of TFF3 to a binding protein on a

solubilised intestinal epithelial membrane preparation has

previously been reported to increase 1.5-fold when the cells

were wounded before assaying (Chinery and Cox, 1995a).

Administration of hTFF3 had no effect on the viscosity of

the gastric secretions. This is in agreement with our earlier

in vitro findings, which also showed that the morphology

of TFF–mucus complexes was different, the TFF2–mucus

complexes being large and confluent, whereas TFF3 made

small, discrete complexes with mucus (Thim et al., 2002).

TFF3 might change mucin characteristics apart from the

viscosity, but this remains to be clarified.

The distribution and cellular localization of both human and

murine injected TFF3 in mice was quite similar and in

accordance with our findings in rats using human TFF3.

Similar binding sites in the rat stomach and intestines by

in vitro autoradiography using rat 125I-TFF3 have previously

been reported (Chinery and Cox, 1995a), and collectively these

findings may suggest that the binding and transport mechan-

ism is preserved among different species. The cellular binding

of injected TFF3 was compared to the localization of

endogenous TFF1-3 mRNA and peptides in order to assess if

there was any correlation between production and storage of

endogenous TFFs and binding of injected TFF3. We found that

injected TFF3 bound to the gastric mucous neck cells, which

also expressed TFF2 mRNA and peptide. We did not detect

TFF3 mRNA, but a limited amount of TFF3 immunoreactivity

in these cells. TFF3 mRNA has been detected in the mouse

stomach in minimal amounts by Northern blot (Mashimo

et al., 1995), but studies of the cellular localization of both TFF3

peptide and mRNA in the mouse stomach have not been

presented previously. It is uncertain whether the detected TFF3

immunoreactivity represents local production of the peptide or

uptake of circulating peptide, but the fact that the same cells

can take up injected TFF peptides renders the latter possible.

In conclusion, we have demonstrated that systemically

administered TFF3 is taken up by mucous neck cells in the
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stomach and secreted to the gastric luminal surface.

Furthermore, we found that systemically administered

hTFF2 is secreted to the gastric lumen and, in contrast to

hTFF3, increases the viscosity of the gastric mucus.
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