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Abstract
Objective—Trefoil factor (TFF) peptides are expressed in gastric tissues, where they are part of
the epithelial defences. To complement previous in vitro work, the goal of the present study was to
examine directly if TFF2 was essential for gastric restitution in vivo during the recovery from
microscopic damage.

Design—TFF2 mutant (KO) mice were examined to study the epithelial repair process in vivo
after laser-induced photodamage (LPD). Using two-photon laser energy absorption (710 nm), LPD
was imposed on an ~3–5 cell region of surface epithelium in anaesthetised mouse stomach.
Responses to damage were evaluated during confocal time-lapse microscopy; including area of
damage and the extracellular pH adjacent to the damaged surface (Cl-NERF pH sensor).

Results—In control (TFF2+/+ and TFF2+/−) mice, damaged cells were exfoliated and the
damaged epithelium was repaired by indomethacin. The resting surface pH was similar between
control and TFF2-KO animals, but the post-LPD alkalisation of surface pH observed in control
mice (ΔpH 0.3±0.05, n=21) was attenuated in the TFF2-KO stomach (ΔpH −0.08±0.09, n=18).
Recobinant rat TFF3 partially rescued the attenuated surface pH change in TFF2-KO stomach, in
the presence or absence of indomethacin.

Conclusions—In the gastric epithelium in vivo, TFFs promote epithelial restitution via a
mechanism that does not require cyclooxygenase activation. A novel role for TFFs to affect gastric
surface pH is observed.

INTRODUCTION
The stomach confronts a wide variety of intrinsic and exogenous stress factors, including
luminal irritants and pathogens. In response to weakening or disruption of the gastric
epithelial layer, the rapid restoration of epithelial defences is an indispensable step for
protecting the stomach from penetrance of noxious materials into the body.1–5 Disruption of
epithelial defences is a central feature of gastric disorders, including injury by non-steroidal
anti-inflammatory drugs and peptic ulcers.6
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In the gastrointestinal tract, epithelial integrity depends in part on the trefoil factor (TFF)
gene family of small protease-resistant peptides.578 TFF peptides are most abundant in
mucinsecretory cells, with the secreted peptide being detected in mucus layers overlying the
tissue.9–11 In the healthy gastrointestinal epithelium, three isoforms of the peptide have been
identified. TFF1 and TFF2 are abundant in mucus cells within the pit and mucus neck region
of the gastric mucosa, while TFF3 is found in both small and large intestinal goblet
cells.9–13 The three isoforms of trefoil peptide share a common motif of six cysteine
residues with three interchain disulfide bonds yielding the signature ‘trefoil’ structure, also
termed as the P domain. There is ~50% amino acid sequence identity among the three TFF
isoforms1415 and, although the receptor(s) for the peptides remain unknown, it appears that
there is some redundancy of function among the peptides.816

In various epithelial cell culture models, TFFs promote healing after injury through
motogenic (cell migratory) and antiapoptotic activities.17 In these models, the intracellular
mechanism of TFFs promoting gastric epithelial restitution has been proposed as being
linked to ras-dependent mitogen-activated protein (MAP) kinase activation and to
redistributing E-cadherin from the cell surface to the intracellular domain.8 Less is known in
vivo about the roles of TFFs in the stomach. Most evidence for the function of TFFs in vivo
is extrapolated from observing altered expression of the TFF peptides in experimental injury
or disease models.101819 Stronger in vivo information comes from observations of TFF-
knockout (KO) mice. TFF2-KO mice exhibited modest gastric abnormalities, and, in
contrast to the increased proliferation rate of mucosal cells in TFF1-KO mice, TFF2-KO
mice had decreased thickness of the gastric mucosa, increased amounts of gastric acid and
increased susceptibility to indomethacin-induced gastric ulcerations compared with wild-
type mice.20 These latter findings of improved long-term repair suggest that TFF2 has a
direct protective effect on the gastric mucosa. Further, addition of exogenous TFF peptides
can rescue the TFF-null phenotype.2122 Information is lacking about the ability to TFFs to
facilitate gastric epithelial repair in the short term, since methods have not been available to
monitor the gastric healing process in living animals in real time. This has limited the ability
to compare in vitro outcomes with those in vivo. For this reason, we have applied the
photodamage model reported by our group previously, which produces microlesions in
mouse stomach and allows continuous monitoring of epithelial repair.23 Our goal was to
examine the physiological function of TFF2 by investigating gastric epithelial restitution
after laser-induced photodamage (LPD) in TFF2-KO mice.

One hallmark of acute gastric damage is the alkalinisation of luminal (extracellular) pH in
the microdomain adjacent to the gastric surface, a process regulated in healthy tissue by the
bicarbonate secreted from surface epithelium cells.2425 Since bicarbonate secretion and
surface pH are regulated by cyclooxygenases (COXs) in both normal and injured tissues, it
is perhaps not surprising that application of indomethacin or use of COX-1-deficient mice
result in a lowered rate of epithelial repair coincident with an attenuated alkali surge.23 It
was proposed that COX-derived products thromboxane A2 and prostaglandin (PG)H2 are
involved as downstream effectors activated by TFFs during cellular invasion.26 Therefore,
in the present study we ask if TFF also requires COX activity during the injury/repair cycle.

METHODS
Animal husbandry and surgery

TFF2-KO mice were backcrossed onto a C57BL/6J (Jackson Lab, Bar Harbor, Maine, USA)
background until >90% of genomic microsatellite markers were from C57BL/6J (assessed
by the Beier lab in the Division of Genetics, Harvard Medical School, Boston,
Massachusetts, USA). Subsequently, heterozygous mutant breeding pairs were used to
generate animals for experiments. Pups were genotyped by genomic PCR as described,27
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and used for experimentation at 2–4 months of age. In preliminary experiments, the post-
LPD restitution rate in TFF2+/+ (wild type) and TFF2+/− (heterozygous) animals was not
significantly different (data not shown), so outcomes from these two groups were combined
as the control group to compare versus the TFF2-KO genotype.

The surgical preparation of animals has been previously described.2324 Brieflky, mice were
anaesthetised with inactin (10 mg/kg intraperitoneally, Sigma, St Louis, Missouri, USA) and
ketamine (50 mg/kg intraperitoneally, Phoenix, St Joseph, Missouri, USA), then the
stomachs of anaesthetised mice were exteriorised and everted to expose the gastric mucosa.
The mouse was placed in the prone position such that a portion of the exposed mucosa
protruded into a perfusion chamber on the stage of an inverted confocal/two-photon
microscope (Zeiss LSM 510 NLO), with the microscope stage enclosed and heated to keep
the animal’s body temperature at ~37°C. The mucosal surface was superfused at 0.2 ml/min
with a pH 3 solution containing 150 mM NaCl, 1 mM homo-PIPES (Research Organics,
Cleveland, Ohio, USA) and a fluorescent pH sensor (10 μM Cl-NERF, Invitrogen, Carlsbad,
California, USA). All experimental procedures were approved by the Animal Care and Use
Committee of the University of Cincinnati.

Live tissue quantitative imaging
Using an anaesthetised animal equilibrated for 20 min on the microscope stage, the mucosal
surface of the gastric corpus was observed using a Zeiss C-Apo ×40 objective and data were
collected in a time series. The interval between each imaging time point was 2–30 s. As
described below, four images were collected for each time point. A tissue autofluorescence
image (two-photon excitation 710 nm, emission 435–485 nm) was collected simultaneously
with a confocal reflectance image (reflecting 710 nm light to show cell/tissue structure).
Rapidly thereafter, images of 550–600 nm Cl-NERF fluorescence were collected in response
to alternating excitation at 514 or 458 nm. Imaging regions were selected in which perfusion
solutions could access the epithelial layer freely, and outcomes were not quantified from
regions with any artefactual fluorescence due to dye binding to luminal mucus.

Laser-induced microlesion in superficial gastric epithelium
The method of causing microscopic photodamage in the gastric surface epithelium with a
two-photon laser has been described previously.23 Briefly, after collecting a set of control
images using minimal 710 nm laser power, a small rectangular region (~200 μm2) of gastric
mucosa was repetitively scanned at 350 mW average laser power for 100 iterations. The
resultant photobleaching of endogenous fluorophores (putative NAD(P) H) led to a sequence
of epithelial damage and repair that was recorded by time course imaging.23 The damage-
repair cycle was measured independently several times per animal in different locations of
the corpus, and outcomes from at least three animals were compiled for each experimental
protocol. In some experiments, the rat TFF3 peptide (rTFF3; 2 mg/ml in saline, solubilised
on the day of the experiment) was topically applied to the exposed gastric surface 2–3 times
within 20 min. Due to limited reagent, rTFF3 was not included in the perfusion solution, but
all data were collected within 2 h after administering rTFF3. As performed previously, some
experiments also used the COX inhibitor indomethacin (0.5 mg/ml solubilised in saline with
minimal Tween-80) applied subcutaneously (5 mg/kg) 1 h prior to analysis of damage
repair.

Image analysis
All image analysis was performed with Metamorph software (ver. 6.3, Molecular Devices).
As described previously, the damaged area was defined by cellular loss of NAD(P)H auto-
fluorescence (see left panel of figure 1A) and/or by cellular uptake of Cl-NERF, in
comparison with simultaneously recorded confocal reflectance images that confirmed the
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location of cellular structures.23 In the time course series of images collected from each
experiment, measured values of the area of damage were used to report the maximum
observed area of damage (Amax), and the time to attain the maximal damage (Tmax). The
changing size of the damaged area over time was used to estimate rates of epithelial
restitution, by fitting the 10 min of data collected following Tmax to a single exponential
decay curve (see right panel of figure 1A). Best fit values of the rate constant (κ) were used
as estimates of the rate of restitution (estimate of the fractional recovery per time, in units of
s−1), and were used to estimate the half-time (T1/2) of restitution.

Extracellular pH near the gastric surface was measured from Cl-NERF images.23 As
described previously, the background-corrected 514/458 nm ratio image was calculated, and
normalised for daily instrument settings prior to estimation of pH by reference to a ratio
calibration curve. The extracellular luminal pH values adjacent to the site of damage (<20
μm distance from the gastric surface) were obtained by averaging 3–5 circular regions
(diameter 16 μm) from every ratio image (see figure 1B).

Western blots
In 4°C fresh phosphate-buffered saline, mouse corpus was blunt dissected under a stereo
microscope to separate gastric mucosa from muscle layer. Then 700 μl of RIPA buffer
(Sigma, St Louis, Missouri, USA) with protease inhibitor (1:100, Roche Applied Science,
Mannheim, Germany) was added to isolated mucosa (100–300 mg), and tissue
homogenised. Protein concentration was determined using a BCA Protein Assay Kit (Pierce,
Rockford, Illinois, USA). Protein (20 μg) was separated on a 7.5% acryl-amide gel and
transferred to a polyvinylidene difluoride (PVDF) membrane (Immobilon-P; Millipore
Corporation, Billerica, Massachusetts, USA). Membranes were incubated for 1 h with
Odyssey blocking buffer (Li-Cor Biosciences, Lincoln, Nebraska, USA) and then incubated
overnight at 4°C with rabbit polyclonal antimurine COX-1 (1:1000 dilution; Cayman
Chemical, Ann Arbor, Michigan, USA). Membranes were then washed and incubated for 1
h in goat antirabbit secondary antibody (Alex fluor 680, 1:1000 dilution; Invitrogen). Blots
were quantified using an Odyssey infrared imaging system (Li-Cor Biosciences).

Determination of PGE2 content
PGE2 levels were determined in the stomach tissue. In anaesthetised mice, stomachs were
exteriorised and everted to expose the gastric mucosa. If required, indomethacin (5 mg/kg)
was given subcutaneously 1 h before any subsequent treatment. The exposed mucosa was
then bathed for 20 min with saline in the absence or presence of rTFF3 (2 mg/ml). At the
end of this incubation period, the corpus was excised, weighed, and put in a tube containing
100% methanol plus 0.1 mM indomethacin.28 The samples were minced with scissors,
homogenised, and centrifuged at 4°C for 10 min at 12 000 rpm. The supernatant of each
sample was used for the determination of PGE2 by enzyme immunoassay using a PGE2
Direct BiotrakAssay (GE Healthcare, Piscataway, New Jersey, USA) according to the
manufacturer’s directions. Data were expressed as ng/g tissue.

Statistical analysis
All values are reported from representative experiments as the mean±SEM from multiple
experiments. The number of repetitions is reported as the number of independent damage-
repair cycles (n) analysed, and the number of different animals used is also indicated. All
results were reproduced in at least three animals. Statistical significance was determined
using unpaired Student t test, or one-way analysis of variance (ANOVA). A p value of <0.05
was considered significant.
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RESULTS
We have developed methods for the study of the surgically exposed gastric mucosa in
anaesthetised mice, such that the epithelial and juxtamucosal luminal space can be imaged in
vivo with confocal and two-photon microscopy. Using this preparation, we previously
reported that the gastric epithelium is promptly repaired in response to microscopic damage
of 3–5 cells caused by rapid LPD.23 Images in figure 2A qualitatively confirm previous
findings in control mice, demonstrating creation and expansion of damage followed by
exfoliation of cells and simultaneous restoration of a continuous epithelium within ~15 min.
After quantifying the size of damage from such images, as described in the Methods section,
outcomes were compiled from multiple experiments and are shown in the graph of figure
2A.

Role of TFF peptides in epithelial restitution
In contrast to the findings in figure 2A, both the images and compiled data in figure 2B
show qualitatively that TFF2-KO mice had a similar magnitude of laser-induced damage to
controls, but a delayed repair from damage. The TFF2-KO mice have been reported as
having a more acidic stomach and a thinner gastric wall20; however, no macroscopic
abnormalities including shape, size, colour or spontaneous ulceration were observed in the
stomachs of the TFF2-KO mice prior to photo-damage. Some variability in outcomes was
observed. Most TFF2-KO gastric mucosa underwent some reduction in damage size within
the first 10 min post-LPD, and then the restitution stayed at a very slow rate until the end of
the experiment. The compiled results shown in the graph of figure 2B reflect that in most
experiments, the damaged area of TFF2-KO stomach did not exfoliate cells and repair the
epithelium even 30 min post-LPD (data not shown).

Results in gene knockout mice may or may not be due to direct effects of the deleted gene,
as compensatory effects may drive observed phenotypes.29 To help verify the role of TFFs
as the necessary agent to promote epithelial restitution after LPD, peptide rescue
experiments were used. Of the three TFF isoforms, we only had access to recombinant TFF3
from rat small intestine (rTFF3). Fortunately, rTFF3 has been shown previously to be
effective to promote gastric repair in other models,16 suggesting it may be promiscuous on
the (as yet unidentified) TFF receptors. As shown qualitatively in figure 2C, 20 min
preincubation with topical rTFF3 (2 mg/ml in saline) improved the healing process in TFF2-
KO stomach.

Quantifying microlesion repair
Based on the results of experiments performed as shown in figure 2, measurements were
compiled to evaluate maximal damage size (figure 3A), the time required to reach maximal
damage (figure 3B), and the restitution rate (κ) and half-time for repair (T1/2) (figure 3C,D,
respectively). The rates of repair were determined by curve fitting of the early repairing
phase after maximal damage; as shown in figure 1A and described in the Methods section.

Results in figure 3 demonstrate that although damage size is comparable in all conditions,
the absence of TFF2 slows the time to reach maximal damage as well as the time to repair
the induced damage. After addition of rTFF3 to TFF2-KO mice, there was no significant
change in the time to reach maximal damage, but the time to repair of the damage was
accelerated. For example, the rate constant for repair of the TFF2-KO mucosa
(0.0005±0.0002 s−1, n=6 was accelerated fourfold with rTFF3 (0.0023±0.0005 s−1, n=4,
p<0.05).
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Gastric epithelial surface pH alterations in control and TFF2-KO stomach
Extracellular pH is a critical factor in cell migration,30 and gastric acid is well recognised as
limiting gastric repair.31 Since the microdomain of pH adjacent to the gastric epithelium is
raised in response to damage,23 we questioned if lack of TFF2 altered gastric surface pH
regulation. We employed an extracellular pH-sensitive (ratiometric) dye (Cl-NERF) to
image surface pH, as described previously.23

As shown in figure 4A, the resting surface pH prior to any photodamage was modestly more
alkaline than the pH 3 perfusion solution, an effect shown previously to be due to COX-1-
regulated bicarbonate secretion.3233 Since TFF2-KO mice have been shown previously to
have altered acid secretion,20 some compensatory mechanisms may be in place to regulate
resting surface pH. In contrast to the invariable resting gastric surface pH in these different
conditions, differences were noted after photodamage. As shown in the representative
experiments of figure 4B, and the compiled outcomes in figure 4C, LPD caused a distinct
pH increase in control mice as reported previously.23 However, in TFF2-KO mice, LPD
caused an attenuated pH increase. In some individual experiments, this actually reversed to a
pH acidification immediately after LPD. Interestingly, addition of rTFF3 to the TFF2-KO
mice restored a significant surface pH alkalinisation after photodamage (p<0.05 compared
with the TFF2-KO without rTFF3, figure 4C), possibly due to the proton permeation
regulation effect of TFF2 in the epithelial layer, which has been verified in vivo and in
vitro.34

Effects in TFF2-KO mice with inhibition of prostaglandin generation
Both PGs and TFFs have been proposed to play a role in defending injured tissue, and have
effects in promoting cell migration.73536 In order to test if the effects of the endogenous TFF
required COX activity, the effect of rTFF3 was examined when COX activity was inhibited
by 1 h pretreatment with indomethacin (5 mg/kg subcutaneoulsy). Direct measurement of
PGE2 content confirmed that PGE2 levels in the gastric tissue of control mice (11.3±1.4 ng/g
tissue, n=5) were reduced after this pretreatment with indomethacin (to 2.7±0.6 ng/g tissue,
n=5, p<0.05). In TFF2-KO mice, indomethacin caused no change in gastric restitution rates
(κ=0.0006±0.0001 s−1, n=3) versus the absence of indomethacin (p>0.05 vs values
compiled in figure 3). However, in the presence of indomethacin the impaired restitution of
TFF2-KO mice was markedly improved when exogenous rTFF3 was added
(κ=0.0037±0.00032, n=5, p<0.001 vs absence of rTFF3 in indomethacin-pretreated mice).
Results are shown in a representative experiment in figure 5A (performed in the same
indomethacin-treated TFF2-KO mouse before and after rTFF3), and in compiled values of
figure 5B. Figure 5C shows that addition of rTFF3 to the TFF2-KO mouse (in the absence of
indomethacin) did not result in any increase in PGE2 levels within the gastric tissue. Further,
in the presence of indomethacin, the tissue levels of PGE2 in control mice (given above;
2.7±0.6 ng/g tissue) were not changed upon addition of exogenous rTFF3 (2.9±0.2, n=5).

Measurements of surface pH identified that in the presence of indomethacin, the resting
surface pH of TFF2-KO mice was comparable before and after exogenous rTFF3 (3.5±0.2
n=5 and 3.4±0.1 n=4, respectively). However, while the response of TFF2-KO mice to LPD
was a surface pH acidification of −0.23±0.01 (n=3 experiments in two animals), after
addition of exogenous rTFF3 the TFF2-KO mice responded to a second LPD with a surface
pH alkalinisation of 0.21±0.07 (ΔpH, n=4 experiments in three animals). The results suggest
that rTFF3 acted via a signalling pathway that is independent of COX activity, and that
rapidly regulates gastric acid/base secretions.

As the COX-1-KO mouse also exhibited impaired epithelial restitution and altered surface
pH regulation,2324 we performed experiments to examine COX-1 protein expression in the
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TFF2-KO gastric mucosa. Western blot results in figure 5D confirmed that results were not
influenced by changes in COX-1 protein expression. Further, preliminary Western blot
results with affinity-purified anti-COX-2 antisera (Cayman Chemical) also showed no
increase in COX-2 protein level in the TFF2-KO gastric mucosa (data not shown).

DISCUSSION
TFFs have been extensively studied in vivo and in vitro, with most data suggesting that
these small protease-resistant peptides promote epithelial repair in the gastrointestinal (GI)
tract and other systems.57173738 In the proximal and distal GI tract, it is recognised that TFF
expression is increased in long-term injury or ulcer models.101819 In complementary studies,
administration of exogenous trefoil peptides to acutely wounded monolayers of intestinal
epithelial cell cultures increases the rate of cell migration, resulting in epithelial
restitution.3739 The present study for the first time examines the in vivo requirement of the
gastric epithelium for TFF2 during the rapid repair of acute microscopic lesions. By
continuously studying the entire damage-repair cycle in vivo, outcomes extend previous
results.

Laser-induced cellular damage is used for some clinical applications (photodynamic therapy,
cellular ablation), and is highly advantageous as an experimental model for tracking damage
and repair. It should be recognised that the mechanisms of laser-induced cellular damage
may, or may not, have conventional pathophysiological correlates, and this has not been
evaluated in our experiments. However, the method has been exploited by our group and
others in studies of cell and tissue repair in stomach, intestine, embryos and pancreatic
islets.40–42 Advantages include producing a microscopic lesion in seconds, with the ability
to control initial damage size and site of damage at the gastric mucosal surface.23 Combined
with the ability to perform confocal time-lapse microscopy to quantify the progression of
epithelial repair with high time and spatial resolution in vivo, the model provides unique
advantages. In this report, we introduce use of curve fitting of the repairing damaged area as
a way impartially to evaluate rates of epithelial restitution. Curve fits to a single exponential
decay function provided good fits to these data (in 48 experiments, R2=0.78±0.02, range
0.62–0.96). It should be noted that the model also has disadvantages, and in this report the
most striking one is the difficulty of performing analyses that report on biochemical events
when the damage site only consists of 20–30 cells. Due to technical limitations, we have not
been successful in identifying the site of damage for immunohistochemistry or
microdissection.

In the normal mouse, TFF2 is expressed in the mucus neck cells and at the gastric surface
mucus layer.9 Our results show a severely impaired restitution of the gastric surface
epithelium in TFF2-deficient mouse stomach. This outcome suggests that TFF2 is, directly
or indirectly, an indispensable factor in promoting prompt epithelial restitution after acute
and modest gastric injury. It should be noted that in TFF2-KO mice, the stomach expresses
both TFF1 and TFF3. In the TFF2-KO mouse, expression of TFF1 (at or near the gastric
surface in the corpus) is unchanged compared with wild-type mice,20 but TFF3 expression is
increased at the pylorus-duodenal junction.27 To test whether lack of trefoil peptide was the
deficit leading to impaired repair (vs an indirect adaptive effect caused by constitutive loss
of TFF2 in this mutant mouse model), we tested the effect of adding exogenous trefoil
peptide to the TFF2-KO stomach. We could not obtain recombinant TFF2, and so utilised
rTFF3 in these experiments. Our use of TFF3 in these rescue experiments limits
interpretation since we cannot be confident that the actions of this peptide would mirror
those after addition of exogenous TFF2. Fortunately, previous results have shown that TFF
peptide function can be redundant among isoforms, potentially because of their high
sequence homology and/or acting in an additive fashion through complementary
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mechanisms.1643 Since acute addition of exogenous rTFF3 rescued epithelial restitution in
the TFF2-KO mouse stomach, the results suggest (1) signalling pathways for TFFs remained
intact in the TFF2-KO animal and (2) the simplest explanation for slow restitution in the
TFF2-KO mouse stomach is inadequate levels of TFFs acting at the site of repair. This
conclusion is consistent with observations that TFF2 is the quick responding and high
concentration (~10 μM in mucus gel) TFF in the stomach.12

The products of COX activity, especially prostaglandins, are well established as protective
factors in the gastric epithelium through their actions in regulating blood flow as well as
increasing bicarbonate and mucin secretion.3536 Interestingly, it was reported that activation
of cell invasion by TFF1 and TFF3 in a colon epithelial cell model is mediated by COX-
dependent signalling.26 Since we had previously shown that COX-1 activity is required for
prompt epithelial repair of the gastric epithelium,23 we asked if COX-1 protein was induced
in the TFF2-KO (it was not). We also asked if a COX inhibitor, indomethacin, blocked the
rescue of TFF2-KO gastric repair caused by rTFF3. Assays of PGE2 showed that rTFF3 did
not raise PGE2 levels in TFF2-KO gastric tissue, and that indomethacin effectively lowered
PGE2 levels in control tissues. Since rTFF3 still restored rapid restitution rates in
indomethacin-pretreated TFF2-KO mouse stomach, the results strongly suggested that the
TFFs regulate gastric epithelial restitution by a pathway that does not require COX activity.

We and others have previously observed that one feature of gastric epithelial damage/repair
is an increase in extracellular pH adjacent to the gastric surface (surface pH).23–25 Since
extra-cellular pH is an important factor to influence cell migration (via remodelling of the
focal adhesion complex to affect cell-cell and cell-substratum adhesion)30 and TFF2 is a
known motogen that promotes cell migration, we asked if the TFF2-KO mouse had altered
surface pH regulation. The results showed that while the TFF2-KO surface pH was the same
as that of control mice in an unperturbed epithelium, there was no significant surface pH
increase in the TFF2-KO stomach following damage. In the TFF2-KO mice, the surface pH
response was restored by exogenous TFF peptide (rTFF3). Although COX-1 activity has
been shown to be a major regulator of surface pH in mouse,2328 addition of indomethacin
did not eliminate the ability of rTFF3 to rescue surface pH increases after damage. This is
consistent with the lack of involvement of COX activity in rTFF3 effects, as discussed
earlier. The results suggest that this novel effect of TFFs to regulate surface pH is via a
COX-independent mechanism, but further experimentation will be needed to determine
whether the change in surface pH has any impact on the rate of restitution.

In summary, this study in a microscopic damage model indicates that TFF2 plays a role in
restitution after acute gastric epithelial injury, and the effect of exogenous trefoil peptides to
promote acute wound repair does not require COX activity. We report the novel finding that
TFFs affect gastric surface pH regulation, but can only speculate that this may have an
impact on the ability of the peptides to promote epithelial restitution/migration. Further
experimentation will be needed to test the causal link between changes in surface pH and
cell migration in models of gastric damage.
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Significance of this study

What is already known about this subject?

• In cultured cells, TFF2 promotes cell migration.

• In cultured cells, TFF-induced cell invasion has been proposed to act via
eicosanoids.

• TFF2-KO mice have increased sensitivity to indomethacin-induced gastric
damage.

What are the new findings?

• TFF2 accelerates gastric lesion repair in vivo.

• TFF2’s ability to repair damage in vivo is independent of COX activity.

• TFF2 and COX act independently to regulate gastric surface pH after damage.

How might the work impact on clinical practice in the foreseeable future?

• The results suggest that the action of recombinant TFF2 to accelerate gastric
repair may work synergistically with COX activity, offering a rationale for new
therapeutic targets and treatment modalities of gastric damage.
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Figure 1.
Data analysis procedures during two-photon laser-induced photodamage (LPD) of the
mouse gastric epithelial surface. (A) Analysis of the damaged area. Left: sample image of
NAD(P)H autofluorescence collected from the mouse gastric epithelial surface ~5 min post-
LPD. Autofluorescence is reduced markedly after photodamage in the region bounded by
the dotted line in the insert image, and the included area is used to estimate damage size.
Right: the graph shows normalised representative data points measuring the damaged area
over time in a control mouse. Time of maximal damage (Tmax) and area of maximal damage
(Amax) are estimated from individual data points. The rate constant of area recovery (κ, s−1)
is calculated by curve fitting the data between Amax and the following 10 min (black dots in
trace) to a single exponential decay equation. Dotted lines in the graph show the 95% CI on
the curve fit. (B) Analysis of the extracellular pH at the gastric surface. Left: Cl-NERF
added to the perfusate allows sequential collection of confocal images of juxtamucosal
fluorescence at 514 and 458 nm excitation. White circles show areas used for measuring the
surface pH from 514/458 ratio images. Right: the graph shows representative surface pH
measurements in control mouse stomach before and after LPD (arrow). Scale bar=50 μm.
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Figure 2.
Time course of changes in damaged area after laser-induced photodamage (LPD) in (A)
control mice, (B) trefoil factor 2 knockout (TFF2-KO) mice and (C) TFF2-KO mice after
topical addition of recombinant rat TFF3 (rTFF3), as described in the Methods section. In
each panel, eight images from a representative time course experiment are shown on the left.
In those images, the white rectangle in the first image of the series shows the gastric surface
region exposed to LPD (70×4 μm2) at time zero, and all other images indicate the time of
imaging the same tissue location after LPD. On the right of each panel, results are compiled
for the indicated number of experiments (each collected from at least three animals) with
values presented as mean±SEM.

Xue et al. Page 13

Gut. Author manuscript; available in PMC 2013 June 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Damage recovery parameters from control mice, trefoil factor 2 knockout (TFF2-KO) mice
and TFF2-KO mice after topical addition of recombinant rat TFF3 (+rTFF3). As described
in the Methods section and figure 1A, parameters were extracted from individual
experiments performed as in figure 2 and then results were compiled. The parameters were
(A) maximum damaged area (Amax), (B) the time to attain the maximal damaged area after
laser-induced photodamage (LPD) at time zero (Tmax), (C) the restitution rate constant (κ)
and (D) the time required to repair half of the maximal damage (T1/2). Results are presented
as the mean±SEM of n=4–10 experiments (each condition performed in at least three
animals). *p<0.05, **p<0.001 in unpaired t test versus values from the TFF2-KO animals.
NS, no significance.
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Figure 4.
Gastric epithelial surface pH values from control mice, trefoil factor 2 knockout (TFF2-KO)
mice and TFF2-KO mice + recombinant rat TFF3 (rTFF3). As described in the Methods
section and figure 1B, extracellular pH was measured adjacent to the gastric surface (pHex)
using confocal microscopy of Cl-NERF fluorescence. (A) Resting surface pH collected prior
to laser-induced photodamage (LPD). Every pH value is the average value of 6–8
measurements from an individual animal. No significant difference of resting pH among
conditions (p=0.87, one-way analysis of variance; SDs were not significantly different). (B)
Representative time course of pHex following LPD in control mice (open circles), TFF2-KO
mice (filled circles) and TFF2-KO mice after topical application of rTFF3 (open squares).
The initial pHex values before LPD were 3.44, 3.52 and 3.61 in control, TFF2-KO and
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TFF2-KO+rTFF3, respectively. (C) The maximal surface pH change after LPD (ΔpH) was
calculated relative to the pre-LPD surface pH in individual experiments, and then values
were compiled. The results are presented as the mean±SEM for n experiments. *p<0.05,
**p<0.001 in unpaired t test versus values from the TFF2-KO animals.

Xue et al. Page 16

Gut. Author manuscript; available in PMC 2013 June 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Role of cyclooxygenase (COX) in gastric restitution mediated by trefoil factor 2 knockout
(TFF2-KO) mice. (A) Representative experiments examining the damaged area in response
to laser-induced photodamage (LPD) imposed on TFF2-KO mice after 1 h indomethacin
pretreatment (5 mg/kg subcutaneously), in either the absence (filled triangles) or presence
(open squares) of recombinant rat TFF3 (rTFF3). (B) Values of the restitution rate compiled
from experiments performed as in A (n=3, indo.; n=5, indo+rTFF3). In an unpaired t test,
values in the presence of indomethacin were not different compared with rates in the
absence of indomethacin in figure 3C. In the presence of indomethacin, rTFF3 significantly
accelerated the restitution rate (p<0.05). (C) Prostaglandin E2 (PGE2) levels (measured by
enzyme immunoassay; see the Methods section) in TFF2-KO animals in the absence or
presence of rTFF3 (D) Upper panel: western blot analysis qualitatively reports COX-1
expression in wild type (+/+) and TFF2-KO mice gastric mucosa, using glyceraldehyde
phosphate dehydrogenase (GAPDH) as loading control in the same blots. Lower panel:
densitometry of COX-1 blots, normalised to GAPDH and then standardised to the response
in wild-type (WT) animals, shows no significant difference in COX-1 protein between
phenotypes (n=4).
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