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Induction of trefoil factor (TFF)1, TFF2 and TFF3 by
hypoxia is mediated by hypoxia inducible factor-1:
implications for gastric mucosal healing
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Background and purpose: Mucosal microcirculation is compromised during gastric damage induced by non-steroidal
anti-inflammatory drugs, such as aspirin. Consequently, oxygen supply to epithelial cells is decreased. The trefoil factor (TFF)
peptides are involved in mechanisms of defence and repair in the gastrointestinal tract but their regulation at sites of gastric
injury is unknown.
Experimental approach: Hypoxia and expression of TFF genes and peptides were measured in the damaged stomach of
aspirin-treated rats. In a human gastric cell line (AGS cells), the effects of hypoxia and of hypoxia inducible factor (HIF)-1
(through transient transfection of HIF-1a siRNA or over-expression of HIF-1a) on TFF gene expression were evaluated.
Key results: Hypoxyprobe immunostaining, up-regulation of TFF2 (1.9-fold) and TFF3 (1.8-fold) and a non-significant increase
of TFF1 (1.5-fold) mRNA were observed in the damaged stomach of aspirin-treated rats, compared with control animals.
Hypoxia (3% O2, 16 h) induced mRNA for TFF1 (5.8-fold), TTF2 (9.1-fold) and TFF3 (9.3-fold) in AGS cells, an effect mediated
by HIF-1, as transient transfection of HIF-1a siRNA reduced the effects of hypoxia. Over-expression of HIF-1a by transfection
in non-hypoxic epithelial cells produced a similar pattern of TFF induction to that observed with hypoxia and transactivated a
TFF1 reporter construct.
Conclusions and implications: Hypoxia inducible factor-1 mediated the induction of TFF gene expression by hypoxia in
gastric epithelial cells. Low oxygen levels and up-regulation of TFF gene expression in the damaged stomach of aspirin-treated
rats suggest that hypoxia induced expression of TFF genes at sites of gastric injury.
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Introduction

Gastric damage induced by non-steroidal anti-inflammatory
drugs (NSAIDs) constitutes one of the most common adverse
reactions associated with pharmacological treatment. It is
generally believed that the ability of these agents to inhibit
gastric prostaglandin generation (Vane, 1971) constitutes the
main causal factor in the reduction of gastric mucosal blood
flow (McCarthy, 1995), which consequently diminishes the
supply of oxygen to the epithelial cells. In recent years, the

discovery of a widespread system of cellular oxygen sensing
that controls gene expression has led to the study of its role in
many pathological circumstances. The hypoxia inducible
factor-1 (HIF-1) has been identified as the master regulator of
the transcriptional response to hypoxia (Semenza, 2001;
2003; Huang and Bunn, 2003). HIF-1, composed of two sub-
units (HIF-1a and HIF-1b), binds to a 5′-RCGTG-3′ hypoxia-
response element (HRE) in the promoter regions of target
genes. HIF-1 activity is regulated mainly through the post-
translational control of protein stability by oxygen. In nor-
moxia, HIF-1a is continuously degraded by specific enzymes
which use oxygen as a major substrate (Bruick, 2003; Lando
et al., 2003). When the oxygen level decreases, HIF-1a escapes
hydroxylation and accumulates in the nucleus, where it binds
to HIF-1b, forming an HIF-1 complex that becomes transcrip-
tionally active.
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The trefoil factor (TFF) family is a group of peptides synthe-
sized and secreted by mucosal epithelia (Sands and Podolsky,
1996; Taupin and Podolsky, 2003) composed of three
members: TFF1 (or pS2), TFF2 (or spasmolytic polypeptide, SP)
and TFF3 (or intestinal TFF, ITF). In the gastrointestinal tract,
TFF peptides are involved in mechanisms of defence and
repair by interacting with mucins to form the mucus barrier
and promote the process of restitution (Dignass et al., 1994;
Playford et al., 1995; Kato et al., 1999; Hoffmann, 2005). The
expression of these peptides in the gut occurs in a tissue- and
cell-specific manner; TFF1 and TFF2 are constitutively
expressed in the stomach, with TFF1 being restricted mostly
to pit cells and TFF2 to mucous neck cells in gastric glands. In
contrast, TFF3 is expressed mainly in goblet cells of the small
and large intestine. Transcriptional regulation plays a major
role in the expression of TFF genes and transcription factors
such as GATA-6 mediate the constitutive expression of TFF1
and TFF2 (Al azzeh et al., 2000), while goblet cell-specific
transcriptional elements are involved in TFF3 expression
(Baus-Loncar and Giraud, 2005). Interestingly, when the
integrity of the mucosa is threatened, this regionally specific
expression disappears and induction of all three genes is
observed in gastric tissue (Alison et al., 1995; Longman et al.,
2000).

Hypoxia has been reported to increase TFF3 mRNA expres-
sion in intestinal epithelial cells, which is interpreted as a
mechanism for maintenance of barrier function when oxygen
levels are low (Furuta et al., 2001; Louis et al., 2006). In addi-
tion, a binding site for HIF-1 has been characterized in the
human TFF3 gene promoter (Furuta et al., 2001). Analysis of
the TFF1 and TFF2 genes shows presence of some HRE con-
sensus sequences in their promoters. Considering the protec-
tive and healing effects of these TFF peptides on gastric
ulceration (Playford et al., 1995; Babyatsky et al., 1996; McK-
enzie et al., 2000) we have analysed the effects of hypoxia and
the role of HIF-1 on expression of TFF genes in gastric epithe-
lial cells. Our results show for the first time, an HIF-1-
dependent induction of TFF1 and TFF2 mRNA expression by
hypoxia and that gastric cells also up-regulate TFF3 in
response to low oxygen levels.

Methods

Animal model
All animal protocols complied with European Community
guidelines for the use of experimental animals, and were
approved by the ethics committee of the Faculty of Medicine,
University of Valencia.

Male Sprague-Dawley rats (250–300 g) (Harlan Laboratories,
Barcelona, Spain) were maintained on standard Purina labo-
ratory chow and tap water ad libitum, and were housed at a
controlled temperature (21 � 1°C) and lighting regime of
0700–1900 h. On the day of the experiment, fasted (24 h) rats
were treated with a vehicle (1% carboxymethylcellulose, p.o)
or a gastro-toxic dose of aspirin (150 mg kg-1, p.o.). Six hours
later, animals were killed, their stomachs were excised and
two strips of the corpus were obtained; one was fixed in 4%
formaldehyde solution for immunohistochemical studies.
The second sample was snap frozen in liquid nitrogen and

stored at -80°C for subsequent reverse transcription-
polymerase chain reaction (RT-PCR) analysis.

Detection of tissue hypoxia
Tissue hypoxia was assessed in the gastric corpus using
Hypoxyprobe-1 solution (Hypoxyprobe™-1 Plus, Chemicon
Int. Temecula, CA, USA). Hypoxyprobe-1 is an exogenous
nitroaromatic compound, which is metabolized in a step-
wise reduction pathway by cellular nitroreductase enzymes
that are able to use the nitroaromatic compounds as alter-
native electron acceptors in conditions of low physiological
pO2. The consequent fragmentation of the imidazole ring
leads to formation of chemical adducts with several macro-
molecular components of cells that can be detected by a
specific antibody.

In our experiments, both vehicle and aspirin-treated rats
were given Hypoxyprobe solution (60 mg kg-1 i.p.) (Morani
et al., 2006) and 15 min later the animals were killed and
tissues removed for analysis. Rats that were not injected with
Hypoxyprobe-1 were used as negative controls.

Immunohistochemical studies
Hypoxyprobe-1, TFF1 and TFF3 were detected in representa-
tive 5 mm sections of paraffin-embedded tissues from vehicle
or aspirin-treated rats. After antigen retrieval with
10 mmol L-1 citrate at 95°C, sections of tissues from rats
given Hypoxyprobe-1 were sequentially incubated with a
mouse FITC-conjugated IgG1 primary antibody against
Hypoxyprobe-1 (Chemicon Int, 1:50) and a horseradish per-
oxidase (HRP)-conjugated secondary monoclonal antibody
against FITC (Chemicon Int, 1:50). TFF1 and TFF3 detection
were carried out in slides of aspirin or vehicle-treated rats
incubated with a rabbit polyclonal antibody against rat TFF1
(kindly provided by Dr Giraud, 1:200) or with a rabbit poly-
clonal antibody against rat TFF3 (kindly provided by Dr
Podolsky, 1:200) respectively. A goat anti-rabbit antibody
conjugated with HRP (Vector Laboratories, Burlingame, CA,
USA, 1:200) was used as secondary antibody. Finally, all
tissues were incubated with DAB Enhanced Liquid substrate
System for Immunohistochemistry (Sigma Chemical Co) and
were counterstained with haematoxylin. The specificity of
the immunostaining was confirmed in all cases by the
absence of staining in analogous tissue sections when either
the primary or the secondary antibodies were omitted. In
addition, an immunizing peptide blocking experiment was
performed to determine the specificity of the rat TFF3 and
TFF1 antibodies. Western blot analysis of extracts (30 mg)
from rat jejunum using anti-rat-TFF3 (1:10 000) or stomach
with anti-rat-TFF1 (1:1000), revealed a major band of 7 and
12 kDa respectively. These signals were blocked with increas-
ing amounts of TFF3 (1, 2 or 4 mg) and TFF1 (0.8, 1.6 3.2 mg)
peptides respectively. Transfers were stripped and reprobed
for actin as a loading control.

Cell culture and transfection
AGS cells, purchased from ATCC (Manassas, VA USA), were
cultured in F12K medium (Invitrogen Life Technologies
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Carlsbad, CA, USA) supplemented with 10% FCS 100 U ml-1

penicillin and 100 mg ml-1 streptomycin, at 37°C in a humidi-
fied atmosphere (21% O2) with 5% CO2. Cells were exposed to
a hypoxic atmosphere in which there was 3% O2 (with
increased proportions of N2). Cells were routinely transfected
at 60–80% confluence with Lipofectamine™ 2000 (Invitro-
gen). Forty-eight hours after transfection, cells were processed
for Western blot or RT-PCR analysis as described below. In
some experiments, AGS cells were incubated in normoxia
with the nitric oxide (NO) donor DETA-NO (10, 50 or
100 mmol L-1, diethylenetriamine/NO, Alexis Co., Notting-
ham, UK) for 60 min, followed by 16 h incubation in hypoxia.

HIF-1a overexpression and transient silencing
HIF-1a was overexpressed in cells by using a plasmid that
encoded a mutated HIF-1a (pcDNA4-HIF1a; kindly provided
by Dr J. Mateo, CNIC, Madrid, Spain) or an empty vector
(pcDNA4). Mutation of the proline residues at 402 and 564
and the asparagine residue at 803 allows HIF-1a to escape
oxygen-dependent hydroxylation (personal communication
from Dr Mateo). The resulting expressed protein is, therefore,
stable in normoxia.

In order to silence endogenous HIF-1a we used RNA inter-
ference (RNAi) by employing a vector-driven system (pBS
U6/Pol III) as previously described (Apostolova et al., 2006),
using the HIF-1a-specific sequence 5′-GTCTCGAGATGCA
GCCAGA-3′ (Erler et al., 2004), which we named siHIF-1a.
Control transfections included an siRNA targeted to green
fluorescent protein (GFP) (Apostolova et al., 2006) and called
siGFP.

Luciferase reporter gene assay
The 5′-flanking region of human TFF1 (Genbank Accession
NM_003225) was amplified by PCR from a sample of genomic
DNA (Roche Diagnostics, Indianapolis, IN, USA) using the
primers, 5′-GCCTCGAGTACAGGAGAGCAGGAGGCTGT-3′
and ATAAGCTTGCCTCCTCTCTGCTCCAAAGG-3′, which are
engineered to contain a Xho I and an Hind III site respectively
(underlined). The PCR product was gel-purified and cloned
into the pGEM-T Easy vector (Promega, Madison, WI, USA),
using a T-A cloning strategy. Correct fragments were then
cloned into the pGL3 luciferase reporter plasmid (Promega).

Transient co-transfection assays of the luciferase reporter
construct of the human TFF1 promoter and pcDNA4-HIF1a
were carried out and luciferase analysis was performed as
described (Apostolova et al., 2006). Finally luciferase activity
was defined as the ratio between the constitutively active
luciferase and the luciferase reporter plasmid.

Western blot analysis of HIF-1a and TFF peptides
Preparation of total protein extracts and membrane transfer
was carried out as described (Mateo et al., 2003). Total
protein concentration in extracts was determined with
the Pierce BCA protein assay kit (Pierce Chemicals, Boulder,
CO, USA), using BSA to generate a standard curve. Mem-
branes were blocked with 5% non-fat dry milk in TBS-T
(20 mmol L-1 Tris/HCl pH 7.2, 150 mmol L-1 NaCl and 0.1%
Tween 20) and incubated overnight with a monoclonal anti-
body against HIF-1a (dilution 1:250 BD Biosciences, San
Jose, CA, USA) or a polyclonal antibody against h-TFF1
(dilution 1:250 Santa Cruz Biotechnology), h-TFF2 (dilution
1:1000, Abnova) and h-TFF3 (dilution 1:200, Santa Cruz Bio-
technology) or actin (dilution 1:4000; Sigma). Protein bands
were detected by incubation with HRP-conjugated goat anti-
mouse IgG (dilution 1:2500; DakoCytomation, Glostrup,
Denmark) or goat anti-rabbit IgG (1:5000; Vector Laborato-
ries), followed by treatment with supersignal west pico
chemiluminescent substrate (Pierce) and revealed using LAS-
3000 (Fujifilm).

Real-time quantitative RT-PCR
Total RNA from gastric samples or AGS cells was isolated with
TriPure Isolation Reagent (Roche Diagnostics GmbH. Man-
nheim, Germany) and the RNeasy Mini kit (Qiagen, Valencia,
CA, USA) respectively. The protocol was followed as described
previously (Quintana et al., 2004). Specific primers for rat
TFF1, TFF2 and TFF3 and human TFF1, TFF2, TFF3 and Glut-1
were designed according to reported sequences (Table 1) and
cyclophilin A (rat and human, CyPA) was employed as a
housekeeping gene. To quantify input amounts of templates,
a standard curve was obtained with serial dilutions of total
RNA of a positive control (Table 1) for each analysed gene also
after RT-PCR. Specificity of PCR was confirmed by melting
curve analysis and agarose gel electrophoresis. To normalize

Table 1 Primer sequences, reaction data and characteristics of specific PCR products for each gene analysed

Target gene Primer sequences (5�-3�) Tann (°C) PCR cycles Size (bp) Positive control

rCyc CGTCTGCTTCGAGCTGTTTG (s) GTAAAATGCCCGCAAGTCAA (as) 60 35 464 Rat stomach
rTFF1 TTGCCCAGAACCAGGAAG (s) GTGCCGAGTCTTGATGTAACC (as) 60 30 227 Rat stomach
rTFF2 GTGCCCCTCTCTTGGTAGTG (s) GACGCTTGGTTTGGAAGT G (as) 59 35 240 Rat stomach
rTFF3 ATGGAGACCAGAGCCTTCT (s) GGATGCTGGAGTCAAAACAG (as) 59 40 193 Rat intestine
hCyc CGTCTCCTTTGAGCTGTTTG (s) GGTGATCTTCTTGCTGGTCT (as) 58 35 415 AGS cells
hGlut1 ATGAAGGAAGAGAGTCGGCA (s) TGAAGAGTTCAGCCACGATG(as) 57 45 547 AGS cells in hypoxia
hTFF1 GCAAATAAGGGCTGCTGTTTC (s) GAAGCGTGTCTGAGGTGTCC(as) 61 40 209 AGS cells in hypoxia
hTFF2 CCCCCATAACAGGACGAAC (s) ATGAAGTTGGAGAAGCAGCAC (as) 60 45 231 AGS cells in hypoxia
hTFF3 TCCCCAAGCAAACAATCC(s) TGAAACACCAAGGCACTCC(as) 60 45 317 AGS cells in hypoxia

as, anti-sense; PCR, polymerase chain reaction; s, sense; Tann, annealing temperature.
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the results, interpolated values for each sample were divided
by values for the corresponding housekeeping gene CyPA,
and results are expressed as the fold induction of the TFF/
CyPA ratio for each treatment versus the corresponding
control group.

Statistical analysis
Data are reported as the mean � SEM. Comparisons between
groups were made by means of an unpaired Student’s t-test or
one-way analysis of variance (ANOVA) followed by a Newman-
Keuls test where appropriate. Graphpad Prism version 3.03
(GraphPad, San Diego, CA, USA) was used to perform statis-
tical analysis; P values < 0.05 were considered statistically
significant.

All drug and molecular target nomenclature conforms to
the British Journal of Pharmacology’s Guide to Receptors and
Channels (Alexander et al., 2008).

Results

Gastric damage induced by aspirin is associated with hypoxia
and increased TFF1, TFF2 and TFF3 mRNA expression in the
gastric mucosa
Administration of a single dose of aspirin (150 mg kg-1, p.o.)
to fasted rats caused haemorrhagic lesions in the corpus
region of the stomach when analysed 6 h later. Histological
analysis revealed mucosal erosions affecting around the third
upper part of the mucosa (Fig. 1A). In normal rat gastric tissue

Figure 1 Aspirin-induced gastric damage in rats is associated with increased expression of TFF1 and TFF3 peptides and with hypoxia in the
gastric corpus. Sections of gastric corpus of the stomach of vehicle- or aspirin-treated rats (6 h after 150 mg kg-1, p.o.) were excised,
formalin-fixed, paraffin-embebbed and cut into 5 mm-sections. (A) Immunohistochemical detection of TFF1 and TFF3 in the gastric corpus of
vehicle- or aspirin-treated rats (representative of n � 3 assays) Scale bar: 200 mm. (B) Hypoxyprobe immunostaining in the superficial
epithelium of the gastric corpus of vehicle or aspirin-treated rats (representative of n � 3 assays; note the magnification is greater than in A).
Scale bar: 50 mm. TFF, trefoil factor; ASA, aspirin.
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immunohistochemical analysis of TFF1 expression revealed
the surface mucous cells as the specific location of this peptide
along the epithelium. After this single gastro-toxic dose of
aspirin, expression of TFF1 was lost specifically at focal sites of
injury where there had been loss of surface mucous cells
(Fig. 1A). However, a broad band of TFF1 immunostaining
was uniformly distributed along the gastric corpus of aspirin-
treated rats (Fig. 1A). TFF3 was minimally expressed in the
gastric corpus of control animals and it was localized at the
surface mucous cells (Fig. 1A). A moderate immunostaining
was observed in the third upper part of the mucosa of the
gastric corpus of aspirin-treated rats (Fig. 1A).

A strong staining of hypoxyprobe was present along the
gastric glands and pits of both non-damaged and damaged
regions of the gastric corpus of aspirin-treated rats. A limited
immunostaining was observed in the gastric mucosa of
control animals (Fig. 1B), indicating that gastric damage
induced by aspirin results in significant tissue hypoxia within
the epithelium (Fig. 1B).

Real-time quantitative RT-PCR (qPCR) analysis of mRNA
expression of TFF genes in a section of the control rat gastric
corpus revealed significant differences among the three
genes. TFF1 was abundantly expressed in the rat gastric
corpus as its basal mRNA expression is significantly higher
than that of CyPA. The expression levels of TFF2 mRNA
were around half that of CyPA while TFF3 mRNA was much
less expressed (Fig. 2A). Interestingly, a significant increase
of TFF2 and TFF3 mRNA and a non-significant increase of
TFF1 mRNA were observed in the stomach of aspirin-treated
rats compared with control animals while the amount of
CyPA was not significantly different among the experimen-
tal groups (Fig. 2B).

Hypoxia induces HIF-1a stabilization and increases TFF genes
and peptides expression in gastric epithelial cells (AGS cell line)
Constitutive expression of mRNA for TFF1, TFF2 and TFF3 was
observed in AGS cells, and the amount of all three TFF mRNAs
is lower than that of CyPA (Fig. 3A). As observed in the rat
gastric mucosa, TFF1 mRNA was the most abundant while the
expression levels of TFF3 mRNA was very low (Fig. 3A). In
these cells, hypoxia (3% oxygen) induced HIF-1a stabilization
in a time-dependent manner (Fig. 3B) and significantly
increased TFF1, TFF2 and TFF3 mRNA, while it did not sig-
nificantly modify CyPA mRNA levels (Fig. 3B). Western blot
analysis of TFF peptides in AGS cells showed constitutive
expression of TFF1 and TFF2 while TFF3 was almost undetect-

Figure 2 Aspirin-induced gastric damage in rats is associated with
increased mRNA expression of TFF1, TFF2 and TFF3 in the gastric
corpus. (A) Relative mRNA expression levels of TFF1, TFF2 and TFF3
versus the housekeeping gene CyPA in the gastric corpus of Sprague-
Dawley control rats. (B) Ratio between mRNA expression levels of
each TFF and CyPA in the homogenised stomach of aspirin-treated
rats, expressed as fold induction versus the corresponding vehicle-
treated group. CyPA mRNA expression in the gastric corpus of vehicle
or aspirin-treated rats are also shown. Bars represent the
mean � SEM (n � 3). Comparisons between groups were performed
using the unpaired Student’s t-test. Significant difference from the
respective vehicle group is shown by *P < 0.05. TFF, trefoil factor.

�
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Figure 3 Hypoxia induces HIF-1a stabilization and increases TFF1, TFF2 and TFF3 gene expression in AGS cells (gastric epithelial cell line). (A)
Relative mRNA expression levels of TFF1, TFF2 and TFF3 versus the housekeeping gene CyPA in AGS cells. (B) Cells were incubated in normoxia
(21% O2) or hypoxia (3% O2) for 8 and 16 h and results show the levels of HIF-1a and actin in whole cell extracts (by Western blot) and, in
the lower graphs, the ratio between mRNA expression levels of each TFF and CyPA, expressed as fold induction versus the corresponding
normoxia-treated group and CyPA mRNA expression in the different experimental groups. Bars in the graphs represent the mean � SEM
(n � 3). Comparisons between groups were performed using ANOVA followed by Newman Keuls test. Significant difference from the respective
normoxic group is shown by **P < 0.01 or ***P < 0.001. (C) Western blot detection of TFF1, TFF2, TFF3 and actin in cells incubated 16 h in
normoxia or hypoxia. Blots are representative of results obtained in three separate experiments. HIF, hypoxia inducible factor; TFF, trefoil factor.
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able. Hypoxia increased in all cases the amount of TFF pep-
tides in whole cell extracts (Fig. 3C).

TFF1, TFF2 and TFF3 mRNA expression induced by hypoxia
is HIF-1-dependent
In AGS cells, the NO donor compound, DETA-NO, induced a
dose-dependent destabilization of hypoxia-induced HIF-1a
(Fig. 4A) as previously demonstrated in other cell lines (Mateo
et al., 2003). In parallel, DETA-NO (100 mmol L-1) induced a
significant decrease in the hypoxia-induced expression of
TFF1, TFF2 and TFF3 mRNA (Fig. 4B). In addition, transfec-
tion of siHIF-1 into AGS cells displayed a significantly lower
level of steady-state HIF-1a protein after incubation in
hypoxia, than cells transfected with a control siGFP which in
turn exhibited a significant HIF-1a stabilization compared
with the same cells under normoxia (Fig. 5). The reduction in
HIF-1a protein observed in siHIF-1a cells was paralleled by a
significant reduction in the hypoxic induction of TFF1, TFF2
and TFF3 mRNA (Fig. 5). Finally, no significant changes in
CyPA mRNA levels were observed between siHIF-1 and siGFP
cells (Fig. 5).

Overexpression of HIF-1a up-regulates TFF1, TFF2 and TFF3
mRNA in normoxia
Transfection of AGS cells with an oxygen-stable HIF-1a
plasmid (pcDNA-HIF1a) resulted in robust protein expression,
as detected by Western blot analysis (Fig. 6) while no HIF-1a
was observed in empty vector-transfected control cells
(pcDNA4). This protein was transcriptionally active, as levels
of Glut1 mRNA, a well-established HIF-1 responsive gene,
were higher in these cells than in control cells (Fig. 6). A
parallel significant increase in TFF1, TFF2 and TFF3 mRNA was
observed in HIF-1a transfected cells while no significant
changes were observed in CyPA mRNA levels.

Functional response of TFF1 promoter region to HIF-1
Structural analysis of the TFF1 and TFF2 genes shows an HRE
at -552/-562 and -283/-293, relative to the transcription
start site in their respective promoters. We therefore assessed
whether the human TFF1 promoter is responsive to HIF-1. As
shown in Figure 7, cells that over-express HIF-1 in normoxia,
transiently transfected with the full-length human TFF1 pro-
moter, showed an approximately threefold increase in
luciferase ratio over cells transfected with an empty vector
P < 0.05.

Discussion

The present study demonstrates, for the first time, an HIF-1-
dependent induction of TFF1 and TFF2 mRNA expression by
hypoxia and extends to another location, gastric epithelial
cells, the phenomenon of HIF-1-dependent regulation of
TFF3. The presence of hypoxia and the up-regulation of TFF
genes in the damaged stomach of aspirin-treated rats suggest
that an endogenous mechanism is triggered by hypoxia to
repair the damaged mucosa at sites of gastric injury.

Figure 4 Inhibition of HIF-1a accumulation by nitric oxide
decreases hypoxic induction of TFF1, TFF2 and TFF3 gene expression.
(A) Western blot detection of HIF-1a and actin in whole cell extracts
from AGS cells, pre-treated for 1 h with increasing doses of DETA-NO,
before incubation in hypoxia for 16 h. (B) AGS cells were incubated
for 16 h in normoxia, hypoxia, or hypoxia plus 100 mmol L-1 DETA-
NO. Results show Western blots for HIF-1 and actin and, in the lower
graphs, the ratio between mRNA expression levels of each TFF and
CyPA, expressed as fold induction versus the corresponding
normoxia-treated group and CyPA mRNA expression for each experi-
mental group. Bars in the graphs represent the mean � SEM (n � 3).
Comparisons between groups were performed using ANOVA followed
by Newman Keuls test. Significant difference from the respective
control group in normoxia is shown by *P < 0.05, **P < 0.01 or
***P < 0.001 and from the respective group in hypoxia is shown by
#P < 0.05, ##P < 0.01 or ###P < 0.001. Blots are representative of results
obtained in three separate experiments. HIF, hypoxia inducible factor;
NO, nitric oxide; TFF, trefoil factor.
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Figure 5 Hypoxia inducible factor (HIF)-1a suppression by siRNA
decreases hypoxic induction of TFF1, TFF2 and TFF3 gene expression.
AGS cells were transiently transfected with a plasmid expressing a
siRNA against HIF-1a or green fluorescent protein (GFP) and incu-
bated for 16 h in hypoxia or normoxia. (A) Western blot detection of
HIF-1a and actin in whole cell extracts. Blots are representative of
results obtained in three separate experiments. (B) Graphs show the
ratio between mRNA expression levels of each TFF and CyPA,
expressed as fold induction versus the corresponding normoxia-
treated group and CyPA mRNA expression for each experimental
group. Bars in the graphs represent the mean � SEM (n � 3). Com-
parisons between groups were performed using the ANOVA followed
by Newman Keuls test. Significant difference from the respective
control group in normoxia is shown by *P < 0.05, **P < 0.01 or
***P < 0.001 and from the respective control group in hypoxia as
#P < 0.05. TFF, trefoil factor.

Figure 6 Hypoxia inducible factor (HIF)-1a overexpression increases
TFF1, TFF2 and TFF3 gene expression in normoxia. AGS cells were
transiently transfected with a plasmid expressing a mutant HIF-1a
(P402A/P564A/N803A) or the empty vector for 48 h. (A) Western
blot detection of HIF-1a and actin in whole cell extracts. Blots are
representative of results obtained in three separate experiments. (B)
Graphs show the ratio between mRNA expression levels of each TFF
and CyPA, expressed as fold induction versus the corresponding
control group and CyPA mRNA expression for each experimental
group. Bars in the graphs represent the mean � SEM (n � 3). Com-
parisons between groups were performed using the unpaired Stu-
dent’s t-test. Significant difference from the respective control group
is shown by *P < 0.05 or **P < 0.01. TFF, trefoil factor.
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Histological analysis of the gastric corpus of aspirin-treated
rats show superficial erosions characterized by loss of surface
and foveolar epithelial cells without affecting the muscularis
mucosa. As shown in the present and other studies (Rio et al.,
1988) most of the cells lost in the course of mucosal erosion
are those in which constitutive TFF peptides are mainly
expressed. Despite this observation a net increase in expres-
sion of mRNA from TFF genes was still detected in the gastric
corpus of aspirin-treated rats which suggests that new cells
and/or additional mechanisms are involved in the induction
of TFF genes in the damaged stomach. Immunohistochemical
analysis revealed a broad band of TFF1 expression in the
corpus mucosa of aspirin-treated rats, compared with that
in the control mucosa. Previous studies have reported
up-regulation of this peptide in deeper cells of the gastric
mucosa but it has usually been associated with severe gastric
ulceration (Ulaganathan et al., 2001). Aspirin treatment also
extends the cellular pattern of expression of TFF3, a peptide
that is hardly expressed in the gastric corpus but is more
abundant in the antrum and the duodenum (Taupin and
Podolsky, 2003; Kouznetsova et al., 2004). Although our study
has been restricted to the area containing the mucosal ero-
sions induced by aspirin, i.e. the gastric corpus, it is possible
that the increased expression of TFF3 in this area may be
partly a consequence of its release into the gastric juice from
more distal parts in the stomach, as the ability of TFF peptides
to induce their expression in a paracrine manner has been
described (Taupin et al., 1999; Baus-Loncar and Giraud, 2005;
Hoffmann, 2005).

Several factors associated with aspirin-induced gastric
damage may be related to TFF induction. Aspirin itself has
been described as promoting TFF2 gene activation in gastric
cell lines (Azarschab et al., 2001), while several cytokines,
which could be released as part of the inflammatory process
associated with damage, have been related to modulation of
TFF genes (Dossinger et al., 2002; Blanchard et al., 2004). A

previous study has reported TFF3 regulation by hypoxia in
intestinal epithelial cells (Furuta et al., 2001). Interestingly, in
the present study both TFF1 over-expression and induction of
TFF3 in the damaged stomach of aspirin-treated rats took
place in cells that were positively stained for hypoxia, results
suggesting that low oxygen levels associated with cellular
damage may induce the coordinated expression of the
members of the TFF family in the rat gastric corpus.

The effect of hypoxia on TFF genes expression has been
analysed in a gastric epithelial cell line, AGS. As expected
from the gastric origin of these cells, basal relative expression
of TFF genes was similar to that in the rat gastric corpus.
Hypoxia induced in a time-dependent manner, transcrip-
tional regulation of TFF1, TFF2 and TFF3, an effect that cor-
related with HIF-1a stabilization. This factor seems to be
involved in the increased transcription of these genes by low
oxygen levels as both pharmacological destabilization of
HIF-1a with an NO donor and the more selective decrease of
endogenous HIF-1a through gene silencing with siRNA, sig-
nificantly reduced hypoxia-induced TFF gene expression. In
contrast to hypoxia, no HIF-1a stabilization was observed in
AGS cells in normoxia, suggesting that this transcription
factor does not modulate the constitutive levels of TFF mRNA
detected in these cells. Transcription factors such as GATA-6,
present in AGS cells (Watson et al., 2002) have been reported
to activate TFF1 and TFF2 promoters and regulate the consti-
tutive expression of these genes (Al azzeh et al., 2000; Taupin
and Podolsky, 2003).

In addition to HIF-1, a number of other transcription
factors are also activated directly or indirectly by hypoxia
(Cummins and Taylor, 2005). In an attempt to bypass the
complex situation of hypoxia, the specific involvement of
HIF-1 in the transcriptional regulation of TFF gene expression
was assessed in cells transiently transfected with a plasmid
that over-expresses HIF-1 in normoxia. Under these circum-
stances, an increased up-regulation of TFF1, TFF2 and TFF3
mRNA expression was detected, a result that establishes a
direct link between HIF-1 and the TFF genes. It is interesting
to point out that this up-regulation was less than that
observed in hypoxia. Although differences in the experimen-
tal models used in both studies could explain the quantitative
changes observed, the possibility that other transcription
factors activated by hypoxia are also involved in the
up-regulation of TFF genes cannot be ruled out. Finally,
because of several HRE sequences (5′-RCGTG-3′; Semenza,
1999) in human TFF1 and TFF2 promoters and the results
obtained in the present study showing the dose-dependent
activation of a minimal TFF1 reporter construct by HIF-1
over-expression in gastric epithelial cells, we would strongly
suggest that human TFF1 and TFF2 are target genes for HIF-1.
Interestingly, a similar situation may exist in the gastric
corpus of the rat, as the same HRE consensus sequences are
present in the rat TFF1, TFF2 and TFF3 promoters (-105/-115,
-294/-314 and 3/-13, respectively, relative to the transcrip-
tion start site), which leads us to propose that HIF-1 may act
as a transcription factor in the up-regulation of TFF genes
observed in the damaged stomach of aspirin-treated rats.
Further studies are needed to address this question.

In the present study, TFF genes were up-regulated in two
situations: in the damaged stomach of aspirin-treated rats and

Figure 7 Hypoxia inducible factor (HIF)-1a over-expression acti-
vates the TFF1 proximal promoter in normoxia. Gastric epithelial cells
were co-transfected with a luciferase reporter construct of the human
TFF1 promoter and with different doses of the pcDNA4-HIF1a or
pcDNA4. Graphs show the luciferase ratio between the constitutively
active luciferase and the luciferase reporter plasmid. Bars in the
graphs represent the mean � SEM (n � 3) and comparisons between
groups were performed using ANOVA followed by the Newman Keuls
test. Significant difference from the control group is shown by
*P < 0.05. TFF, trefoil factor.
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in human gastric epithelial cells by hypoxia. Both conditions
involved a transcriptional mechanism that required several
hours to obtain active proteins. TFF peptides have been
described as mediating different steps of tissue repair, particu-
larly by modulating cell-cell contacts and cell migration,
processes that start immediately after the damage occurs
(Hoffmann, 2005). Considering the results of the present
study, it seems unlikely that the mechanism described here
initiates the rapid re-epithelization of the mucosa. We propose
that the constitutively high levels of these peptides trigger the
initiation of repair in vivo, while transcriptional regulation of
TFF gene expression at sites of gastric damage could be
involved in the subsequent stages of remodelling. Consistent
with this hypothesis, TFF peptides have also been related to
mechanisms associated with later stages of mucosal repair
(Kinoshita et al., 2000; Bossenmeyer-Pourie et al., 2002).

In conclusion, our results demonstrate an HIF-1-dependent
induction of TFF1, TFF2 and TFF3 gene expression during
hypoxia in gastric epithelial cells. The presence of hypoxic
cells and the increased expression of TFF genes in the
damaged stomachs of aspirin-treated rats lead us to propose
that mucosal hypoxia activates an endogenous mechanism,
intended to repair gastric damage.
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