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Abstract

Trefoil factor (TFF) peptides, containing a 40-amino acid motif, including six conserved cysteine 

residues that form intramolecular disulfide bonds, are a family of mucin-associated secretory 

molecules mediating many physiological roles that maintain and restore gastrointestinal (GI) 

mucosal homeostasis. TFF peptides play important roles in response to GI mucosal injury and 

inflammation. In response to acute GI mucosal injury, TFF peptides accelerate cell migration to 

seal the damaged area from luminal contents, whereas chronic inflammation leads to increased 

TFF expression to prevent further progression of disease. Although much evidence supports the 

physiological significance of TFF peptides in mucosal defenses, the molecular and cellular 

mechanisms of TFF peptides in the GI epithelium remain largely unknown. In this review, we 

summarize the functional roles of TFF1, 2, and 3 and illustrate their action mechanisms, focusing 

on defense mechanisms in the GI tract.
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INTRODUCTION

There are three mammalian trefoil factor (TFF) peptides: TFF1 (original name: pS2) (1), 

TFF2 (original name; pancreatic spasmolytic polypeptide, PSP) (2), and TFF3 (original 

name; intestinal trefoil factor, ITF) (3). The current nomenclature TFF was unified in 1996 

at the Conférence Philippe Laudat (4). Members of the trefoil peptide family share a 

conserved 40-amino acid sequence termed the trefoil, or P-type domain, that produces a 

defining three clover-leaf structure comprised of covalent loops stabilized through internal 

disulfide bonds at Cys1-Cys5, Cys2-Cys4, and Cys3-Cys6 (5). This conformation increases 

resistance to degradation by protease, acid, and heat (2, 6) and results in structurally and 

functionally stable TFF peptides in mammalian tissues. Both TFF1 and TFF3 contain a 

single trefoil domain, whereas TFF2 has two trefoil domains. Additionally, TFF1 and TFF3 

contain a free cysteine residue in the C-terminal shown to form covalent dimers with TFF 

peptides or other proteins. This dimerization may be critical for TFF biological properties 

and activities (7–9).
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The TFF genes were cloned in various species, and the genomic organization of rodent Tff 

peptides was shown to be similar to that of human (10, 11). TFF1 was originally described 

as a breast cancer-associated gene regulated by estrogen in the MCF-7 human breast cancer 

cell line (1, 12); therefore, TFF peptides were initially considered as cancer-related genes. 

This concept is still valid today. Many researchers report TFF peptide involvement in cancer 

development as well as cancer progression/suppression in numerous organs, including the 

gastrointestinal (GI) tract (6). However, because TFF peptides are widely expressed in 

normal tissues, TFF peptides clearly have functional significance in healthy tissues. 

Although much current research explores the role of TFF peptides in cancer (6, 13), this 

review seeks to emphasize the physiological significance of TFF peptides outside the 

oncogenic implications. Furthermore, this review focuses on the role of TFF peptides in the 

GI tract, where TFF peptides are detected at high levels both in mucus-secretory cells and in 

the mucus layer overlaying the GI epithelium.

Location of Trefoil Factor Peptides in the Gastrointestinal Tract and Lessons from 
Knockout Mouse Models

In the healthy organism, TFF peptides are distributed in numerous tissues, including the 

brain, kidney, liver, pancreas, respiratory tract, and salivary gland (14, 15), but the most 

abundant expression is found in the normal GI tract where the three TFF isoforms are found 

to have a differential distribution. Examination of mice with genetic deletion of Tff peptides 

can reveal functions of the peptides that may be due to deletion of the target protein or to the 

adaptive regulation of another protein affected by the deleted gene product. Such mice can 

be useful to reveal at least a subset of the functional networks that are controlled by a TFF 

isoform and its downstream effectors.

TFF1 is predominantly expressed in gastric foveolar cells and surface epithelial cells 

throughout the stomach and is detected in the upper ducts of Brunner’s glands in both 

rodents and humans (16–18). Additionally, TFF1 was also detected in the gastric juice (16). 

Although Tff1 mRNA was not detected in the esophagus, small intestine, and colon in mice 

(18), it is present in these organs in humans (19, 20). Interestingly, Tff1 knockout (KO) mice 

develop antral and pyloric gastric hyperplasia and dysplasia (21), which can be explained by 

a lack of a proliferative brake in the absence of Tff1 (22). Because downregulation of TFF1 

is also found in human gastric cancers (Reference 4a), both observations suggest that TFF1 

is a candidate tumor suppressor. Tff1 KO mice also show decreased numbers of parietal cells 

and decreased Tff2 protein expression in the gastric corpus (24), suggesting that TFF1 plays 

important roles in the census of differentiated cells of the stomach epithelium. Interestingly, 

Tff1 KO mice also have abnormally small intestinal villi. This abnormality is usually 

associated with reduced cell production in crypts, either by decreased proliferation or 

increased apoptosis. It is not clear how these observations might be reconciled with 

proposed TFF1 functions in the stomach or if it reveals divergent functions of the peptide in 

the two tissues.

TFF2 is expressed in similar cellular locations in both rodents and humans, namely in 

epithelial cell types deep within the gastric glands of the corpus and antral stomach regions, 

in gastric mucous neck cells, and in the duodenal Brunner’s gland (17, 18, 25). Negligible 
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expression of TFF2 was detected in the esophagus, small intestine, and colon. Tff2 KO 

mouse stomach exhibits decreased proliferation activity in the epithelium and decreased 

gastric mucosal thickness (26). Additionally, basal gastric acid secretion is increased in Tff2 
KO mice (26), consistent with findings that administration of TFF2 inhibits acid secretion 

(25). No other major pathological or morphological changes were found in the GI 

epithelium of unchallenged Tff2 KO mice (26, 27). Interestingly, Tff2 mRNA transcript 

expression marks progenitor cells (preneck cells) in the gastric corpus; from these cells arise 

mucus neck and parietal and zymogenic cells but not pit- or enterochromaffin-like cell 

lineages (28). Results suggest the potential role of TFF2 in cell differentiation, but this was 

not examined directly.

TFF3 is predominantly expressed within goblet cells in the small intestine and colon, 

whereas no expression was detected in liver, pancreas, or stomach in rodents (3). Human 

TFF3 was confirmed to have high homology to rat Tff3 and is highly expressed in goblet 

cells in human small intestine and colon (29, 30). Tff3 KO mouse colon has an increase of 

both epithelial proliferation and apoptosis, resulting in normal crypt appearance (31, 32). No 

obvious change in any tissue morphology was reported in Tff3 KO mice. Results suggest a 

potential role of TFF3 in colonic epithelial homeostasis.

As discussed below, additional functions of TFF peptides in mucosal protection are revealed 

in animals and tissues that are stressed, suggesting that this family of peptides plays 

complementary roles during normal and pathological situations.

Hormonal Regulation of Trefoil Factor Peptides

Based on the original identification of TFF1 as an estrogen-regulated gene, estrogen was 

presumed to physiologically regulate TFF1 peptide production and secretion in the GI tract. 

However, even early evidence suggested that TFF1 is unlikely to be regulated by estrogen or 

its receptors in the GI tract (16). The TFF1 gene sequence contains DNA enhancer elements 

responsive to 12-O-tetradecanolylphorbol-13-acetate (TPA), epidermal growth factor (EGF), 

c-Ha-ras oncoprotein, and the c-Jun protein in MCF-7 (human breast cancer) cells (33). EGF 

regulates the transcription of all TFF genes. In vitro induction of TFF transcription in GI cell 

lines suggests a pathway mediated by epidermal growth factor receptor (EGF-R) and the 

Ras/mitogen-activated protein kinase (MEK)/mitogen-activated protein kinase (MAPK) 

signaling pathway (34). Individual TFF peptides can also induce expression of other TFF 

peptides through EGF-R in vitro (34). Reports show that TFF2 and TFF3 upregulation are 

inhibited in transforming growth factor α (Tgfα, one of the EGF-R ligands) KO mice (35), 

suggesting EGF-R involvement in the regulation of TFF peptides.

Gastrin (produced in G cells in the gastric antrum) regulates gastric acid secretion and 

proliferation and also regulates TFF expression. Gastrin activates TFF1 transcription via 

Raf, MEK, and the extracellular signal regulated kinase (Erk)-dependent pathway mediated 

by the gastrin cholecystokinin (CCK)2 receptor but not the EGF-R or Ras-pathway (13). 

Similarly, TFF2 transcription is activated by gastrin/CCK2 through a guanine-cytosine 

(GC)-rich DNA-binding site and a protein kinase C (PKC)-, MEK1-, and 

phosphoinositide-3-kinase (PI3K)-dependent but EGF-R-independent pathway (36). Both 

Tff1 and Tff2 expressions are reduced in gastrin KO mice and increased in hypergastrinemic 
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transgenic mice (13, 36). Treatment with the proton-pump inhibitor, omeprazole is also 

known to induced hypergastrenia, and interestingly omeprazole-treated mouse stomach was 

found to exhibited increase Tff1 secretion. (37).

Recently, a decreased number of periodic acid-schiff positive goblet cells, accompanied with 

reduction of Tff3 and Muc2 expression, was observed in vasoactive intestinal polypeptide 

(Vip, a peptide hormone) KO mice, and exogenous administration of recombinant VIP 

increased Tff3/Muc2 production by the goblet cells (38). This provides the first evidence 

that TFF3 production is regulated by hormones and that the beneficial effects of VIP may in 

part be mediated by TFF3.

Trefoil Factor Binding Sites

It is presumed that TFF actions are mediated by specific membrane receptors, yet 

unequivocal demonstration of such receptors remains elusive. Intravenously 

administered 125I-TFF2 rapidly distributes to the basolateral domain of gastric neck cells, 

parietal cells, and the pyloric glands to the Paneth cells in the small intestine and crypt cells 

in the colon (39). Over a longer time, radioactivity appears at the luminal surface or mucus 

layer (39). 125I-TFF1 or 125I-TFF3 yield a similar distribution as TFF2 (40). These suggest 

the presence of a basolateral binding site in the specific GI epithelial cells. Although it is 

difficult to resolve high-affinity binding in such experiments, results suggest that all TFF 

peptides bind to similar basolateral sites but do not necessarily bind to sites where 

endogenous TFF1- or TFF3-expressing cells are present. Results support the presence of 

receptor-like binding at cell membranes, at a location distinct from their site of synthesis/

storage in the GI tract. The results also suggest that despite physiologic secretion of TFF 

peptides directly into the luminal compartment, there is the possibilty of trans-epithelial 

transit of the peptides that may be part of their bioactivity.

Binding studies have identified a limited number of candidates for TFF receptors. A possible 

binding site for TFF was identified in small intestinal crypt and gastric mucus neck cells. 

The putative receptor is a 50 kDa membrane glycoprotein for TFF3 (41) or CRP-ductin (also 

named Muclin) for TFF2 (42). Using a solid-phase ELISA assay, it was found that TFF3 

dimer, but not monomeric TFF3 nor (glycosylated or nonglycosylated) TFF2, binds to 

DMBT1gp340 (Deleted in Malignant Brain Tumors 1/glycoprotein340). DMBT1gp340 is the 

human homologue of rodent CRP-ductin, and is known to be upregulated in epithelial cells 

in inflammatory bowel disease (IBD). However, the radioactive peptide binding sites and 

DMBT1 do not colocalize in the tissue [e.g., DMBT1 is expressed in epithelial cells adjacent 

to TFF3-producing goblet cells (19)]. The specificity of interaction between TFF3 and 

DMBT1gp340 is still unclear. Any DMBT1gp340 + TFF3 binding complex could also have 

roles in immune defense since DMBT1gp340 binds to bacteria and is known to act as an anti-

inflammatory molecule downstream of innate immune receptors (Reference 8a).

In addition to binding studies, functional assays are also used to propose potential TFF 

receptors. Unfortunately, such data are often unable to distinguish rigorously between a 

protein required in TFF signaling versus a direct binding partner of the TFF peptide. The 

strongest work in this regard implicates the C-X-C chemokine receptor (CXCR)4 as a TFF2 

receptor. In this study, work with lymphocytic cells provided evidence of TFF2 competing 
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for binding with an anti-CXCR4 antibody and functionally competing with the best-

established ligand of CXCR4 (CXC ligand 12, CXCL12, also known as stromal cell-derived 

factor, SDF-1) (43). More discussion of CXCR4 and other receptors involved with TFF 

signaling is found in later sections that evaluate how such proteins participate in specific 

TFF actions.

It should be noted that TFF peptide is detected in both serum and the luminal fluid of the GI 

tract (44). It is widely assumed that the route of TFF action is via luminal secretion of the 

peptide from the epithelial cells lining the GI tract, and results suggest that even systemic 

TFF peptides can be secreted into the gastric lumen in parallel with mucus secretion from 

mucous cells (45). It is also worth noting that, at the concentrations applied experimentally, 

TFF peptides are promiscuous. The same physiologic effect can be elicited by any one of 

multiple TFF isoforms added as exogenous peptides (46). Given the lack of information 

about binding affinities for any of the peptides at their receptors, it is currently not possible 

to determine if this observation reflects physiologically relevant overlap among TFF receptor 

specificity.

TREFOIL FACTOR PEPTIDES ENHANCE GASTROINTESTINAL MUCOSAL 

DEFENSES

Numerous studies have demonstrated a mucosal protective effect of TFF peptides in the GI 

tract. It is a shared feature that within the gastrointestinal epithelium of mutant mice lacking 

any one of the TFF proteins there is an increased susceptibility to damage in injury models 

(26, 32). In complementary studies, exogenous TFF peptides opposed the generation of 

injury by numerous agents. Both approaches suggest that TFF peptides contribute to 

mucosal defenses in the normal tissue. Oral administration or luminal application of TFF2 

was shown to inhibit gastric injury [induced by nonsteroidal anti-inflammatory drugs 

(NSAIDs) or ethanol] in rats and human cell lines, respectively (47–50). Mice with 

ubiquitous Tff2 KO show increased susceptibility to NSAID injury in the stomach (26).

Oral administration of TFF3 decreased the intestinal damage in chemotherapy- and 

radiotherapy-induced mucositis in mice (51). Enteral adminisration of monomer and dimer 

TFF3 prevent the induction of ischemia-reperfusion-induced intestinal injury in immature 

rats (52). TFF3 inhibits the platelet-activating factor-induced downregulation of claudin-1 

and ZO-1 and transepithelial leakage of lucifer yellow in the human intestinal Caco-2 cell 

line (53). TFF3 also increases transepithelial electrical resistance in vitro in Caco-2, 

HT29/B6, and MDCK cells (53, 54). These studies suggest that TFF3 enhances intestinal 

barrier function via regulation of tight junctions to decrease paracellular permeability of the 

intestinal epithelium.

TFF3 is principally expressed with MUC2 in intestinal goblet cells where it participates in 

mucosal regeneration and repair. Administration of dextran sulfate sodium (DSS) generates 

severe colonic damage in Tff3 KO mice in comparison with wild-type (WT) mice, although 

the protective mucin is still present within goblet cells in untreated Tff3 KO mice (32). 

Observations show that the administration of TFF3 peptide prevents acetic acid-induced 

colonic mucosal injury in mice (32). Luminal administration of TFF2 and TFF3 dimer 
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improves DSS-induced colitis in rats, whereas the TFF3 monomer reportedly has no effect 

on DSS-induced colitis in rats (55). In Vip KO mice, there is less production of goblet cells 

and low secretion of Tff3/Muc2, whereas colonic mucosal permeability and susceptibility to 

dinitrobenzene sulfonic acid-induced damage are increased. These effects can be reversed by 

stimulation of Tff3/Muc2 production following VIP administration, implicating TFF3 in 

intestinal barrier protection (38).

As noted previously, TFF functions are redundant among isoforms and species, potentially 

due to their high sequence homology, and/or they are acting through shared mechanisms. In 

Tff2 KO mice, exogenous TFF3 can inhibit gastric injury induced by indomethacin or 

ethanol in rats (49) and rescue the delayed gastric epithelial repair in these mutant mice 

lacking Tff2 (27). Tff2 KO mice also show an increased susceptibility to DSS-induced 

colonic injury (57).

Although luminal application of TFF peptides most consistently elicits a beneficial effect on 

mucosal defenses, other administration routes are more controversial. Intravenous, 

intraperitoneal or subuctaneous administration of TFF2 protect against ethanol- or 

indomethacin- induced gastric mucosal injury (47, 49, 50). Subcutaneous injection of TFF3 

prevents the induction of ischemia-reperfusion-induced intestinal injury (52). Subcutaneous 

administration of TFF1 (Reference 2a) or TFF2 (Reference 6a) promoted rat gastric ulcer 

healing induced by indomethacin and restraint. It has been noted that TFF1 dimer had 

greater protective effect than its monomer (Reference 2a). In aggregate, these outcomes 

suggest that basolateral TFF receptors/binding sites or transepithelial transit of the TFF 

peptide to the luminal surface can underly beneficial effects of the exogenous TFF peptides. 

Such beneficial effects are not always observed. In contrast, subcutaneous injection of TFF2 

aggravated duodenal ulcer induced by mercaptamine (Reference 6a). Subcutaneous injection 

of TFF2 or TFF3 dimer also aggravated DSS-induced colitis (55), although subcutaneous 

injection of TFF2 at a much lower concentration showed a protective effect on DSS-induced 

colitis (Reference 7a). Transgenic overexpression of Tff1 in the mouse jejunum increases 

mucosal resistance against NSAID-induced small intestinal mucosal injury (56). Application 

of exogenous TFF may result in nonphysiologic concentrations at the site of action, but the 

effect of such high concentrations may be offset by low cross-species reactivity of peptides 

or low bioactivity of recombinant TFF protein. For these reasons, controversy remains about 

the issues of TFF redundancy and the epithelial polarity of TFF action.

Trefoil Factor Peptides in the Mucus Layer

Most regions of the gastrointestinal epithelium are covered by a protective mucus layer, 

maintained by the continuous secretion of mucin proteins. For example, the gastroduodenal 

epithelium has a tightly associated mucus–bicarbonate layer to prevent injury or self-

digestion from strong gastric acid or secreted proteases (58). The best-established 

endogenous regulators of mucin and bicarbonate secretion are prostaglandins (PGs), a class 

of eicosanoids produced by cyclooxygenase (COX)-1 metabolism of arachidonic acid (58). 

It is known that NSAIDs, which are COX inhibitory drugs, generate gastrointestinal mucosal 

injury in human and experimental animals (59).
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It is unlikely that TFF peptides directly stimulate PG production and bicarbonate secretion 

(27) or that PG is required to stimulate Tff secretion. Tff peptides upregulate in response to 

NSAID-induced gastric injury, a condition in which mucosal PG production is inhibited 

(60). Acting through pathways that appear to be independent of PG/COX-1 regulation, 

exogenous TFF peptides prevent the generation of injury induced by NSAIDs, with 

conflicting reports about whether this action of TFF peptides occurs without (47–50) or with 

an inhibitory effect on gastric acid secretion (25, 26). Topical (but not intravenous) 

application of TFF2 reduced proton permeation through gastric mucus layers and inhibited 

surface epithelial cell acidification. In this in vivo action, TFF2 did not affect gastric 

mucosal blood flow or mucus gel thickness (61). Interestingly, inhibition of gastric acid 

secretion by omeprazole, a proton pump inhibitor (PPI), increases Tff1 secretion into the rat 

gastric lumen without affecting Tff1 synthesis in the tissue, whereas there is no effect on 

Tff2 secretion (37). This suggests that TFF1 is a candidate to mediate at least part of the 

gastric protective mechanisms of PPIs.

Each TFF peptide is associated with specific mucins in the different regions of the GI tract. 

In all cases the TFF is stored and secreted from the same cells as the mucin protein. TFF1 

colocalizes with MUC5AC in the gastric surface epithelium, TFF2 with MUC6 in the gastric 

pit to deep gland and neck cells, and TFF3 with MUC2 in the intestine (3, 62–64). In some 

cases it is clear that the TFF is cosecreted with the mucin, such as TFF3 being cosecreted 

with MUC2 from the goblet cell (10).

Direct interaction of TFF peptides with mucins is hypothesized to enhance mucosal defense. 

TFF1 has been detected in three different forms: monomer, dimer, and complexed with other 

molecules. Most TFF1 peptide in the human gastric mucus layer is covalently complexed 

with unknown molecules via disulfide bond (65). Use of a cesium chloride gradient was able 

to separate the TFF1 complex from mucins, whereas TFF1 dimer remained tightly 

associated with mucins (65). Addition of TFF2 or TFF3 dimer to mucin solution increases 

the viscosity and elasticity of the mucin solution, resulting in a gel-like structure, although 

the monomers of TFF1 and TFF3 only have minimal effect (66). Likewise, the TFF2 or 

TFF3 dimer in the presence of mucin glycoproteins shows enhanced protection of the 

integrity of intestinal epithelial monolayers of the human colonic cancer-derived T84 cell 

line against insults (taurocholic acid, oleic acid, Phytohemagglutinin, Clostridium difficile 
toxin A, etc.) (67). It is reported that the trefoil domain of Tff1 can directly interact with the 

von Willebrand factor C (Vwfc)1 and Vwfc2 cysteine-rich domains in Muc2 and Muc5ac 

(68). TFF3 forms a disulfide-linked heterodimer with immunoglobulin G (IgG) Fc binding 

protein, which is a constituent of intestinal mucus secreted by goblet cells (69). Thus, TFF 

peptides are thought to enhance protection of the GI mucosa against injury through 

interactions with mucins.

Immediately following epithelial cellular injury, exfoliated damaged cells form a mucoid cap 

over the repairing epithelium, which has been found to contain mucus, HCO3
−, and plasma 

proteins such as fibrin. This elaborated structure is 5–10 times thicker than the mucus gel 

layer and is not firmly attached to the gastrointestinal epithelial surface (70). It is believed to 

function as a scab that protects the damaged mucosa against further insult and promotes 
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healing. TFF2 protein was identified in the mucoid cap, but the functional significance of 

this observation to either the structure or function of the mucoid cap is unknown (71).

TREFOIL FACTOR PEPTIDES AND CELL MIGRATION

Several studies support the involvement of TFF peptides in cell migration, most deriving 

from the response of a damaged epithelium attempting to restore epithelial continuity. In the 

simplest models, where no cell proliferation is needed to restore a small breach in the 

epithelium, the epithelial restitution occurs rapidly following injury and coordinates the 

removal of damaged cells and the migration of healthy epithelial cells into the breach 

(Figure 1). Efficient restitution is physiologically important to limit fluid and electrolyte 

loss, and prevent luminal antigens and bacteria from accessing the host tissue and immune 

cells. In the case of more extensive damage (e.g., peptic ulceration), restitution is 

supplemented by proliferation because additional cells are needed to span the larger damage 

area, and both epithelial and non-epithelial cells are involved in the tissue remodeling. As 

discussed below, extensive damage brings additional complications of inflammatory 

responses, and this is a function in which TFF peptides also play a role.

In the case of focal damage to the epithelium, the process of restitution can be incredibly 

rapid. Specifically, in the normal mammalian stomach in vivo, laser injury to 3–5 epithelial 

cells is followed by cell exfoliation and restitution within 10 minutes (27, 46). In this model, 

the Tff2 KO mice show a delay of restitution, which can be rescued by the exogenous 

application of recombinant TFF (46). Secreted TFF peptides are able to upregulate their own 

gene expression within minutes as comfirmed by an increase of TFF transcription in GI cell 

lines treated with TFF2 or TFF3 (34). These in vivo and in vitro studies suggest that TFF 

peptides are rapid responders to damage. In this setting, TFF peptides act as “motogens” 

(substance that stimulate cell motility) to promote migration of viable cells at the transition 

zone toward the area of damage to cover the denuded mucosa without proliferation (72). GI 

epithelial restitution is an intrinsic function of epithelial cells that can occur in the absence 

of systemic signals, as restitution can be demonstrated in vitro in cell lines (72, 73) and 

recently in gastrointestinal organoids (74).

All TFF peptides are shown to be motogens, (47, Reference 1a, Reference 2a, Reference 3a). 

Both TFF monomers and dimers stimulate cell migration, however the TFF1 dimer shows a 

greater effect than TFF1 monomer on cell migration in wounded monolayers of the human 

colonic cell line HT29 (Reference2a). In contrast, results suggest that neither an intact trefoil 

domain nor dimerization of TFF3 is required to promote cell migration (91). However, much 

remains unknown on the underlying mechanism of TFF-driven restitution. In a more general 

sense, numerous factors are shown in vitro and in vivo to regulate epithelial restitution/cell 

migration, including luminal acid, calcium, epithelial cell microfilaments, prostaglandins, 

secreted growth factors such as EGF, hepatocyte growth factor (HGF), transforming growth 

factor (TGF), and TFF peptides (27, 46, 72, 73, 75). It is a limitation that most of the TFF 

effects on cell migration are studied in vitro using cancer cell lines. Although not an ideal 

model, due to the altered regulation of proliferation and cell migration (invasion), a variety 

of GI cancer cell lines have provided the bulk of information about the TFF signaling 
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cascades that relate to cell migration. Fortunately, some outcomes were confirmed by in vivo 

studies of normal tissues.

Restitution generally involves the following: (a) the orderly dissociation of cell–cell and 

cell–substratum contacts to liberate viable cells for motion from their site of origin, (b) 

reorganization of the cytoskeleton, including the formation of leading edge lamellipodia to 

promote cell movement, and (c) signal production to promote cell migration and prevent cell 

death via anoikis, a form of apoptosis activated when cells detach from their natural 

substratum (76) (Figure 1). An overlapping array of molecular signals is involved in each 

step of this process.

Cell Adhesion

The cell–cell adhesion promoted by the Zonula adherens complex is established and 

maintained by epithelial cadherin (E-cadherin) (also known as CAM 120/80). Cadherin 

binding between adjacent cells is gated by extracellular Ca2+, which strengthens 

extracellular cadherin-binding domains to promote intercellular adhesion (77). E-cadherin 

normally associates with β-catenin, forming the E-cadherin/β-catenin complex that plays an 

essential role in maintaining epithelial integrity. Disruption of the E-cadherin/β-catenin 

complex results in loss of cell–cell adhesion (78). In HT29 colonic carcinoma cells in vitro, 

TFF3 disorders the E-cadherin/β-catenin complex by inducing β-catenin tyrosine 

phosphorylation, resulting in subsequent destabilization of the adherens junctions and 

disruption of cell–cell adhesion (78). Its also reported that TFF3-induced E-cadherin 

degradation in HT29 cells was blocked by inhibiton of the ERK and JAK/STAT3 pathways 

(Reference 3a). Because restitution of the gastric epithelium in vivo was shown to be 

dependent on both Tff and extracellular calcium mobilization, there is some evidence for 

multiple signals that would impact cell–cell adhesion (46, 79). It is also well documented in 

cultured colonic carcinoma cells that TFF3 increases claudin-mediated transepithelial 

resistance (54), implicating a role of TFF in regulating tight junctional permeability that 

would be intimately associated with the fidelity of cell–cell adhesion.

Disruption of cell–substratum adhesion is another critical step required for cell migration. 

Integrins are transmembrane surface receptors that mediate cell–cell and cell–extracellular 

matrix interactions. Stimulation of integrins activate focal adhesion kinase (FAK) and 

initiates a cascade of signals through Ras to ERK/MAPK (76). It was demonstrated in vitro 

in nontransformed intestinal epithelial cells that autophosphorylation of FAK at tyrosine 397 

promotes the association of FAK with PI3K, thereby disrupting the focal adhesion complex 

(80). Evidence suggests that TFF peptides do not directly affect integrin action (81). In 

contrast, TFF peptides are hypothesized to activate FAK via tetraspanins, proteins that are 

integrin-binding and scaffolding partners. TFF2 and TFF3 in vitro promote the formation of 

the tetraspanins/integrin complex and through this complex are thought to regulate various 

integrin adhesion and motility functions (80, 82).

Cytoskeletal Changes

Rho-family GTPases are known to regulate cytoskeletal changes and are considered to be 

initiating signals for cell migration (83). Rho triggers the formation of contractile stress 
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fibers and focal adhesion complexes, and the Rho-family member Rac induces rapid actin 

polymerization and lamellipodial protrusions (83, 84). Several studies have found that TFF 

peptides are able to activate Rho-family members. TFF stimulation in vitro in the presence 

of active Src kinase was shown to promote Src localization to focal adhesions and activate 

Rho-family members (85). Similarly, all TFF peptides were shown in vitro in premalignant 

colonic epithelial cells to require activated Src/RhoA to induce cellular invasion (86, 87). 

Further support of TFF-mediated actin cytoskeleton rearrangement was demonstrated in the 

Caco-2 cells by Xu et al. (88), who showed that TFF3 was capable of restricting platelet-

activating factor-induced disruption of the F-actin cytoskeleton. These studies point to the 

role of TFF in activating actin cytoskeleton changes during cell migration.

Cell-Survival Signaling

When GI epithelial cells detach from neighboring cells and the substratum, anoikis is 

actively triggered as a mechanism of programmed cell death. To promote migration that 

allows restitution, factors must be present to inhibit anoikis and promote cell survival. The 

presence of these factors ensures that migrating cells are able to reach the site of damage and 

reestablish the epithelial barrier. TFF peptides were demonstrated to regulate cell survival 

via ERK/MAPK, PI3K/Akt, phospholipase C (PLC)/PKC, β-catenin, and EGF signaling 

pathway (34, 78, 87, 89–91). Sun et al. (92) showed that in cultured GES-1 cells (normal 

human gastric epithelial cells), exogenous addition of TFF3 activated the PI3K/Akt pathway 

known to be involved in gastric epithelial repair. Given the previously noted promiscuity of 

TFF peptide action, results support the concept that TFF peptides are involved in GI mucusal 

repair, although TFF3 is normally found only in the intestine and not the stomach. 

Interestingly, in vitro PI3K/Akt also mediates TFF3 antiapoptotic function, which leads to 

the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), a 

known downstream target of the PI3K/Akt pathway (31, 91). Thus, studies support the role 

of TFF peptides as motogenic factors that simultaneously stimulate pro-survival pathways 

necessary for restitution.

Trefoil Factor Cellular Signaling Required for Cell Movement

A number of signaling cascades are activated during TFF-driven cell migration and 

restitution. When blockade of these pathways is used to slow migration, it is generally 

unknown if the effect is on one of the aforementioned functions that prepare cells to migrate 

efficiently, or if there is a separate effect of the TFF that directly promotes cell movement 

into the damage area.

Many of the signaling pathways assigned to the cell migration function strongly overlap with 

those examined for other TFF functions. For instance, in intestinal epithelial cells and 

colonic cancer cells, TFF3 increases the phosphorylation of ERK1/2, paralleling TFF3’s 

motogenic effect (34, 91, Reference3a). In vitro, TFF3 is shown to be dependent on ERK1/2 

activation (89). This is speculated to be an important regulator of cell motility, leading to 

phosphorylation of the myosin light kinase chain (91, 93). TFFs’ effect on the cell scattering 

of epithelial cells (a form of undirected cell spreading that models migration) is dependent 

on various pathways, including PI3K/Akt, PLC, and Src/RhoA (86, 89). In vivo murine data 

suggest that the Tff pathway for the regulation of gastric epithelial restitution does not 

Aihara et al. Page 10

Annu Rev Physiol. Author manuscript; available in PMC 2018 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



require Cox activity (27). In various gastrointestinal cell types, there is a linkage between 

increased TFF expression and increased ERK1/2. There is also in vitro evidence that TFF2-

dependent cell motility is dependent on active ERK signaling in bronchial epithelial cells 

(89). Together these findings suggest a pivitol role of ERK activation in the downstream 

signals of TFF peptides that lead to cell migration.

In addition to some familiar signaling pathways described above, analysis of TFF-dependent 

migration has also revealed some unique pathways. Pharmacologic inhibition in vitro 

suggests the involvement of PKC in TFF-dependent cell migration (89). It is hypothesized 

that PKC, along with Ras/GTP, activates the Raf cascade, which leads to the 

phosphorylation of MEK-1 and ERK1/2 (89). As outlined below, a group of membrane 

receptors are also implicated as part of the cell migration signaling pathways.

Trefoil Factor Stimulation of Epidermal Growth Factor Receptors

Studies have demonstrated the stimulation of Egf-r and MAPK (Erk1 and Erk2) in the 

healing gut mucosa (94). TFF2 and TFF3 peptides signal through the ErbB pathways, but it 

is entirely unknown if this is due to direct interaction of TFF peptides with EGF-R/ErB or if 

there is an intermediate EGF family ligand involved. There is evidence in vitro that TFF3 

can act on EGF-R to activate several downstream signaling pathways, including MAPK and 

PI3K/Akt (90, 92). In vitro in colonic cancer and in nontransformed intestinal epithelial cell 

lines, MAPK activation is primarily responsible for the TFF3-mediated initiation of healing 

(91). Incubation of the human gastric cancer cell lines AGS and KATO-III with recombinant 

TFF2 lead to the phosphorylation of EGF-R and the activation of MAPKs in vitro (34). In 

the stomach in vivo, Egf-r signaling was shown to inhibit parietal cell activity and secretion 

(94, 95), demonstrating the presence of the appropriate receptors but not shedding light on 

the involvement with TFF in this tissue. The stomach tissue of Tff2 KO mice has no change 

in the two major gastric Egf-R ligands (heparin-binding-Egf and Tgf-α), although these 

mice have slowed gastric repair and increased acid secretion (26), so results suggest that 

engagement of TFF2 peptide may be required for full action of EGF signaling or EGF-R in 

the stomach.

Trefoil Factor Family Stimulation via CXC Receptors

TFF2 peptide in vitro and in vivo stimulates G protein-coupled C-X-C chemokine receptor 4 

(CXCR4)-dependent signaling in immune and epithelial cells (43, 46). This TFF2 action has 

a role in both stimulating epithelial restitution and modulating immune response. TFF2 is 

also expressed by immune cells such as lyophocytes, monocytes, macropahges, etc. and is 

capable of influencing immune cell chemotaxis and cytokine release.. In these immune cells, 

TFF2 directly or indirectly activates CXCR4, resulting in chemotaxis. TFF2 peptide was 

shown in cultured lymphocytic cells to stimulate Akt signaling via CXCR4 (43). TTF2-

expressing lymphoblastic Jurkat cells were shown to migrate more efficiently when 

compared with empty vector controls and competitively inhibit SDF-1α-mediated migration 

(43). The implications of this for GI physiology of the mucosal immune system remain 

untested.
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Similar to evidence in immune cells, TFF2 peptide has also been shown to directly activate 

CXCR4 in the epithelial cells. This was clearly demonstrated using the gastric epithelial cell 

line AGS which does not endogenously express CXCR4. Unmodified AGS cells were shown 

to be unresponssive to TFF2 (43). However, stably CXCR4 transfected AGS cells responded 

to TFF2 treatment with robust phosphorylation of ERK1/2 and protein kinase B/AKT, a 

pattern which mirrored the Jurkat cell pathway (43). CXCR4 activation required high 

concentrations of recombinant TFF both in vivo and in vitro, consistent with previous 

reports of high levels of TFF in normal physiological conditions (43, 89). During ulcer 

healing, in vivo epithelial levels of Cxcr4 and Tff2 are increased, which suggests that any 

activity via this pathway would be amplified during wound healing (112, Reference 5a).

Another feature of TFF2-driven CXCR4 activation is Ca2+ mobilization, which was 

originally observed in the Jurkat lymphocytic cell line (43). More recently, activation of 

CXCR4 in the Caco-2 cell line was found to stimulate the release of intracellular Ca2+ and 

enhance intestinal epithelial restitution through reorganization of the actin cytoskeleton via 

the calcium-dependent focal adhesion kinase Pyk2 (97). Because gastric epithelial repair is 

associated with second messenger-stimulated Ca+2 mobilization in vivo (79), and a Cxcr4 

antagonist (AMD3100) blocks Tff2-dependent gastric epithelial repair (27), these results 

most closely support a role of CXCR4 in the stomach response to TFF2.

CXCR4 is best established as a receptor for the chemokine CXCL12. It was shown in colon 

carcinoma cell lines and intestinal epithelial cell lines that CXCL12 activation of CXCR4 

stimulates the restitution of wounded epithelium and migration of epithelial cells in human 

T84 colonic epithelial cells (98). This activation requires PI3K signaling to direct cell 

migration while also stimulating ERK1/2 phosphorylation that is required for cell motility 

(98). CXCL12 binding to CXCR4 may also play a role in enhancing epithelial barrier 

integrity as CXCL12 regulates E-cadherin sheet migration during restitution. Results 

indicate that CXCL12-CXCR4 stimulates E-cadherin localization and monolayer tightening 

through Rho-associated protein kinase activation and F-actin reorganization (99). The 

parallelism between actions of CXCL12 and TFF peptides supports the hypothesis that they 

act via the same receptor. However, in the lymphocytic Jurkat cells, it was noted that only 

CXCL12 was able to activate ERK1/2, suggesting that at a minimum the receptor does not 

always respond equally to the two potential ligands (43).

Trefoil Factor Stimulation and Sodium Hydrogen Exchangers

Sodium hydrogen exchangers (NHEs) are membrane transporters that mediate numerous 

functions, including cellular Na+ uptake and intracellular pH and cell volume regulation (95, 

100). Interestingly, the Nhe2 isoform expressed in the GI epithelium was also implicated in 

repair of the mouse and pig intestinal epithelium (101, 102) and repair of the mouse gastric 

epithelium (46). In the mouse stomach, addition of recombinant TFF rescued the slowed 

restitution in Tff2 KO mice, and this effect was inhibited by the addition of an Nhe2 

inhibitor. Furthermore, Xue et al. (46) demonstrated that Nhe2 KO mice have delayed 

restitution and repair of microscopic lesions, despite that TFF2 peptide was upregulated in 

the Nhe2 KO stomach. Because this delayed repair in the Nhe2 KO mice was not rescued by 

recombinant TFF (46), Nhe2 was implicated in vivo as an important downstream effector of 
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Tff peptides, acting as a mediator of Tff2 action to promote gastric epithelial restitution (46). 

It was possible to exclude a role of the NHE2 exchanger in controlling luminal pH as a 

means to promote gastric cell migration, but there are no further insights into the 

mechanisms whereby NHE2 accelerates restitution. Furthermore, the potential interaction of 

TFF and NHE2 in the porcine or murine intestine remains untested.

TREFOIL FACTOR AND GASTROINTESTINAL DISEASES

TFF expression dramatically changes in response to injury, and these changes are sustained 

during healing. Selective TFF peptides upregulate at sites of damage; however, the 

expression of TFF peptides in injured GI tissues is not always a mere amplification of the 

expression patterns in the normal GI tract. It was reported that following injury, TFF1 and 

TFF2 are strongly expressed in the intestine, whereas TFF3 is upregulated in the stomach 

(103, 104). NO derived from iNos regulates Tff3 production in NSAID-induced small 

intestinal injury (105) and inflammatory cytokines regulate TFF expression (131–133, 139).

Gastric Ulcer Healing

Gastric ulcer healing is a prolonged and complex process that requires cellular proliferation 

and tissue remodeling of both mucosa and blood flow in addition to cell migratory responses 

(106, 107). TFF3 upregulation is observed in mouse ulcer models and human ulcer patients, 

often associated with intestinal metaplasia (30, 35, 62, 108). TFF1 and TFF2 proteins are 

both upregulated and appear in the deep gland of the ulcer-regenerated epithelium 

colocalized with MUC6 and Griffonia simplicifolia lectin (GSII) staining. This unusual 

distribution is sustained for at least one month in experimental animal models, far beyond 

the time required to restore a continuous epithelium (30, 109–112). The TFF2-expressing 

lineage arises coincident with the loss of parietal cells and is referred to as spasmolytic 

polypeptide expressing metaplasia (SPEM) (113–115). SPEM is derived from 

transdifferentiation of chief cells, but upregulation of Muc6/GSII also appears in the Tff2 
KO mice (112, 115), suggesting that the TFF2 increase is a consequence of mucus 

metaplasia/hyperplasia, and TFF2 is not required for generation of at least some of the 

observed changes. It should be noted that Tff1 expression is decreased in Tff2 KO mice, so 

there are only limited parallels between the injured stomach and the Tff2 KO stomach (26). 

Gastric ulcer healing is dramatically delayed in Tff2 KO mice (112), and effects to slow cell 

migration may be exacerbated by losing the effects of TFF peptides on proliferation or cell 

survival (22, 26, 31). It should also be noted that in this complex healing environment, many 

growth factors are known to upregulate and promote healing (106, 107). In this constellation 

of bioactive peptides it is difficult to define which is the master signal for repair. 

Interestingly, in injury models, Tff upregulation can precede the upregulation of other 

growth factors, such as Egf and Tgfα (104), suggesting that TFF peptides have enhanced 

potential to initiate healing.

Gastric ulcer healing is strongly inhibited by NSAIDs, whereas healing is facilitated by the 

administration of PGs (59, 106). As described, PGs and TFF peptides have separate actions 

and can act somewhat independently to elicit gastrointestinal mucosal cytoprotection. 

Because the cytoprotective mechanisms of PGs include enhancing mucus secretion (75) as 
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well as Egf-dependent proliferation (116), PG action can complement TFF action. There is 

still some potential for cross talk between these mechanisms. Aspirin-induced injury does 

not alter Tff1 or Tff2 mRNA and protein in rat stomach (117), but the more severe damage 

caused by repetitive administration of aspirin causes an increase of Tff2 and Tgfα (60). 

Indomethacin or aspirin also increases TFF2 mRNA (with no effect to TFF1 and TFF3) in 

MKN45 cell, a human gastric cancer cell line (118, 119). Because neither arachidonic acid 

nor PG affect TFF2 expression, indomethacin-induced upregulation of TFF2 appears 

independent of PG action (118). The COX-independent actions of NSAIDs are well 

established to be mediated by several transcriptional factors, including peroxisome 

proliferator-activated receptor γ (PPARγ) (120). Pparγ is expressed in normal gastric 

epithelium and Pparγ agonist also accelerates ulcer healing (121, 122). PPARγ activator, 

15-deoxy-Delta12,14-prostaglandin J2 stimulates TFF1 and TFF2 gene expression (but has 

no effect on TFF3) in MKN45 cells (123).

Helicobacter pylori—Helicobacter pylori is a bacterial pathogen that causes chronic 

gastritis and gastric cancer. In the stomach, H. pylori selectively interacts with TFF1 and 

MUC5AC to colonize (63, 124) (Figure 2). The H. pylori core oligosaccharide portion 

(rough form) of lipopolysaccharide (LPS) specifically binds to TFF1 dimer (but not its 

monomer) most favorably in pH 5.0–6.0 conditions. H. pylori is also capable of interacting 

with TFF3 dimer at >pH 7.0, but not with TFF2; even glycosylated TFF2 was shown not to 

interact with H. pylori (63, 125). The C-terminal of TFF1 can also specifically bind copper 

ions, which enhances H. pylori binding to TFF1 (126). However, MUC5AC is 

downregulated late in the gastric epithelium after H. pylori infection or ulceration (112, 

127). This could be explained by the observation that H. pylori preferentially colonizes 

initially in the injury or ulcerated site of the stomach, whereas this preferential colonization 

is not observed when H. pylori is inoculated 30 days after ulcer induction (110, 112).

Chronic H. pylori infection induces inflammation/mucus metaplasia that is accompanied by 

the alteration of TFF expression. This may be either an increase or decrease of TFF peptides, 

dependsing upon the stimulus and/or progression of inflammation. The process of H. pylori-
induced inflammation involves many cytokines, including tumor necrosis factor (TNF)α, 

IL-1β, IL-6, and activation of NF-κB, among others. In vitro, TFF1 strongly suppress H. 
pylori-induced activation of NF-kB and resultant target proinflammatory cytokine 

production (128). H. pylori infected stomach in Tff1 KO mice showed an enhanced 

inflammation and invasive gastric adenocarcinoma (128). TFF2 specifically binds to O-

linked α1,4-GlcNAc-capped MUC6 glycan, which is speculated to have a potential 

antibiotic activity against H. pylori (64). H. pylori infection for 12 and 15 months in normal 

mouse stomach reduced antral expression of Tff2 by increased methylation at Tff2 promoter 

site, mirroring the findings in human samples (130). The role of Tff2 was further established 

in Tff2 KO mice as H. pylori was shown to promote the progression of gastritis to dysplasia 

(129). Using a related organism, Helicobacter felis infection develops severe inflammation, 

including mucus metaplasia, intestinal metaplasia, and dysplasia in Tff2 KO mice, with a 

higher serum level of H. felis-specific IgGs compared to WT mice, suggesting a strong Th1-

polarized T-cell response (57).
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In this inflammatory environment, the role of TFF in immune cells is likely of higher 

importance to disease status (Figure 2). H. pylori-induced pro-inflammatory cytokines, Tnfα 
or Il-1β production, are markedly enhanced in Tff1 KO mice (128), suggesting Tff1 plays an 

anti-inflammatory role. The expression of Tff2 is observed in splenocytes and peritoneal 

macrophages, and both splenic T cells and peritoneal macrophages from Tff2 KO mice 

exhibit enhanced activities, such as greater Il-1β-stimulated Il-6 secretion in Tff2 KO 

peritoneal macrophages (57). In WT animals, evidence suggests that TFF2 functions acts as 

a damper of immune cell cytokine responses and will help prevent progression of 

inflammation. Proinflammatory cytokines also differentially affect TFF expression. 

Activation of TNFα/NF-κB is reported to increase TFF1 transcription in AGS and MKN48 

gastric carcinoma cell lines (131). In contrast, IL-1β or IL-6 repress TFF promoter activity 

in the HT-29 (colorectal adenocarcinoma) and KATO-III (gastric carcinoma) cell lines via 

activation of NF-κB or C/EBPβ, respectively (132). More recently, it was demonstrated that 

exposure of TNFα and IL-1β to human gastric cancer sample ex-vivo and MKN48 cells in 

vitro downregulates TFF1 protein expression (133). H. pylori causes qualitatively different 

changes in TFF1, TFF2, and TFF3 expression in tissue and gastric carcinoma cell lines with 

differential TFF expression patterns in each stage of inflammation (6, 134), so the the in 

vivo profile of TFF abundance is complicated by alteration of cell types during inflammation 

and the action of proinflammatory cytokines.

Intestinal Diseases

Different types of intestinal injury produce a characteristic TFF expression profile. 

Methotrexate-induced intestinal damage causes an initial decrease in Tff3 protein 

expression, but Tff3 mRNA rebounds even before goblet cell/Tff3 repopulation (135). In 

response to acetic acid-induced colonic epithelial injury, Tff1 mRNA is upregulated in the 

initial injury phase and is not detected in the healing phase. In contrast, Tff3 mRNA is 

decreased in the initial phase and upregulated in the healing phase (136). Tff3 is also 

increased in response to DSS-induced colitis in mice, however, there was no detection of 

Tff1 and Tff2 (137). Regeneration of colonic epithelium following injury was impaired in 

Tff3 KO or Vip KO (with less Tff3/Muc2) mice (32, 38). Colonic luminal application of 

recombinant TFF3 improved mucosal healing of acetic acid-induced injury in Tff3 KO mice 

(32) and after ischemia-reperfusion-induced injury in rats (52). The beneficial effect of TFF3 

for mucosal healing can be in part mediated by its anti-apoptotic function via EGF-R/PI3K 

and activation of the NF-κB pathway in intestinal tissues (31, 138). Overall, results suggest a 

significant involvement of TFF3 in regeneration of mucosal integrity after injury, in addition 

to mucosal protection of healthy tissue.

Trefoil Factor and Immune Function in the Intestine

TFF3 may regulate the immune response indirectly via epithelial cells or directly via 

immune cells (Figure 2). Recombinant human TFF3 improves 2,4,6-trinitrobenzene 

sulphonic acid (TNBS)-induced colitis via inhibiting Toll-like receptor (Tlr)4/Nf-κb 
signaling and Tnfα production in the mouse colonic epithelium (140). In a rat necrotizing 

enterocolitis model, TFF3 improves inflammation by inhibiting the increase of Nf-κb, Il-1β, 

and Il-6, while enhancing the expression of Il-10, an anti-inflammatory cytokine (141). 

TFF3 inhibits IL-6 and IL-8 secretion induced by LPS and stimulates defensin production in 

Aihara et al. Page 15

Annu Rev Physiol. Author manuscript; available in PMC 2018 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the HT29 cell line in vitro (142). In addition to dampening pro-inflammatory cytokine 

amounts, TFF peptides themselves have been demonstrated to be regulated by cytokines or 

TLR signaling. The proinflammatory TNFα downregulates TFF3 in the HT29 cell line, 

mediated by NF-κB activation (139). Additionally, activated Nf-κb expression was detected 

in both immune and epithelial cells paralleled a reduction in Tff3 expression in a rat model 

of TNBS-induced colitis (139). Activation of TLR2 leads to TFF3 production in the goblet 

cell, and it was demonstrated in colitis conditions that the Tlr2 antiapoptotic effect is mainly 

mediated by TFF3 (143). The involvement of TLR2 in TFF3 production was also 

demonstrated in TLR2-transfected Caco-2 cells. Although the antiapoptotic effect of Tlr2 is 

absent in Tff3 KO mice, activation of Tlr2 improved restoration of Zo-1-associated barrier 

integrity during the recovery phase of DSS-induced colitis in Tff3 KO mice, suggesting that 

TLR2 acts via a TFF3-independent pathway as well. Additionally, recombinant TFF3 

dramatically improved DSS-induced colitis in Tlr2 KO mice (143). The decrease of 

transepithelial resistance and increase of cytokines, such as IL-6 and IL-8, and TNFα 
secretion induced by IL-1β is reversed by overexpression of TLR2 or TFF3. This effect is 

accompanied by an increased expression of the tight junction proteins ZO-1, OCCLUDIN, 

and CLAUDIN-1 and is reversed if TLR2 is knocked down in the Caco-2 cell (144). Effects 

were mediated by the PI3K/Akt pathway (144), consistent with other findings that the 

protective effect of TFF3 in gastric mucosal epithelial cell is mediated by activation of this 

signaling pathway (92). Thus, TFF3 seems able to inhibit inflammatory cytokines in 

addition to other cellular effects that enhance mucosal defenses.

TFF2 also promotes intestinal mucosal healing in the setting of inflammation (55, 145). The 

increase of heterogeneous nuclear ribonucleoprotein 1 (hnRNP A1) and Tff2 expression is 

observed in anti-CD3 antibody-induced T cell-mediated murine enteritis. It was 

demonstrated that hnRNP A1 positively affects mucosal repair mediated by interacting with 

Tff2 and enhancing Tff2 anti-apoptotic function (146). Tff2 upregulation, but not Tff3, is 

observed in dinitrobenzene sulfonic acid-induced rat colitis, and further administration of 

recombinant human TFF2 facilitates healing (145). Administration of engineered TFF2-

secreting Lactococcus lactis improves the spontaneous chronic colitis in Il-10 KO mice 

(147). TFF2 reduces colonic inflammation by inhibiting NO production derived from iNOS 

in monocytes (148). Following DSS-induced colitis, Tff2 KO mice, but not Tff1 KO mice, 

show severe weight loss accompanied with an altered inflammatory cytokine expression 

profile, such as further upregulation of Il-6 and downregulation of Il-33, when compared 

with WT mice (149). Interestingly, the peritoneal macrophages from Tff2 KO mice show 

downregulation of Il-6, Il-1β, Il-10, Il-19, and Il-33 compared to WT mice. Additionally, 

LPS stimulation enhanced an increase of Il-6 and Il-1β production and reduced levels of 

Il-10 and Il-19 production, whereas Il-33 sustained a low level in the peritoneal 

macrophages from Tff2 KO mice (149). As TFF3 expression is altered in the Tff2 KO mice, 

it is possible that some of these effects are mediated by TFF3. In overview, data suggest that 

TFF peptides regulate immune cells in colitis as another route to promote tissue repair when 

damage is extensive and the inflammatory response is part of the healing environment.
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CONCLUDING REMARKS

The GI epithelium is continually exposed to insults. Bacteria, frequent cell renewal, 

chemical stressors, ingested medicines, and physical stresses all contribute to the need for 

tissue repair. Although much of the TFF signaling pathway remains unclear, studies have 

revealed unequivocal benefits of the TFF peptides to healthy and damaged GI tissues. Since 

TFF peptides were proposed to be luminal surveillance peptides by Playford in 1995 (150), 

TFF peptides have been shown to physiologically contribute to epithelial repair, consolidate 

the mucus layer in collaboration with mucin, and generally prepare for an epithelial 

emergency on either a small or large scale. The most abundant literature focuses on the 

compelling role of TFF peptides in the processes of re-epithelialization and in regulation of 

inflammation and the immune system. As the signaling mechanisms of the TFF family 

continue to be revealed, there is much to learn about the distinct and shared pathways among 

this small family of protective peptides.
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Figure 1. 
Candidate TFF pathways in epithelial repair. In response to acute epithelial injury, 

neighboring healthy epithelial cells start to rapidly migrate toward the damaged site, 

resulting in force to extrude injured cells and simultaneously cover the denuded area. TFF 

peptides, mucus, and cellular debris form a mucoid cap to cover the injured area to protect 

against further injury and potentially partake in promoting recovery directly. TFF peptides 

facilitate GI epithelial restitution by stimulating cell migration and inhibiting apoptosis of 

the migrating cells. The motogenic effect of TFF peptides can be mediated (directly or 

indirectly) by EGFR, CXCRs, or other receptors. This is followed by the stimulation of the 

Rho-family GTPase to promote cell migration by altering the cytoskeleton and tight 

junctions as well as cell adhesions. Either upstream or downstream of the above signaling 

cascades, TFF peptides can also stimulate calcium mobilization resulting in enhanced cell 

migration. TFF peptides may directly or indirectly affect the NHE2 exchanger, as NHE2 

activity is crucial for TFF-driven cell migration (at least in the stomach). Abbreviations: 

CXCR, C-X-C chemokine receptor; EGFR, epidermal growth factor receptor; GI, 

gastrointestinal; NHE, sodium hydrogen exchanger; TFF, trefoil factor.
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Figure 2. 
Candidate TFF pathways in GI inflammation. Goblet cells produce and secrete TFF3 along 

with MUC2 into the lumen within the intestine, whereas gastric mucus cells secrete TFF1, 

which is present with MUC5AC. Although TFF2/MUC6 is also present within the stomach, 

Helicobacter pylori is shown to primarily interact with MUC5AC/TFF1 in the gastric lumen. 

The response to chronic inflammation within both the stomach and the intestine acts in a 

similar manner where cytokine stimulation causes TFF upregulation or downregulation, or 

metaplasia leads to the increase of TFF-secreting cell differentiation and results in a negative 

feedback to the immune response. Abbreviations: GI, gastrointestinal; MUC, mucin; NF-κB, 

nuclear factor kappa- B; TFF, trefoil factor.
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