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Abstract
The clinical drugs for ulcerative colitis mainly affect the inflammatory symposiums with limited outcomes and various side 
effects. Repairing the damaged intestinal mucosa is a promising and alternative strategy to treat ulcerative colitis. Trefoil 
factor family 2 (TFF2) could repair the intestinal mucosa, however, it has a short half-life in vivo. To improve the stability 
of TFF2, we have prepared a new fusion protein TFF2-Fc with much stability, investigated the therapeutic effect of TFF2-
Fc on ulcerative colitis, and further illustrated the related mechanisms. We found that intrarectally administered TFF2-Fc 
alleviated the weight loss, the colon shortening, the disease activity index, the intestinal tissue injury, and the lymphocyte 
infiltration in dextran sulfate sodium (DSS)-induced colitis mice. In vitro, TFF2-Fc inhibited Caco2 cells injury and apop-
tosis, promoted cellular migration, and increased the expression of Occludin and ZO-1 by activating P-ERK in the presence 
of  H2O2 or inflammatory conditioned medium (LPS-RAW264.7/CM). Moreover, TFF2-Fc could reduce lipopolysaccharide 
(LPS)-induced production of inflammation cytokines and reactive oxygen species in RAW264.7 cells, and also inhibits the 
polarization of RAW264.7 cells to M1 phenotype by reducing glucose consumption and lactate production. Taken together, 
in this work, we have prepared a novel fusion protein TFF2-Fc, which could alleviate ulcerative colitis in vivo via promoting 
intestinal epithelial cells repair and inhibiting macrophage inflammation, and TFF2-Fc might serve as a promising ulcerative 
colitis therapeutic agent.
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Introduction

Ulcerative colitis is a chronic relapsing disease characterized 
by bloody diarrhea and abdominal pain (Pagano et al. 2019). 
The pathogenesis of ulcerative colitis is still unclear (Liu 
et al. 2022), however, many evidences have proved that both 
intestinal mucosal injury and immune system imbalance are 
the main causes of ulcerative colitis (Neurath 2014). There-
fore, the main therapeutic strategies of ulcerative colitis are 
to repair the damaged intestinal mucosa and/or suppress 
inflammation. The clinical drugs used to treat ulcerative 
colitis mainly focus on reducing the inflammatory response. 
Traditional chemical drugs including aminosalicylic acid, 
glucocorticoids, and sterols, could reduce the inflammatory 
symptoms in ulcerative colitis patients, but could not cure 
the disease completely (Feuerstein et al. 2019). Biological 
therapies, mainly including tumor necrosis factor-α (TNF-α) 
inhibitor infliximab, and integrin antagonist vedolizumab, 
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could shorten the course of ulcerative colitis. However, inf-
liximab is ineffective in two-thirds of patients and might 
increase the risk of cancer (Na and Moon 2019). Many 
novel biological active substances were also employed to 
treat ulcerative colitis by reducing inflammation, such as 
fish oil (Silvestri et al. 2020), plant cannabinoids (Pagano 
et al. 2021), and aqueous extract from ipomoea asarifolia 
(Da Silva et al. 2018). In addition, it has been reported that 
intestinal microbes could maintain host immune homeostasis 
and the stability and diversity of intestinal microbes could be 
protected by gerobiotics that include probiotics or derived 
postbiotics, and thus alleviate the inflammatory bowel dis-
ease (Agagunduz et al. 2022a, b). It should be noted that 
mucosal healing and epithelial cell repair could reduce the 
recurrence rate of ulcerative colitis (Boal Carvalho and 
Cotter 2017). Therefore, in addition to relieving inflamma-
tion and regulating the immune system, repairing damaged 
intestinal mucosa is also an effective strategy for treating 
ulcerative colitis (Wang et al. 2019). It has been reported 
that tofacitinib (a small-molecule pan-Janus kinase inhibi-
tor) could restore mucosal damage, and thus inhibit DSS-
induced colitis symptoms in colitis mice (Spalinger et al. 
2021). Interleukin-33 (IL-33) promoted epithelial repair and 
recovery, and alleviated DSS-induced acute colitis in mice 
(Lopetuso et al. 2018). Therefore, it is promising to develop 
new drugs by repairing the damaged intestinal mucosa in 
ulcerative colitis.

Trefoil factor family (TFFs) consists of three small regu-
latory proteins (12−22 kDa), which could repair damaged 
gastrointestinal mucosa in vivo. TFF1 is mainly secreted 
in gastric pit cells, which could protect gastric mucosa and 
repair gastric ulcers (Jahan et al. 2020). TFF3 is mainly 
produced by mucus-secreting cells in the small intestine 
and colon, exogenous TFF3 could alleviate gastrointesti-
nal mucosal damage in vivo (Podolsky et al. 2009). TFF2 
is mainly expressed in epithelial cells deep in gastric 
glands, after gastrointestinal mucosal injury, TFF2 secre-
tion increases in ulcer-associated cell lineage and plays 
a repairing role in the damaged area (Wong et al. 1999). 
Moreover, exogenous TFF2 could promote gastrointestinal 
cells, corneal epithelial cells, and bronchial epithelial cells 
to the damaged sites (Oertel et al. 2001), and thus promote 
mucosal repair and reduce the level of inflammatory fac-
tors (Tran et al. 1999). These studies strongly suggested 
that TFF2 could act as a potential therapeutic agent in the 
treatment of ulcerative colitis. However, the short half-life 
(48 min) in vivo limited the application of TFF2 as a thera-
peutic agent directly (Kjellev et al. 2007).

Generally, the fragment crystallizable (Fc) fusion protein 
could prolong the half-life of the functional protein (Wang 
et al. 2018). For example, wild-type fibroblast growth fac-
tor 21 (FGF21) has a very short half-life (1.5 h) in mice, 
while the half-life of Fc-FGF21 was 30.3 h (Pan et al. 2021). 

The half-life of thymosin alpha1 (Tα1)-Fc in circulation was 
29 h, causing a nearly 14-fold increase compared with Tα1 
(1.67 h) (Shen et al. 2018). Therefore, in the present study, 
TFF2-Fc fusion protein was prepared by recombinant tech-
nology to improve the stability of TFF2. We further investi-
gated the therapeutic effect of TFF2-Fc on ulcerative colitis 
mice, illustrated the mechanisms of TFF2-Fc in promoting 
the repair of intestinal epithelial cells, and evaluated the anti-
inflammatory effect in macrophages.

Methods and materials

Reagents and drugs

Lipopolysaccharide (LPS, L2880) and U0126 were pur-
chased from Sigma-Aldrich (USA). Antibodies against 
ERK1/2, phosphorylated ERK1/2 (T202/Y204), GAPDH, 
Occludin, and ZO-1 were purchased from Cell Signaling 
Technology (Boston, MA, USA), Huaan Biotechnology Co., 
Ltd. (Hangzhou, China), and Wanleibio (Shenyang, China), 
respectively. DSS was purchased from APExBIO Technol-
ogy LLC (Houston, TX, USA). Sulfasalazine (SASP) was 
obtained from MedChemexpress CO., Ltd. (NJ, USA). 
Glucose content detection kit was obtained from Solar-
bio (BC2500, Beijing, China), and lactic acid test kit was 
obtained from Nanjing Jiancheng Bioengineering Institute 
(A019-2-1, China).

Animals

Male C57BL/6 mice (6 weeks old; weighting 19−22 g) 
were purchased from Beijing Vital River Laboratory Ani-
mal Technology Co., Ltd. Mice were housed in an air-con-
ditioned room with the laboratory temperature maintained 
at 25 ± 2 °C, relative humidity of 50 ± 5%, 12 h of light/
dark cycle, and access food and water randomly. Animal 
experiments were approved by the Institutional Animal Care 
and Use Committee of the Ocean University of China (NO.
OUC-SMP-2022.08.01).

Cell culture

Caco2 cells, RAW264.7 cells, and CHO-K1 cells were 
purchased from the Cell Bank of the Chinese Academy 
Sciences (Shanghai, China). Caco2 cells were cultured in 
RPMI-1640 medium (Gibco, Grand Island, NY, USA) sup-
plemented with 10% fetal bovine serum (FBS), 1% penicillin 
and streptomycin. RAW264.7 cells were incubated in Dul-
becco’s modified eagle’s medium (DMEM) (Gibco, Grand 
Island, NY, USA) contained with 10% FBS. CHO-K1 cells 
were incubated in DynamisTM AGTTM medium (Gibco, 
Grand Island, NY, USA) for subculturing, then inoculated 
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into DynamisTM AGTTM medium supplemented with a 
totally 30% Cell BoostTM 7a medium (Cytiva) and 3% Cell 
BoostTM 7b medium (Cytiva) for TFF2-Fc fusion protein 
producing. Caco2 cells, RAW264.7 cells, and CHO-K1 cells 
were cultured in a humidified incubator at 37 °C with 5% 
 CO2, when cells were in the logarithmic phase of growth, 
cell experiments were started.

Construction, expression, and purification 
of TFF2‑Fc fusion protein

To prepare TFF2-Fc fusion protein, we first constructed a 
stable recombinant expression vector. Briefly, the hTFF2-
hIgG4-Eu (Fc) gene fragment was synthesized by Synbio 
Technologies (Suzhou, China). Then the gene fragment 
was inserted into pcDNA3.1 (+) (Ampicillin) vector after 
enzyme cleavage to construct the recombinant transfer vec-
tor hTFF2-hIgG4-Eu (Fc) pcDNA3.1 (+). Next, according 
to the manufacturer’s instructions, the recombinant transfer 
vector hTFF2-hIgG4-Eu (Fc) pcDNA3.1 (+) was transfected 
into CHO-K1 cells, and the pcDNA3.1 (+) blank vector was 
used as a control. After establishing a stable TFF2-Fc cell 
line, the fusion protein was produced in the culture medium. 
To purify TFF2-Fc fusion protein, the culture medium was 
incubated with protein A resin (Cytiva), and bound proteins 
were eluted with citrate buffer (pH 3.5) and neutralized by 
1 M Tris‐HCl (pH 9.0). The purified fractions were analyzed 
by Agilent 1260 high-performance liquid chromatography 
(HPLC) system (Agilent, America) and sodium dodecyl 
sulfate (SDS)‐10% polyacrylamide gel electrophoresis, fol-
lowed by staining with Coomassie brilliant blue. The result-
ing solution containing the fusion protein was sterilized by 
filtering through a 0.22 μm filter, and stored at − 80 °C until 
use.

Induction of ulcerative colitis and evaluations 
in C57BL/6 mice

C57BL/6 mice were randomly assigned into four groups 
(n = 7): control group, ulcerative colitis model group, SASP 
positive control group, and TFF2-Fc group. Ulcerative coli-
tis mice model was induced by DSS. Briefly, mice were 
freely fed sterile water containing 2.5% (w/v) DSS for 8 
days to establish an acute ulcerative colitis model. In the 
control group, mice were given drinking water every day 
and intrarectally administered phosphate buffer saline (PBS). 
The model group mice received 2.5% DSS in drinking water 
and intrarectally administered with PBS, SASP group mice 
were given 2.5% DSS and intrarectally administered SASP 
(50 mg/kg), and TFF2-Fc group mice were received TFF2-
Fc (5 mg/kg) intrarectally once per day after fasted for 4 h 
during DSS treatment (Fig. 2a).

Body weight loss, stool consistency, and fecal blood loss 
were observed and recorded daily to evaluate the severity of 
ulcerative colitis. Disease activity index (DAI) was evaluated 
according to the scoring system shown in Table 1 (Xu et al. 
2020). On day 9, all mice were scarified, and the length of 
colon was measured and photographed before colon tissues 
were collected for analysis.

Preparation of inflammatory conditioned medium 
(LPS‑RAW264.7/CM) from RAW264.7 cells

RAW264.7 cells were seeded in 6-well plates (3 ×  105 
cells/well) and treated with LPS (1  μg/mL) for 24  h. 
After the treatment, the precipitated cells were removed 
after centrifugation, and the supernatant was collected as 
LPS-RAW264.7/CM.

Cell viability assay

Sulforhodamine B (SRB) assay was used to determine cell 
proliferation. In brief, Caco2 cells were planted and treated 
with TFF2-Fc (25−400 μg/mL) for 24 h. For the  H2O2 model 
group, Caco2 cells were treated with a predetermined con-
centration of TFF2-Fc for 24 h, then incubated with  H2O2 
(500 μM) for 3 h. For the LPS-RAW264.7/CM model group, 
Caco2 cells were pretreated with TFF2-Fc for 2 h, then the 
culture medium was replaced with LPS-RAW264.7/CM 
containing TFF2-Fc and co-incubated with cells for 24 h. 
After incubation, the supernatant was removed, cells were 
fixed with 10% trichloroacetic acid for 1 h at 4℃. SRB was 
added and incubated for 20 min in the dark, the bound dye 
was dissolved with Tris buffer. Finally, the OD value was 
measured by a microplate reader (BioTek, Winooski, VT, 
USA) at 515 nm, and cell viability (%) was calculated.

3- (4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium 
bromide (MTT) assay was used to detect the effect of TFF2-
Fc on the growth of RAW264.7 cells. RAW264.7 cells were 
incubated with different concentrations of TFF2-Fc, after 
treatment for 24 h, MTT (5 mg/mL) was added and incu-
bated with cells for another 4 h. Subsequently, dimethyl 
sulfoxide (DMSO, 100 μL) was added and absorbance was 
measured at 570 nm by a microplate reader.

Table 1  DAI scoring standard

Score Weight loss
(%)

Diarrheal
stool

Blood

0 0 Normal Normal
1 1−5 Slightly soft Slightly bloody
2 5−10 Soft Mild bleeding
3 10−20 Loose Moderate bleeding
4  > 20 Diarrhea Massive hemorrhage
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Cell apoptosis analysis

Generally, Caco2 cells (2 ×  105 cells/well) were seeded 
in 6-well plates, and treated with  H2O2 (500 µM) for 3 h 
after incubating with TFF2-Fc for 24 h. For the LPS-
RAW264.7/CM model group, Caco2 cells were preincu-
bated with TFF2-Fc for 2 h, then the original medium was 
removed and LPS-RAW264.7/CM containing TFF2-Fc 
was added. After harvesting, Caco2 cells were suspended 
in RPMI-1640 medium with 1% FBS and stained with 
 Muse® Annexin V & Dead Cell Kit (Millipore, Billerica, 
MA, USA) for 20 min at room temperature in the dark. 
 Muse™ cell analyzer (Microwell, Bishop, MA, USA) was 
used to detect the proportion (%) of apoptotic cells.

Wound healing assay

Wound healing assay was used to detect Caco2 cell migra-
tion. Caco2 cells were seeded in 96-well plates (1 ×  104 
cells/well). A wound was made by a 10 μL pipette tip 
when Caco2 cells reach 90% confluence. After treatment 
with TFF2-Fc in the presence or absence of  H2O2 or LPS-
RAW264.7/CM, the wounds were photographed at 0, 24, 
or 48 h using a microscope (Leica, Germany). Finally, the 
wound healing rate was calculated by Image J software.

Western blotting assay

Caco2 cells were seeded in 6-well plates (2 ×  105 cells/
well) and treated with TFF2-Fc (0−200 μg/mL) followed 
by  H2O2 or LPS-RAW264.7/CM treatment. RAW264.7 
cells were seeded and incubated with TFF2-Fc before 
LPS treatment. Subsequently, the cells were collected and 
lysed. The cell’s lysates were separated by electrophore-
sis on SDS–polyacrylamide gel electrophoresis (PAGE) 
(6−10%), and transferred to a nitrocellulose filter mem-
brane (Millipore, Billerica, MA, USA). Furthermore, the 
nitrocellulose membrane was blocked with 5% skim milk, 
and the primary antibody was added. After overnight 
incubation, the nitrocellulose membrane was incubated 
with HRP-secondary antibody for 1 h at 25 °C. Finally, 
the image was detected by Tanon 5200 (Tanon, Beijing, 
China).

Enzyme‑linked immunosorbent (ELISA) assay

ELISA assay was used to detect the level of inflamma-
tion cytokines in RAW264.7 cells. Briefly, RAW264.7 
cells were pretreated with TFF2-Fc (0−200 µg/mL) for 
2 h before being incubated with LPS (100 ng/mL) for 
24 h. After incubation, the supernatant was collected and 

centrifuged. According to the manufacturer’s instructions 
(Dakewe, Beijing, China), the content of TNF-α, interleu-
kin-6 (IL-6) was measured.

Nitrite oxide (NO) and glycolysis analysis

After treatment, the supernatant of RAW264.7 cells was col-
lected, and the concentration of NO was determined accord-
ing to NO kit (Beyotime, Shanghai, China) instructions. Glu-
cose and lactate levels were also determined according to the 
manufacturers’ instructions.

Determination of reactive oxygen species (ROS)

RAW264.7 cells were pretreated with TFF2-Fc (100, 200 µg/
mL) for 2 h, LPS (100 ng/mL) was added for another 24 h. 
Then cells were stained with DCFH-DA (10 µM, Beyotime, 
Shanghai, China) according to the manufacturer’s instruc-
tions, and the fluorescence signals were analyzed through 
CytoFLEX (Beckman Coulter, Suzhou, China).

Flow cytometry for macrophage subset analysis

After treatment, according to the manufacturer’s instructions 
(BD Biosciences, USA), RAW264.7 cells were incubated 
with monoclonal antibodies against CD86 (M1 marker), 
CD206 (M2 marker), and the corresponding fluorescent 
markers. Then RAW264.7 cells were further analyzed using 
a flow cytometer.

Statistical analysis

The data shown in this study were represented as the 
mean ± SD. Comparisons between the groups were assessed 
by one-way analysis of variance (ANOVA), and a multi-
ple comparison test was performed using the post hoc 
Bonferroni correction. P < 0.05 was defined as statistically 
significant.

Results

Generation of TFF2‑Fc fusion protein

TFF2 was fused with the Fc fragment of human IgG4, con-
structed in pcDNA3.1 (+), and TFF2-Fc was expressed in 
the stable CHO-K1 cell line (Fig. 1a). TFF2-Fc fusion pro-
tein was purified from the culture supernatant using a Protein 
A column with a yield up to 10 mg/mL. The purity and size 
of TFF2-Fc protein were evaluated by running HPLC and 
SDS-PAGE gel under reduced and non-reduced conditions. 
As shown in Fig. 1b, HPLC results showed that the purity 
of fusion protein was 99.26%. As shown in Fig. 1c, the 
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Fig. 1  Construction and 
identification of recombinant 
protein TFF2-Fc. a Construc-
tion map of hTFF2-hIgG4-Eu 
(Fc) pcDNA3.1 (+). b HPLC 
assay was used to determine 
the purity of TFF2-Fc. Peak 1: 
Impurity peak A. Peak 2: TFF2-
Fc peak. Peak 3: Impurity peak 
B. c SDS-PAGE of purified 
TFF2-Fc. Lane M: Molecular 
weight standard. Lane 1−4: 
SDS-PAGE was conducted 
under reducing condition, 
TFF2-Fc (5, 10 µg) was mixed 
with loading buffer containing 
mercaptothion and boiled at 
100 ℃ for 10 min. Lane 5−8: 
SDS-PAGE was conducted 
under non-reducing condition, 
TFF2-Fc (5, 10 µg) was mixed 
with non-reducing loading 
buffer and boiled at 100 ℃ for 
10 min. Then the SDS-PAGE 
gel was stained with Coomassie 
Brilliant Blue R-250
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SDS-PAGE data showed that the size of purified TFF2-Fc 
fusion protein was about 50 kDa under reduced conditions 
(Line 1−4), and the size of TFF2-Fc was about 100 kDa 
under non-reduced conditions (Line 5−8). These results 
showed that TFF2-Fc existed as a dimer with a molecular 
weight of 100 kDa.

TFF2‑Fc attenuates DSS‑induced ulcerative colitis 
in mice

DAI score is a clinical parameter reflecting the severity of 
ulcerative colitis. DAI score was compared in a different 
group, as shown in Fig. 2b, the DAI score was obviously 
increased in the DSS model group from day 3 compared 
with the control group. However, the DAI score was signifi-
cantly reduced in the SASP-treated group from day 4. And 
this elevation of DAI score in the DSS model group was 
relieved by the treatment of TFF2-Fc from day 4 (Fig. 2b). 
On day 3, TFF2-Fc treatment significantly attenuated the 
body weight loss during experimental colitis disease pro-
gression in mice compared with the model group, and the 
SASP group showed a similar tendency (Fig. 2c). Consistent 
with the weight loss, DSS-induced hematochezia was recov-
ered in the TFF2-Fc treatment group from day 4, the symp-
toms of hematochezia were also relieved in SASP group 
(Fig. 2d). As an indicator of the indirect reflection of colonic 
inflammation, the length of the colon was also measured. As 
shown in Fig. 2e and f, after 8 days treatment, TFF2-Fc sig-
nificantly inhibited DSS-induced colon shortening, and the 
shortening of the colon was also improved by SASP treat-
ment. These results indicated that TFF2-Fc could mitigate 
the symptoms of DSS-induced ulcerative colitis in mice.

Then, we analyzed mucosa and goblet cells in colonic 
tissues to investigate the histopathological changes after 
TFF2-Fc treatment. Based on the results of H&E staining 
(Fig. 2g), we observed well-preserved mucosa (black arrow) 
and normal goblet cells (circled in red) in the colon of con-
trol mice. However, the DSS-treated mice colon exhibited 

significant inflammatory symptoms, including lymphocyte 
infiltration (white arrow), goblet cell depletion (circled in 
red), and inconspicuous epithelial layer destruction (black 
arrow). Positive control SASP group showed only moderate 
epithelial damage and goblet cell depletion. Interestingly, 
TFF2-Fc treatment reversed the lesions in the epithelial layer 
(black arrow) and goblet cells (circled in red) (Fig. 2g), indi-
cating that TFF2-Fc was able to significantly alleviate the 
severe histopathological damage caused by DSS treatment. 
These results suggested that TFF2-Fc provided a protective 
effect against DSS-induced mucosal injury in mice.

TFF2‑Fc ameliorates Caco2 cells damage induced 
by  H2O2 or LPS‑RAW264.7/CM

We then investigated the effect of TFF2-Fc on the prolif-
eration of intestinal epithelial cells. As shown in Fig. 3a, 
TFF2-Fc (50−400 μg/mL) slightly promoted the prolifera-
tion of Caco2 cells. As shown in Fig. 3b, Caco2 cells viabil-
ity was reduced to 70.66% after treated with  H2O2 (500 μM) 
compared with a control group. TFF2-Fc could increase the 
cells viability to 89.16, 97.19, and 91.60% at a concentra-
tion of 50, 100, and 200 μg/mL, respectively. LPS could 
stimulate RAW264.7 cells to secrete many inflammatory 
factors (Jakkawanpitak et al. 2020), which could be sensed 
by intestinal epithelial cells, and cause inflammatory dam-
age. LPS-RAW264.7/CM was widely used in the model of 
cell inflammatory injury. Next, we examined the effect of 
TFF2-Fc on LPS-RAW264.7/CM-induced Caco2 cells dam-
age. As shown in Fig. 3c, Caco2 cells viability was reduced 
to 75.64% after being treated with LPS-RAW264.7/CM, 
and the TFF2-Fc pre-treatment alleviated this cell damage 
induced by LPS-RAW264.7/CM at a concentration of 100 
and 200 μg/mL, with the cells viability increased to 87.05, 
91.05%, respectively. These results indicated that TFF2-
Fc pretreatment exhibited a significant protective effect 
on intestinal epithelial cells in oxidative and inflammatory 
damage.

TFF2‑Fc ameliorates  H2O2 or LPS‑RAW264.7/
CM‑induced apoptosis in Caco2 cells

We further tested the effect of TFF2-Fc on Caco2 cells apop-
tosis induced by  H2O2 or LPS-RAW264.7/CM. As shown in 
Fig. 4a,  H2O2 (500 µM) treatment alone could increase the 
percentage of Caco2 apoptotic cells to 36.82% and decrease 
the percentage of living cells to 57.21%. However, TFF2-
Fc treatment reduced the proportion of apoptotic cells to 
22.30, 19.93, and 22.32%, and increased the proportion of 
living cells to 71.06, 73.60, and 70.31% at concentrations of 
50, 100, and 200 μg/mL. Consistently, as shown in Fig. 4b, 
the proportion of apoptotic cells significantly increased 
to 25.82%, and the percentage of live cells decreased to 

Fig. 2  TFF2-Fc treatment decreases the susceptibility of DSS-
induced ulcerative colitis in C57BL/6 mice. a Ulcerative colitis mice 
induced by 2.5% DSS and treated with SASP (50 mg/kg) or TFF2-
Fc (5  mg/kg) for 8 days. b DAI score. Mice were given 2.5% DSS 
or water for 8 day, SASP (50  mg/kg) or TFF2-Fc (5  mg/kg) was 
intrarectally administrated daily and DAI score were calculated. c 
Changes in body weight were recorded daily. d Bloody stools dur-
ing experimental colitis. e Representative images of colons from 
each group of mice. f The lengths of colons from each group of mice 
were measured. g Representative images of colonic tissue sections 
with hematoxylin & eosin (H&E) staining, scale bar, 1000 μm (upper 
panel), 100  μm (lower panel). The panel in the lower, in which the 
colonic epithelium was marked with a black arrow and goblet cells 
were circled in red, is magnified from the position indicated by the 
blue arrow in the upper panel. #P < 0.05, ##P < 0.01 versus the con-
trol group, *P < 0.05, **P < 0.01 versus the model group (color figure 
online)

◂
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72.53% after LPS-RAW264.7/CM treatment alone. TFF2-
Fc (50−200 μg/mL) pretreatment could decrease the pro-
portion of apoptotic cells to 25.47, 11.67, and 10.41%, and 
increase the proportion of living cells to 73.32, 86.80, and 
88.52%. The above results showed that TFF2-Fc could alle-
viate Caco2 cells apoptosis induced by oxidative or inflam-
matory damage.

TFF2‑Fc promotes the migration of Caco2 cells

Intestinal epithelial cells migration is critical for the remis-
sion process of ulcerative colitis. The effect of TFF2-Fc 
on Caco2 cells migration was detected by wound healing 
assay. The results showed that, compared with a control 
group (39.99%), the wound healing rates of Caco2 cells 
treated with TFF2-Fc (100−400 μg/mL) were 51.03, 64.26, 
and 51.96%, respectively (Fig. 5a and d). To further ver-
ify whether TFF2-Fc promoted the migration of damaged 
intestinal epithelial cells,  H2O2 or LPS-RAW264.7/CM was 
used to prepare an oxidative or inflammatory injury model. 
As shown in Fig. 5b and e, compared with the healing rate 
of the control group (22.48%), the Caco2 cells migration 
rate of the  H2O2 model group was significantly reduced to 
8.7%. TFF2-Fc pretreatment could upregulate the Caco2 
cells migration rate inhibited by  H2O2, the migration rate 
increased to 12.41, 14.34, and 16.79% at a concentration 
of 100, 200, and 400 μg/mL, respectively. Similarly, Caco2 
cells migration rate was significantly reduced to 4.04% after 
LPS-RAW264.7/CM treatment (Fig. 5c and f), and TFF2-
Fc pretreatment could effectively alleviate the suppression 
of cell migration induced by LPS-RAW264.7/CM, the 
migration rate increased to 11.99, 12.24, and 20.87% at a 

concentration of 100, 200, and 400 μg/mL. These results 
suggested that TFF2-Fc could promote Caco2 cells migra-
tion after oxidative injury and inflammatory injury.

TFF2‑Fc reverses the expression of tight junction 
proteins down‑regulated by  H2O2 or LPS‑RAW264.7/
CM in Caco2 cells

The disruption of tight junction proteins, including Occludin 
and ZO-1, will lead to impaired mucosal, and promote the 
occurrence and development of ulcerative colitis. Therefore, 
we further examined the expression of Occludin and ZO-1 
affected by TFF2-Fc in Caco2 cells. In the  H2O2 model 
group, as shown in Fig. 6a and b, we found that  H2O2 treat-
ment decreased the level of Occludin and ZO-1, TFF2-Fc 
pretreatment could increase the expression of tight junction 
proteins. To further confirm this result, we treated Caco2 
cells with LPS-RAW264.7/CM. In Fig. 6c and d, similarly, 
the expression of Occludin and ZO-1 were significantly 
reduced after LPS-RAW264.7/CM treatment, while the 
co-incubation of TFF2-Fc and LPS-RAW264.7/CM signifi-
cantly up-regulated the expression of tight junction proteins. 
The result suggested that TFF2-Fc protected intestinal epi-
thelial cells from injury at least partially via reversing the 
reduction of tight junction proteins level.

TFF2‑Fc promotes P‑ERK activation in Caco2 cells

Studies have shown that TFF2 could stimulate ERK phos-
phorylation by binding to the chemokine receptor (CXCR4), 
thereby promoting cell proliferation, migration, and sur-
vival (Iyengar and Jangra 2019). To further verify whether 

Fig. 3  TFF2-Fc ameliorates the cell damage induced by  H2O2 or 
LPS-RAW264.7/CM in Caco2 cells. a The effect of TFF2-Fc on the 
Caco2 cells viability. Caco2 cells were seeded in 96-well plates and 
treated with different concentrations of TFF2-Fc for 24  h. b Caco2 
cells were incubated with TFF2-Fc (0−400  µg/mL) for 24  h, then 
treated with  H2O2 (500 μM) for 3 h. c Caco2 cells were pre-incubated 

with TFF2-Fc (0−400 µg/mL) for 2 h, then the culture medium was 
replaced with LPS-RAW264.7/CM containing TFF2-Fc for 24  h. 
After incubation, cell viability was tested by the SRB method. Val-
ues are expressed as mean ± SD of three independent experiments. 
*P < 0.05, **P < 0.01, versus control group, #P < 0.05, ##P < 0.01, 
versus  H2O2 or LPS-RAW264.7/CM model group
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TFF2-Fc also repair intestinal epithelial cells by affecting 
CXCR4/ERK pathway, we detected the activation of CXCR4 
downstream molecule P-ERK.  H2O2 was used to damage 
Caco2 cells and inhibit P-ERK activation. As shown in 
Fig. 7a, H2O2 (500 μM) treatment significantly inhibited 
P-ERK activation, while TFF2-Fc promoted the level of 
P-ERK inhibited by  H2O2, indicating that TFF2-Fc could 
play a repair role by affecting the activation of P-ERK. This 
ERK activation promoted by TFF2-Fc was inhibited by ERK 
inhibitor U0126 (Fig. 7b), consequently, the repair effect 
of TFF2-Fc on the damaged Caco2 cells was also inhibited 
by U0126 (Fig. 7c), which further confirming that TFF2-
Fc could repair intestinal epithelial cells via stimulating 
CXCR4/ERK signal pathway.

Interestingly, different to the  H2O2 treatment, P-ERK 
in Caco2 cells treated with LPS-RAW264.7/CM was acti-
vated (Fig. 7d). This is possibly due to the presence of many 
inflammatory factors in LPS-RAW264.7/CM, including 
TNF-α, and IL-6, which might lead to the protective activa-
tion of P-ERK, the binding of TFF2-Fc to CXCR4 further 
activated P-ERK. To some extent, this is similar to TFF3 
could up-regulate LPS-activated P-AKT in gastric epithelial 
cells (Huang et al. 2020). In general, these results suggested 
that TFF2-Fc could promote the proliferation and migration 
of Caco2 cells by activating P-ERK.

TFF2‑Fc inhibits LPS‑stimulated inflammation 
in RAW264.7 cells

To investigate the anti-inflammatory effect of TFF2-Fc, we 
examined the level of inflammatory cytokines in RAW264.7 
cells after being treated with LPS. As shown in Fig. 8a, 
TFF2-Fc (25−400 μg/mL) alone did not affect the viabil-
ity of RAW264.7 cells. The level of TNF-α (Fig. 8b), IL-6 
(Fig. 8c), and NO (Fig. 8d) was upregulated significantly 
after LPS stimulation, while TFF2-Fc decreased the secre-
tion of LPS-induced inflammatory cytokines. The continu-
ous production of inflammatory factors will cause the exces-
sive expression of ROS and further lead to oxidative damage. 
As shown in Fig. 8e and f, TFF2-Fc alone did not change 
the level of ROS in RAW264.7 cells, and the ROS level was 
significantly increased after LPS stimulation in RAW264.7 
cells, which was about 7 times that of the control group. 
However, TFF2-Fc could effectively reduce LPS-induced 
ROS elevation at the concentration of 100 and 200 μg/mL. 
These results indicated that TFF2-Fc could reduce cell 
inflammation and subsequently reduce oxidative damage.

It has been shown that inhibiting the activation of P-ERK 
promoted by LPS could reduce the inflammatory response 
in RAW264.7 cells (Zhou et al. 2019). Therefore, we inves-
tigated the effect of TFF2-Fc on P-ERK level in RAW264.7 
cells. As shown in Fig. 8g and h, P-ERK was significantly 
activated after LPS stimulation compared with the control 

group, however, TFF2-Fc pretreatment did not inhibit the 
activation of P-ERK promoted by LPS, which was possibly 
related to the expression of CXCR4 receptor on RAW264.7 
cells, and TFF2-Fc could bind to CXCR4 and further 
activate ERK signaling pathway. These results suggested 
that TFF2-Fc could inhibit LPS-induced inflammation in 
RAW264.7 cells through other signaling pathways, while 
not CXCR4/ERK pathway.

TFF2‑Fc alleviates LPS‑induced M1 polarization 
in RAW264.7 cells by reducing glycolysis

The M1 phenotype of macrophages could secrete pro-
inflammatory factors and play a pro-inflammatory function, 
and M1 phenotype of RAW264.7 cells induced by LPS is 
a classic model of inflammation. It has been reported that 
pre-incubation of microglia with TFF3 leads to a reduction 
of the M1 phenotype (Arnold et al. 2016), but the effect of 
TFF2 on macrophage polarization remains unclear. Next, 
we examined the effect of TFF2-Fc on LPS-induced M1 
polarization in RAW264.7 cells. As shown in Fig. 9a and b, 
the proportion of  CD86+ cells significantly increased after 
LPS treatment, while the proportion of  CD206+ cells did not 
change, indicating that LPS could cause normal RAW264.7 
cells to differentiate into M1 phenotype cells. However, the 
 CD86+ cell populations were decreased remarkably when 
treated with TFF2-Fc (100 and 200 μg/mL), while not affect-
ing the proportion of  CD206+ cells. The result suggests that 
TFF2-Fc could inhibit the polarization of macrophages to 
M1 phenotype. The energy required for macrophage polari-
zation mainly comes from glycolysis (Wu et al. 2021), and 
whether TFF2 plays an anti-inflammatory role by inhibit-
ing glycolysis has not been reported. Therefore, we further 
examined the effect of TFF2-Fc on glucose consumption 
and lactate secretion after LPS-induced polarization of 
RAW264.7 cells. As shown in Fig. 9d and e, glucose con-
sumption and lactate secretion were increased significantly 
after being treated with LPS. TFF2-Fc pretreatment could 
significantly inhibit LPS-induced glucose consumption and 
lactate secretion, and thus inhibited macrophage polarization 
induced by LPS. This result further demonstrated that TFF2-
Fc could attenuate the inflammatory response by inhibiting 
the M1 phenotype and glycolysis of macrophages.

Discussions

In recent 30 years, the incidence of ulcerative colitis has 
been increasing, ulcerative colitis has gradually become 
a common disease in gastroenterology (Mak et al. 2020). 
Current drugs mainly treat ulcerative colitis by reduc-
ing inflammation, but these traditional anti-inflammatory 
chemical drugs might cause nausea, vomiting, and other 
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gastrointestinal side effects. The TNF-α inhibitor inflixi-
mab has a good therapeutic effect in one-third of patients, 
however, it also increased the risk of serious infections and 
malignancy (Na and Moon 2019). In addition to reducing the 
inflammatory response, repairing the damaged mucosa is a 
promising effective strategy for the treatment of ulcerative 
colitis. For example, it has been reported that IL-33 could 
alleviate colitis by repairing the damaged gastrointestinal 
mucosa (Lopetuso et al. 2018), and polysaccharide from 
Scutellaria baicalensis Georgi has also been shown to relieve 
ulcerative colitis by repairing damaged intestinal epithelial 
barriers (Cui et al. 2021).

Recent studies indicated that TFF2 could promote lung 
epithelial repair and reduce the symptom of COVID-19 (Fu 
et al. 2020). Moreover, most interestingly, TFF2 promoted 
injured gastrointestinal mucosa repair and reduced inflam-
matory response in rats (Tran et al. 1999). TFF2 also played 
a crucial role in repairing the DSS-damaged gastrointestinal 
mucosa in mice, TFF2 promoting the migration of neighbor-
ing cells, and maintaining the epithelial integrity of gas-
trointestinal mucosa (Aihara et al. 2017), these evidences 
suggest that TFF2 might have potential significance in the 
treatment of ulcerative colitis. However, the short half-life 
of TFF2 (48 min in mice) limited its further development 
and application (Kjellev et al. 2007). It has been studied that 
the half-life of Apelin-13 was 8 min in blood, while the half-
life of Fc-Apelin-13 fusion protein was 33 h (Wang et al. 
2018). The half-life of ELA-21 was 13 min, while the Fc-
ELA-21 (44 h) fusion protein had a half-life approximately 
203 times that of ELA-21 (Xi et al. 2019). Therefore, we 
introduced the Fc fragment and successfully prepared the 
recombinant protein TFF2-Fc, which prolong the half-life 
of the protein, and also simplify the separation, with a yield 
of 10 mg/mL and a purity of 99.26%. The result indicated 
that we established an efficient method to prepare the fusion 
protein TFF2-Fc for the first time, which will also greatly 
prolong the serum half-life of TFF2, and the exact half-life 
of TFF2-Fc will be further determined in our subsequent 
pharmacokinetic experiments.

Then we further investigated whether TFF2-Fc, like 
TFF2, could repair gastrointestinal mucosa and suppress 
inflammation. Consistent with TFF2 (Tran et al. 1999), we 

found that TFF2-Fc could also reduce DAI score, improve 
body weight, blood stool, and colon length in C57BL/6 mice 
(Fig. 2). In the colon, goblet cells could form a mucosal 
barrier to protect epithelial cells by synthesizing and secret-
ing mucins, which is critical for maintaining normal colon 
function. H&E staining confirmed that TFF2-Fc effectively 
ameliorated goblet cell depletion and inflammatory cell infil-
tration induced by DSS in the intestinal tract.

Rapid proliferation and renewal of gastrointestinal epi-
thelial cells is a key step to repair injured intestinal mucosal 
(Hoffmann 2005). Gastrointestinal epithelial cell activi-
ties, such as survival, migration, and proliferation could 
be regulated via stimulating CXCR4/ERK signaling path-
way. It has been reported that WINT16B (a secreted pro-
tein that could activate both canonical and non-canonical 
WNT signaling pathways) could enhance the proliferation 
and self-renewal of corneal epithelial cells, and accelerate 
corneal epithelial wound healing through CXCR4/ERK 
signaling cascade (Zhao et al. 2022). Stromal cell-derived 
factor/chemokines-12 could regulate the maturation and res-
toration of the intestinal epithelial cells via CXCR4/ERK 
signaling pathway, and restore the integrity of the mucosal 
barrier in vivo (Zimmerman et al. 2011). Previous studies 
have revealed that TFF2 could drive calcium mobilization 
and recovery of injured gastric mucosa by stimulating the 
CXCR4 receptor (Engevik et al. 2019). Our study found that 
TFF2-Fc could also stimulate CXCR4/ERK signaling path-
way, and subsequently promote the viability and migration 
of intestinal epithelial cells.

In addition to cell viability and migration, the integrity 
of the epithelial cells is also important for the treatment of 
ulcerative colitis. In intestinal epithelial cells, tight junction 
proteins are essential for maintaining integrity, P-ERK also 
plays an indispensable role in regulating the expression of 
tight junction proteins (Basuroy et al. 2006). It has been 
shown that VSL#3 probiotics could protect the epithelial 
barrier by activating the ERK signaling pathway, increasing 
the expression of tight junction proteins in vivo and in vitro, 
and alleviating DSS-induced acute colitis in rats (Dai et al. 
2012). Considering TFF2 could also affect tight junction 
proteins and maintain the epithelial barrier via the activa-
tion of CXCR4/ERK, and our present results regarding the 
P-ERK activation and the tight junction proteins elevation, 
we confirmed that TFF2-Fc could protect tight junction pro-
teins from oxidative damage and inflammatory damage by 
stimulating the CXCR4/ERK pathway, and further indicat-
ing the importance of CXCR4/ERK pathway in the prevent 
and therapy of ulcerative colitis. In fact, many macromol-
ecules, including human β-defensin-3, stromal cell-derived 
factor, have already been reported to activate the CXCR4/
ERK pathway, and showed potential benefit in the treatment 
of ulcerative colitis (Chen et al. 2019; Liu et al. 2014). Thus, 
it is also a valid strategy to find ulcerative colitis drugs from 

Fig. 4  TFF2-Fc ameliorates  H2O2 or LPS-RAW264.7/CM induced 
apoptosis in Caco2 cells. Caco2 cells were seeded in 6-well plates 
(2 ×  105 cells/well), and treated with TFF2-Fc (50−200  μg/mL) in 
the presence or absence of  H2O2 a or LPS-RAW264.7/CM b, then 
the ratio of apoptosis Caco2 cells was measured with a  Muse™ cell 
analyzer. The bar graph depicts the percentage of apoptotic and liv-
ing Caco2 cells induced by TFF2-Fc in the absence or presence of 
 H2O2 or LPS-RAW264.7/CM. Values are expressed as the mean ± SD 
of three independent experiments. *P < 0.05, **P < 0.01, versus con-
trol group, #P < 0.05, ##P < 0.01, versus  H2O2 or LPS-RAW264.7/CM 
model group

◂
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the compounds which activate the CXCR4/ERK pathway. 
In addition, whether the repair effect of TFF2-Fc could be 
applied to other mucosal repair-related diseases, such as oral 
ulcers, needs further investigation.

Various pro-inflammatory factors produced by M1 mac-
rophages are key substances that aggravate ulcerative colitis 

symptoms (Chu et al. 2019). It has been reported that TFF3 
could inhibit the polarization of microglia to the M1 pheno-
type and alleviate neuroinflammation. However, the effect of 
TFF2 on macrophage polarization has not been reported. For 
the first time, our work showed that TFF2-Fc could inhibit 
the polarization of macrophages to the M1 phenotype, and 

Fig. 5  The effects of TFF2-Fc on the migratory ability of Caco2 
cells. a Caco2 cells were wounded with 10 μL pipette tip when the 
cells reach 90% confluence, then the cells were allowed to migrate for 
48 h in the absence or presence of TFF2-Fc. The cells were pretreated 
with TFF2-Fc for 2 h, then treated with  H2O2 b or LPS-RAW264.7/
CM c for 24 h. Subsequently, the wound healing area was calculated 

by Image J software. d, e, and f Histogram shows the wound healing 
area after different treatments. Values are expressed as the mean ± SD 
of three independent experiments. *P < 0.05, **P < 0.01, versus con-
trol group. #P < 0.05, ##P < 0.01, versus  H2O2 or LPS-RAW264.7/CM 
model group
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Fig. 6  The effect of TFF2-Fc on the expression of Occludin and 
ZO-1 in Caco2 cells. a, b Caco2 cells were treated with TFF2-Fc 
(100 − 200  µg/mL) for 24  h or 2  h, then incubated with or without 
 H2O2 (500 or 60 µM) for 3 h or 24 h, respectively. c, d Caco2 cells 
were pretreated with TFF2-Fc (100−200  µg/mL) for 2  h and co-

incubated with or without LPS-RAW264.7/CM for 24 h. The level of 
tight junction proteins was detected by western blotting assay. Values 
are expressed as the mean ± SD of three independent experiments. 
*P < 0.05, **P < 0.01, versus control group, #P < 0.05, ##P < 0.01, 
versus  H2O2 or LPS-RAW264.7/CM model group
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thereby reducing the production of inflammatory factors 
and inhibit the inflammatory response. Moreover, we found 
TFF2-Fc could inhibit glycolysis by inhibiting glucose con-
sumption and lactate production in macrophages, which is 
the energy source for macrophage polarization to the M1 
phenotype. Whether the inhibiting inflammatory response 
activity of TFF2-Fc contributes to the treatment of other 
inflammatory diseases, such as COVID-19-related pneumo-
nia, has to be yet investigated. In addition to the alleviation 
of inflammation of ulcerative colitis, for the first time we 

have demonstrated that TFF2-Fc significantly promoted the 
repair of the gastrointestinal mucosa, which was totally dif-
ferent from the current clinical therapeutic drugs. The dual 
role of TFF2-Fc demonstrated that TFF2-Fc could be used 
to clinically strengthen traditional anti-inflammatory drugs 
to achieve better outcomes and/or to be used as a single 
non-toxic bioactive substance to promote the regeneration 
of gastrointestinal mucosa.

Fig. 7  The effect of TFF2-Fc on the level of P-ERK in Caco2 cells. 
Caco2 cells were treated with different concentrations of TFF2-
Fc for 24 h or 2 h, then incubated with or without  H2O2 a or LPS-
RAW264.7/CM d for 3  h or 24  h. The activation of P-ERK was 
detected by western blotting assay. b Caco2 cells were treated with 
U0126 (5  µM) for 2  h, then treated with TFF2-Fc (100  µg/mL) for 
22  h and then treated with  H2O2 (500  µM) for 3  h, cells were col-
lected and the level of P-ERK was detected. Histogram shows the 

relative abundance of P-ERK to the control group. c SRB assay 
was used to detect Caco2 cells viability. Caco2 cells were treated 
with U0126 (5  µM) for 2  h, then treated with TFF2-Fc (100  µg/
mL) for 22 h and then treated with  H2O2 (500 µM) for 3 h. Values 
are expressed as the mean ± SD of three independent experiments. 
*P < 0.05, **P < 0.01, versus control group, #P < 0.05, ##P < 0.01, 
versus  H2O2 model group
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Fig. 8  TFF2-Fc ameliorates 
LPS-induced inflammation in 
RAW264.7 cells. a The effect 
of TFF2-Fc on the RAW264.7 
cells viability. RAW264.7 cells 
were treated with TFF2-Fc 
(0−800 µg/mL) for 24 h after 
adherence, and cells viability 
was tested using the MTT 
method. The level of TNF-α b, 
IL-6 c and NO d of RAW264.7 
cells was detected. RAW264.7 
cells were plated in 6-well 
plates (3 ×  105 cells/well) 
and pre-treated with TFF2-
Fc (0−200 µg/mL) for 2 h, 
LPS (100 ng/mL) was added 
in RAW264.7 cells for 24 h. 
Then the level of inflamma-
tory factors in the supernatant 
was detected according to the 
manufacturer’s instructions. e 
After treatment with or without 
TFF2-Fc and LPS, RAW264.7 
cells were collected and stained 
with DCFH-DA (10 µM) for 
20 min, the fluorescence signals 
were detected by CytoFLEX. 
f Histogram shows the mean 
fluorescence of ROS with or 
without TFF2-Fc or LPS in 
RAW264.7 cells. g RAW264.7 
cells were collected and the 
level of P-ERK was detected by 
western blotting. h Histogram 
shows the relative abundance 
of P-ERK to the control 
group. *P < 0.05, **P < 0.01, 
versus control group, #P < 0.05, 
##P < 0.01, versus LPS model 
group
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Fig. 9  TFF2-Fc could inhibit 
LPS-induced M1 polarization 
of RAW264.7 cells by reducing 
glycolysis. a RAW264.7 cells 
were seeded in 6-well plates and 
treated with TFF2-Fc for 2 h 
before exposed LPS (100 ng/
mL) for 24 h. Then cells were 
collected and the proportion 
of  CD86+ cells was detected 
by flow cytometry according 
to the manufacturer’s instruc-
tions. Histogram shows the 
proportion of (b)  CD86+ cells 
and (c)  CD206+ cells in total 
cells. Glucose consumption (d) 
and lactate production (e) was 
measured in the supernatant by 
kit. Values are expressed as the 
mean ± SD of three independ-
ent experiments. **P < 0.01, 
***P < 0.001, versus control 
group, #P < 0.05, ###P < 0.001, 
versus LPS model group
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Conclusions

In summary, for the first time, our present work has estab-
lished an efficient method to prepare TFF2-Fc fusion protein, 
with a yield of 10 mg/mL and a purity of 99.26%. TFF2-
Fc could significantly improve the symptoms of ulcerative 
colitis mice. In intestinal epithelial cells, TFF2-Fc inhibited 
cellular injury and apoptosis, promoted cells migration, and 
increased the expression of tight junction proteins by stimu-
lating CXCR4/ERK signaling pathway. Moreover, TFF2-Fc 
could reduce the inflammatory response of macrophages via 
inhibiting glucose consumption and lactate production. Our 
present work demonstrated the therapeutic effect of TFF2-Fc 
in ulcerative colitis attributed to both inflammatory inhi-
bition and gastrointestinal mucosa regeneration, this dual 
role of TFF2-Fc suggested that it could be served as a novel 
bioactive substance for alternative treatment for ulcerative 
colitis.
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