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Abstract. Epithelial‑to‑mesenchymal transition (EMT) 
and fibrosis are well‑established biological outcomes of 
TGFβ‑mediated signaling. Rabeprazole, a proton pump 
inhibitor (PPI), has been widely used as a first‑line therapy 
for H. pylori infection. However, the possible role of rabepra‑
zole in fibrosis remains unclear. Western blotting and reverse 
transcription‑quantitative PCR were used to analyze gene 
expression at mRNA and protein levels. In addition, immu‑
nofluorescence, immunoprecipitation (IP) and dual luciferase 
reporter assays were performed to identify the mechanism 
underlying rabeprazole‑modulated fibrosis. Plasmid transfec‑
tion was conducted to rescue the experiments. In the present 
study, EMT inhibition was observed in gastric epithelial 
cells, including AGS and GES‑1 cells, in response to rabe‑
prazole treatment. Specifically, stimulation with rabeprazole 
100 µM caused an upregulation of transcriptional interme‑
diary factor 1γ (TIF1γ) expression, leading to a decrease in 
fibronectin (FN) and collagen type I alpha 1 chain (Col1a1) 
expression, whereas no significant variation was observed in 
the expression of α‑smooth muscle actin expression. Moreover, 
depletion of TIF1γ expression largely blocked the influence of 
rabeprazole on Col1a1 and FN expression. Mechanistically, the 
IP analysis showed that endogenous SMAD family member 3 
(SMAD3) interacted with TIF1γ, and this interaction was 
enhanced in response to rabeprazole, which further inhibited 
SMAD3 linker phosphorylation and nuclear translocation 
as evidenced through subcellular fractionation experiments. 
Overall, the present findings reveal a previously unrecognized 
antifibrotic activity of rabeprazole. These findings enriched 

the biological function of rabeprazole and highlight a novel 
regulatory mechanism underlying its antifibrotic activity. 

Introduction

Epithelial‑to‑mesenchymal transition (EMT) is a critical 
pathological feature in fibrosis‑related diseases, including 
intestinal fibrosis and pulmonary fibrosis (1), and represents 
a highly dynamic, multi‑stage process regulated by multiple 
signaling pathways that promote acquisition of the mesen‑
chymal phenotype. In detail, external stimulation of signaling 
pathways, including TGFβ/Wnt, triggers a transcriptional 
program during EMT that induces the expression of the 
E‑cadherin transcriptional repressor SNAIL, which promotes 
cell migration, invasiveness and fibrosis. The core process of 
EMT is characterized by epithelial cells losing polarity and 
intercellular connections to acquire a mesenchymal phenotype 
with enhanced mesenchymal traits such as collagen, fibro‑
nectin (FN), vimentin and α‑smooth muscle actin (α‑SMA) 
expression, as well as reduced epithelial adhesion protein 
E‑cadherin expression (2‑4). Proton pump inhibitors (PPIs) 
have been shown to have anticancer activity against several 
types of cancer. For instance, omeprazole destroyed cyclic 
AMP response element‑binding protein (CREB)‑binding 
protein (CBP)/p300‑mediated SNAIL protein acetylation to 
induce its degradation, leading to the inhibition of EMT in 
cancer cells (5), while pantoprazole was shown to inactivate 
the Wnt/β‑catenin signaling pathway to block the EMT 
process (6‑8). Moreover, rabeprazole was shown to reduce 
resistance to temozolomide in glioma via EMT inhibition (9). 
Despite the fact that previous studies showed that PPIs 
can inhibit EMT, to date, there is no direct evidence fully 
describing the role of rabeprazole in fibrosis.

It is well known that SMAD family member 3 (SMAD3) 
is an important mediator of TGFβ‑induced fibrosis or EMT, 
which can crosstalk with other pathways to modulate patho‑
logical progression. For example, Y‑box binding protein 1, 
a member of the DNA/RNA‑binding protein family, was 
reported to upregulate SMAD7 transcription or interact with 
SMAD3 to overcome the effect of TGFβ stimulation (10,11). 
In addition, transcriptional intermediary factor 1γ (TIF1γ; also 
known as TRIM33), a direct target of CREB, interacted with 
SMAD3 to antagonize SMAD3‑induced fibrosis (12), which 
was in line with studies reporting on the anti‑EMT function of 

Rabeprazole attenuates fibrosis by modulating 
SMAD3 linker region phosphorylation

LINKAI LI1*,  ZHEN LIANG1*,  LONG FAN1,  YAJUN CAO1,  XIUFU TANG2  and  JIHUI CHEN1

1Department of Pharmacy, Zhuhai Center for Maternal and Child Health Care, Zhuhai, Guangdong 519000, P.R. China;  
2Department of Pediatric Hematology and Rheumatology, Zhuhai Women and Children's Hospital, Zhuhai, Guangdong 519001, P.R. China

Received April 30, 2025;  Accepted November 7, 2025

DOI: 10.3892/br.2025.2098

Correspondence to: Dr Jihui Chen, Department of Pharmacy, 
Zhuhai Center for Maternal and Child Health Care, 543  Ningxi 
Road, Zhuhai, Guangdong 519000, P.R. China
E‑mail: 389924285@qq.com

*Contributed equally

Key words: fibrosis, SMAD family member 3, linker 
phosphorylation, transcriptional intermediary factor 1γ

https://www.spandidos-publications.com/10.3892/br.2025.2098


LI et al:  RABEPRAZOLE IMPROVES FIBROSIS2

TIF1γ (13,14). Notably, the phosphorylation of SMAD3 linker 
(at the ser204, ser208, ser213 and Thr179 residues) was reported 
to accelerate nuclear shuttle of cytoplasmic SMAD3, which 
decreased the accessibility of non‑phosphorylated SMAD3 to 
membrane‑anchored TGFβ receptor type I (TGFβRI), leading 
to inhibition of SMAD3C phosphorylation (15,16). Moreover, 
TIF1γ has been shown to act as a SMAD4 ubiquitin ligase, 
either dissociating SMAD2/SMAD3‑SMAD4 complexes or 
mediating polyubiquitylation and degradation of SMAD4, 
thereby promoting competitive binding of SMAD2/3 through 
the MH2 domain (17). In addition, TIF1γ was reported to occupy 
SMAD‑binding elements to prevent SMAD2/3‑mediated 
DNA binding (12). Based on these findings, it is hypothesized 
that this TIF1γ/SMAD3 complex may have an inhibitory 
effect on SMAD3 phosphorylation and nuclear translocation 
to ablate SMAD3‑mediated gene transcription. However, the 
critical phosphorylation site of SMAD3 in response to the 
TIF1γ/SMAD3 complex remain unclear.

Rabeprazole, a classical PPI, was previously recognized to 
be involved in the  modulation of inflammation (18,19), barrier 
function (20,21) and metabolism (22). The aim of the present 
study was to identify the novel biological function of rabeprao‑
zole in fibrosis and reveal the possible relationship between 
TIF1γ and SMAD3 through immunofluorescence (IF), immu‑
noprecipitation (IP) and luciferase assays. providing significant 
implications for understanding the function of rabeprazole.

Materials and methods

Chemical reagents. Gibco™ BASIC DMEM (cat.  no. 
C11995500BT) and fetal bovine serum (FBS) (Premium 
Plus; cat. no. A5669701) were purchased from Thermo Fisher 
Scientific, Inc. Rabeprazole (cat. no. HY‑B0656) was purchased 
from MedChemExpress. Lipo8000™ transfection reagent 
(cat. no. C0533), nuclear and cytoplasmic protein extraction kit 
(cat. no. P0028) and cell lysis buffer for western blotting and 
immunoprecipitation (IP; cat. no. P0013) were purchased from 
Beyotime Institute of Biotechnology. shRNA‑TIF1γ plasmids 
and TIF1γ promoter plasmid, were constructed and obtained 
from Youbio Biotech Co., Ltd. Protein A/G magnetic beads 
(cat. no. B23202) were purchased from Selleck Chemicals. 
EZ‑press RNA Purification Kit (cat.  no.  B0004D), 4X 
EZscript Reverse Transcription Mix II (with gDNA Remover; 
cat. no. EZB‑RT2G) and 2X Color SYBR Green qPCR Master 
Mix (cat. no. A0012) were purchased from EZBioscience. 
A dual‑luciferase reporter assay system (cat.  no.  E1910) 
was obtained from Promega Corporation. Antibodies 
including α‑SMA specific monoclonal antibody (mAb) 
(cat. no. 67735‑1‑Ig), FN mAb (cat. no. 66042‑1‑Ig), vimentin 
polyclonal antibody (pAb) (cat. no. 10366‑1‑AP), collagen 
type I (Col1a1) mAb (cat.  no.  67288‑1‑Ig), SMAD3 mAb 
(cat. no. 66516‑1‑Ig), lamin A/C pAb (cat. no. 10298‑1‑AP) 
and α‑tubulin mAb (cat. no. 66031‑1‑Ig) were purchased from 
Proteintech Group, Inc. TIF1γ mouse mAb (cat. no. YM1108), 
SMAD3 (phospho Ser204) rabbit pAb (cat.  no.  YP0363), 
SMAD3 (phospho Ser213) rabbit pAb (cat.  no.  YP0364), 
SMAD3 (phospho Thr179) rabbit pAb (cat. no. YP0745) and 
SMAD3 (phospho Ser208) rabbit pAb (cat.  no.  YP0746) 
were purchased from Immunoway Biotechnology Co., 
Ltd.; peroxidase affiniPure™ goat anti‑rabbit IgG (H+L) 

(cat. no. 111‑035‑003) and peroxidase‑conjugated affiniPure 
goat anti‑mouse IgG (H+L) (cat.  no.  115‑035‑003) were 
obtained from Jackson ImmunoResearch Laboratories, Inc.

Cell culture, treatment and transfection. Gastric epithelial 
cells, including AGS (cat.  no.  JNO‑H0238) and GES‑1 
(cat.  no.  JNO‑H0240), were purchased from Guangzhou 
Jennio Biotech Co. Ltd. and maintained in DMEM medium 
containing 10% FBS, 100 mg/ml streptomycin and 100 U/ml 
penicillin. Rabeprazole was dissolved in DMSO and stored at 
‑80˚C. The concentration of rabeprazole used was 100 µM. 
For cell transfection of each well in a 6‑well plate, when cells 
reached 50% confluence, 2 µg plasmids were gently mixed 
with 4 µl Lipo8000 transfection reagent in 125 µl Opti‑MEM® 
medium at room temperature according to the manufacturer's 
instructions. Subseqently, the mix was added into each well for 
48 h. pLVX‑shRNA‑PURO plasmids (cat. no. L28550‑L28552) 
targeting TIF1γ (also known as TRIM33) were constructed 
and purchased from Youbio Biotech Co., Ltd.

Reverse transcription‑quantitative (RT‑q)PCR analysis. 
Following treatment, total RNA was extracted from 106 cells 
per group with the EZ‑press RNA purification kit according to 
the manufacturer's instructions. cDNA was synthesized using 
4X EZscript reverse transcription mix II (with gDNA Remover) 
to analyze the indicated gene expression using the 2X color 
SYBR Green qPCR Master Mix. The following primer pairs 
were used for qPCR: FN forward, 5'‑TCA​GCT​TCC​TGG​CAC​
TTC​TG‑3' and reverse, 5'‑TCT​TGT​CCT​ACA​TTC​GGC​GG‑3'; 
vimentin forward, 5'‑GGA​CCA​GCT​AAC​CAA​CGA​CA‑3' 
and reverse, 5'‑AAG​GTC​AAG​ACG​TGC​CAG​AG‑3'; COl1a1 
forward, 5'‑TCG​GAG​GAG​AGT​CAG​GAA​GG‑3' and reverse, 
5'‑CCC​GGT​GAC​ACA​TCA​AGA​CA‑3'; α‑SMA forward, 
5'‑CTA​TGA​GGG​CTA​TGC​CTT​GCC‑3' and reverse, 5'‑GCT​
CAG​CAG​TAG​TAA​CGA​AGG​A‑3'; TIF1γ forward, 5'‑AGC​
ACT​ACT​ATA​CAG​CAA​GCG​A‑3' and reverse, 5'‑CAG​AAG​
GTG​GGA​TCA​CAA​TGG‑3'; β‑actin forward, 5'‑CTT​CGC​
GGG​CGA​CGA​T‑3' and reverse, 5'‑CCA​CAT​AGG​AAT​CCT​
TCT​GAC​C‑3'.

Immunoblotting analysis. As described in Niu et al (23), after 
treatment, cells were harvested to extract the total protein 
using cell lysis buffer for western blotting and IP. Briefly, 
15 µg total protein was separated by 10% SDS‑PAGE and 
transferred into polyvinylidene fluoride (PVDF) membranes. 
The protein bands were blocked with PBST (0.5% Tween‑20) 
(cat. no. BL345A) containing 2% skim milk (cat. no. BS102) 
plus 3% BSA (cat. no. BS114; all from Biosharp) for 1 h at room 
temperature. After washing with PBST (0.5% Tween‑20), the 
membranes were incubated with the primary antibodies with a 
dilution of 1:2,000 overnight at 4˚C. Following incubation with 
primary antibodies, the membranes were incubated with the 
secondary antibodies at 1:2,000 for 1 h at room temperature. 
Finally, after washing with PBST, the bands were visualized 
and captured using Chemiluminescence imaging instrument 
(MiniChemi 610, Sinsage) after incubation with an ECL 
chemiluminescent substrate (cat. no. NEL105001EA; Revvity, 
Inc.). the density was quantified by Image J software (version: 
1.8.0_351; National Institutes of Health) and normalized to 
internal control.
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Subcellular isolation. According to the manufacturer's 
instructions, after serum starvation and when the cells reached 
80% confluence, cells were treated with or without rabeprazole 
for 1 h at 37˚C and the cytosolic and nuclear fractions were 
extracted using the nuclear and cytoplasmic protein extrac‑
tion kit aforementioned. Western blotting was performed to 
analyze the protein expression.

IP. As described in Li et al  (24), when cells reached 80% 
confluence in a 6‑cm dish, the medium was replaced with 
serum‑free DMEM for 18 h. The cells were incubated with 
or without rabeprazole for 1 h, after which the medium was 
removed and the cells were washed with ice‑cold PBS. The 
cells were then incubated with cell lysis buffer for western blot‑
ting and immunoprecipitation for 10 min on ice, scraped, and 
transferred into 1.5‑ml tubes for an additional 30 min of lysis 
on a rotator at 4˚C. The lysates were centrifuged at 12,000 x g 
for 2 min at 4˚C to collect the supernatant. A total of 10 µl 
of anti‑SMAD3 antibody was added to the supernatant and 
incubated overnight at 4˚C. Subsequently, 20 µl of protein A/G 
magnetic beads (cat. no. B23202; Selleck Chemicals) were 
added and incubated for 1 h at 4˚C to pull down the immune 
complexes. After three washes with cell lysis buffer for 
western blotting and IP (cat. no. P0013), the complexes were 
eluted with SDS loading buffer and boiled at 100˚C for 10 min 
for immunoblotting analysis.

Immunofluorescence staining. Cells were digested and 
reseeded into an 8‑well slide overnight and incubated at 37˚C 
with or without rabeprazole for 1 h. After fixation with 3% PFA 
(cat. no. BL3786A) for 10 min at room temperature and perme‑
abilization with 0.3% Triton X‑100 (cat. no. BL935B; both 
from Biosharp; Beijing Labgic Technology Co., Ltd.) for 5 min 
at 4˚C, cells were blocked with 3% milk at room temperature 
for 1 h. The incubation with anti‑SMAD3 at a dilution of 1:400 
was conducted overnight at 4˚C. Subsequently, further incuba‑
tion was performed for another 1 h at room temperature with 
goat anti‑mouse IgG (H+L) (AbFluor 594) (cat. no. RS3608; 
Immunoway Biotechnology Co., Ltd.) at a dilution of 1:300. 
After washing and staining the nuclei with DAPI buffer 
(cat. no. C1006; Beyotime Insitute of Biotechnology) for 5 min 
at room temperature, the coverslips were covered with glass 
slides. Stained cells were visualized using a laser scanning 
fluorescent microscope (Leica Microsystems GmbH).

Dual luciferase reporter analysis. Briefly, the reporter 
plasmid containing 0.5 µg TIF1γ promoter in PGL3‑Basic 
(cat. no. 56089) and 10 ng pRL‑TK Renilla luciferase plasmid 
(cat. no. V1079; both from Youbio Biotech Co., Ltd.) at a 
ratio of 50:1 were co‑transfected into cells in a 24‑well plate 
at room temperature. Cells were maintained for 24 h with 
complete medium in a cell incubator using Lipo8000 trans‑
fection reagent (C0533; Beyotime Institute of Biotechnology), 
followed by incubation with 100 µM rabeprazole for another 
24 h in serum‑free medium at 37˚C. An equal precentage of 
DMSO was used as the vehicle control. Each group consisted 
of three replicates. The cells were lysed with 100 µl Passive 
Lysis Buffer, and samples were collected and measured using 
a plate‑reading luminometer to calculate relative light units 
determined by the ratio of firely/Renilla to reflect TIF1γ 

transactivation, using the dual‑luciferase reporter assay 
system (cat. no. E1910; Promega Corporation) according to the 
manufacturer's instructions. 

Statistical analysis. Data analysis was performed with 
GraphPad Prism 10.0 (Dotmatics). Statistical comparisons 
between two groups were performed using the unpaired 
Student's t‑test. One‑sample t‑test was conducted to analyze 
the RT‑q PCR results. Statistical comparisons among three 
groups were performed using one‑way ANOVA followed by 
the Dunnett's post hoc test. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Rabeprazole suppresses fibrosis in gastric epithelial cells. 
AGS and GES‑1 gastric epithelial cells were employed as 
in vitro models to assess the impact of rabeprazole on fibrotic 
processes. The expression levels of genes involved in fibrosis 
were analyzed in gastric epithelial cells after incubation for 
24 h with rabeprazole at 10 and 100 µM. Compared with the 
control group (Fig. 1A and B), a significant fibrosis inhibition 
was observed in GES‑1 and AGS cells in response to 100 µM 
rabeprazole stimulation as indicated by the largely decreased 
FN and Col1a1 mRNA levels, whereas no significant change 
was observed in vimentin mRNA expression regardless of 
treatment with 10 and 100 µM. Moreover, western blotting 
was performed to detect the indicated protein expression 
levels, and quantification of the indicated proteins revealed 
that rabeprazole treatment at 100 µM induced a downregula‑
tion of FN and Col1a1 expression in GES‑1 and AGS cells, 
respectively, while no influence on vimentin expression was 
observed with treatment at 10 µM. In addition, the expression 
of α‑SMA was downregulated in GES‑1 cells (Fig. 1C and D). 
Taken together, these findings indicated that rabeprazole has a 
potent suppressive effect in inhibiting fibrosis.

TIF1γ is essential for the EMT inhibition mediated by rabe‑
prazole. Since TIF1γ was reported to suppress extracellular 
matrix (ECM) production by inhibiting TGF-β1 transcriptional 
response (25‑27), the present study focused on investigating 
the possible effect of rabeprazole on TIF1γ expression in 
gastric epithelial cells. Based on the previous results, treatment 
with 100 µM rabeprazole was selected for further experi‑
ments. Compared with the control group (Fig. 2A and B), the 
mRNA levels of TIF1γ were significantly increased in AGS 
and GES‑1 cells in response to rabeprazole treatment. In addi‑
tion, the protein expression level of TIF1γ was significantly 
enhanced by rabeprazole treatment (Fig. 2C). Moreover, dual 
luciferase reporter experiments further revealed that TIF1γ 
transactivation was significantly increased in response to 
rabeprazole treatment (Fig. 2D). Most importantly, depletion 
of TIF1γ expression by shRNA plasmid‑targeted TIF1γ could 
rescue the effect of rabeprazole on FN and Col1a1 protein 
expression (Fig. 2E). These results indicated that rabeprazole 
inhibited the ECM through upregulation of TIF1γ expression.

Rabeprazole inhibits SMAD3 phosphorylation and nuclear 
translocation. It is well known that SMAD3 phosphorylation, 
whether in the linker domain or at the C‑terminus, promotes 
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SMAD3 nuclear translocation to initiate gene transcrip‑
tion  (16). Notably, a reciprocal inhibition existed between 
phosphorylation of the SMAD3 linker domain and C‑terminus, 
which was attributed to the fact that SMAD3 phosphorylation 
at the linker domain could induce SMAD3 nuclear shuttling, 
thereby inhibiting the accessibility of non‑phosphorylated 
SMAD3 to membrane‑anchored TGFβRI (28).

The present results demonstrated that rabeprazole attenu‑
ated fibrosis, prompting an exploration of the influence of 
rabeprazole on SMAD3 activation. Through immunoblotting 
quantification, it was found that, in gastric epithelial cells, 
rabeprazole treatment led to a downregulation of SMAD3 
phosphorylation at Ser204, Ser208 and Ser213, while no 
significant changes were observed at Thr179 of the SMAD3 
linker domain (Fig. 3A‑E). Moreover, subcellular fraction 
combined with immunofluorescence analysis further showed 
that the nuclear SMAD3 level was reduced in response to 

rabeprazole (Fig. 3F). Overall, rabeprazole inhibited SMAD3 
phosphorylation and nuclear translocation.

Rabeprazole disrupts the interaction between SMAD3 and 
TIF1γ. The present study aimed to elucidate the mechanism 
by which rabeprazole influences fibrotic processes. SMAD3 
was identified as a key transcriptional regulator of Col1a1, 
contributing to fibrosis via TGFβ‑dependent signaling 
pathways (29). Notably, TIF1γ was shown to mitigate ECM 
accumulation by interacting with SMAD3, thereby attenuating 
fibrotic responses (12). These findings suggest that SMAD3 
may play a pivotal role in the antifibrotic effects mediated by 
rabeprazole‑induced TIF1γ activity. On this basis, the present 
study aimed to explore the possible relationship between 
SMAD3 and TIF1γ. As shown in Fig. 4A, endogenous SMAD3 
interacted with TIF1γ, and this interaction was enhanced in 
response to rabeprazole. In line with this, immunoprecipitation 

Figure 1. Rabeprazole inhibits fibrosis. After treatment with or without rabeprazole stimulation for 24 h at indicated concertations in (A) GES‑1 and (B) AGS‑1 
cells, reverse transcription‑quantitative PCR was conducted to analyze gene expression. Data was displayed as the mean ± SD and quantified by one‑way 
ANOVA, followed by the Dunnett's post hoc test for significance against 0 µM. *P<0.05, **P<0.01 and ****P<0.0001; n=3. (C) GES‑1 and (D) AGS cells were 
treated as previosuly described in (A and B). The total cells were harvested to detect the indicated protein levels. The quantitation of bands was analyzed using 
one‑way ANOVA, followed by the Dunnett's post hoc test for significance against 0 µM. **P<0.01, ***P<0.001 and ****P<0.0001; n=3. FN, fibronectin; Col1a1, 
collagen type I alpha 1 chain; α‑SMA, α‑smooth muscle actin.
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Figure 2. TIF1γ is essential for rabeprazole‑modulated ECM. (A) GES‑1 and (B) AGS cells were treated with or without rabeprazole for 48 h, and the 
expression of TIF1γ mRNA was analyzed by reverse transcription‑quantitative PCR. Data are shown as the mean ± SD and quantified by one sample t‑test 
for significance against 0 µM. ***P<0.001; n=3. (C) Western blotting was used to detect the protein level of TIF1γ in AGS cells in the absence or presence of 
rabeprazole for 48 h, and the bands were quantified and analyzed using one sample t‑test. Data are displayed as the mean ± SD. ****P<0.0001; n=3. (D) TIF1γ 
promoter plasmid combined with Renilla plasmid were co‑transfected into AGS cell for 24 h, followed by treatment with or without rabeprazole for another 
24 h. Relative light units were measured using the dual‑luciferase reporter assay system according to the manufacturer's instructions. Data are displayed as 
the mean ± SD and quantified by two sample t‑test for significance against 0 µM. **P<0.01; n=3. (E) Following transfection with pooled shTIF1γ plasmids 
overnight, AGS cells were treated with or without rabeprazole for another 48 h, and the bands were quantified and analyzed using one sample t‑test. **P<0.01 
and ****P<0.0001; n=3. TIF1γ, transcriptional intermediary factor 1γ; FN, fibronectin; Col1a1, collagen type I alpha 1 chain.

Figure 3. Rabeprazole modulates SMAD3 phosphorylation and nuclear translocation. (A) GES‑1 and AGS cells were treated with or without rabeprazole for 
1 h, and the phosphorylation of SMAD3 linker was detected by immunoblotting. (B‑E) The band intensities were quantified and analyzed by one sample t‑test. 
Data are shown as the mean ± SD. *P<0.05, **P<0.01 and ***P<0.001, n=3. (F) Left panel: The subcellular fraction was isolated using nuclear and cytoplasmic 
protein extraction kit according to manufacturer's instructions. The SMAD3 level was detected by western blotting, α‑tubulin and lamin A/C were used 
as cytosolic and nuclear internal controls. Right panel: IF analysis of SMAD3 in AGS cells treated with or without rabeprazole for 1 h. Scale bar, 100 µm. 
SMAD3, SMAD family member 3; IF, immunofluorescence; phospho, phosphorylated.
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assays further revealed that rabeprazole treatment led to a 
significantly enhanced SMAD3/TIF1γ complex, which in turn 
further inhibited SMAD3 linker phosphorylation, including 
Ser204, Ser208 and Ser213 (Fig. 4A‑E), consistent with our 
other research work showing that overexpression of TIF1γ led 
to inhibition of SMAD3 phosphorylation (Li et al unpublished 
data). These results indicated that rabeprazole treatment led to 
an antifibrotic TIF1γ/SMAD3 complex.

Discussion

Fibrosis is a common pathological change in various diseases, 
including chronic hepatitis B‑related liver diseases (30) and gastro‑
intestinal‑related diseases (31). Previous studies demonstrated 
that rabeprazole has various biological functions (9,29,32,33), 
however, the present study further revealed a novel mechanism of 
rabeprazole in fibrosis. The present study found that rabeprazole 
exerted an inhibitory effect on fibrosis, which was attributed 
to enhanced TIF1γ expression, while enhanced TIF1γ expres‑
sion could inhibit SMAD3 linker phosphorylation. Further 
analysis showed that TIF1γ interacted with SMAD3, leading to 
suppression of SMAD3 signaling characterized by decreased 
phosphorylation of SMAD3 linker at Ser213, Ser204 and Ser208, 
and rabeprazole treatment enhanced this interaction between 
TIF1γ and SMAD3 to aggravate SMAD3 linker phosphorylation 
inhibition to alleviate fibrosis. This finding not only enriched the 
knowledge on the biological function of rabeprazole, but also the 
provided a possible therapeutic strategy for fibrosis.

Rabeprazole, a well‑known PPI, was reported to induce 
M2‑type adipose tissue macrophages, alleviating chronic inflam‑
mation (18), and to improve the survival rate and ameliorate 
pathological damage in Clostridium perfringens or perfrin‑
golysin O (PFO)‑treated Galleria mellonella (34). Moreover, 
rabeprazole was shown to have anti-Trypanosoma  cruzi 
activity by targeting cellular triosephosphate isomerase (35). 

Rabeprazole has been demonstrated to destroy gastric epithelial 
barrier function in vivo and in vitro (20,36), while exhibiting 
nephroprotective effects through inhibition of organic cation 
transporter 2 (37) as well as promoting vascular impairment 
through hypoxia‑inducible factor 1‑α (38). The present study 
further investigated the antifibrotic function of rabeprazole. 
In previous studies, rabeprazole was demonstrated to induce 
enhanced TIF1γ expression, leading to suppression of TGFβ 
signaling. Notably, phosphorylation of TIF1γ at Tyr‑524, 
Tyr‑610, and Tyr‑1048 was found to destroy the complex 
between TIF1γ and SMAD3, which could enhance TGFβ 
signaling (17,39). Therefore, further investigation was required 
to reveal the mechanism through which rabeprazole regulated 
TIF1γ expression. However, the influence of rabeprazole on 
TIF1γ phosphorylation remains unclear and will require further 
investigations. In addition, the present study lacked in vivo 
experiments confirming the possible role of rabeprazole in 
fibrosis. Furthermore, phosphorylation of SMAD3, at both the 
linker domain and C‑terminus, is a critical event for the initiation 
of fibrosis or EMT (40). Phosphorylation of SMAD3 at Ser204, 
Ser208, and Ser213 was observed to be significantly reduced in 
response to rabeprazole stimulation, and this phenomenon was 
attributed to the formation of an enhanced complex between 
TIF1γ and SMAD3 caused by rabeprazole. However, the 
specific domain and phosphorylation status of TIF1γ that facili‑
tate its interaction with SMAD3, particularly under rabeprazole 
treatment, remain unclear. In addition, considering that the 
disease and tumor microenvironment are enriched with diverse 
inflammatory and immune cells, including macrophages and 
fibroblasts, our future work will employ progressively complex 
in vitro systems, ranging from spheroid and organoid‑based 
co‑cultures to air‑liquid interface organoids and microfluidic 
organoid‑on‑a‑chip platforms. These models will be used to 
investigate whether rabeprazole plays a role in remodeling the 
cellular microenvironment (41,42).

Figure 4. Rabeprazole modulates the TIF1γ/SMAD3 complex. (A) Following overnight serum starvation, AGS cells were treated with or without rabeprazole 
for 1 h, and an IP experiment with anti‑SMAD3 or IgG was performed. Immunoblotting was employed to analyze the indicated protein expression levels. 
(B-E) Band intensities were quantified and the differences were analyzed. Data are shown as the mean ± SD and determined using one sample t‑test; *P<0.05 
and **P<0.01; n=3. TIF1γ, transcriptional intermediary factor 1γ; SMAD3, SMAD family member 3; IP, immunoprecipitation.
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In summary, the present study revealed a novel antifibrotic 
role of rabeprazole in vitro, mediated through the formation 
of a TIF1γ‑SMAD3 complex. These findings offer novel 
insights into the biological functions of rabeprazole and 
suggest its potential as an alternative therapeutic strategy for 
fibrosis‑related diseases.
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