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Halofuginone (HF) is an extract from the widely used traditional Chinese medicine (TCM) Dichroa febrifuga
that facilitates the recovery of wounds and attenuates hepatic ﬁbrosis. However, the role of HF in the
epithelial-mesenchymal transition (EMT) of IPEC-J2 cells remains unclear. The current study explored the
anti-EMT effect of HF in IPEC-J2 cells and illustrates its molecular mechanism. Transforming growth factor
b1 (TGF-b1), as a recognized proﬁbrogenic cytokine, decreased the level of the epithelial marker E-cadherin
and increased the level of the mesenchymal markers, such as N-cadherin, ﬁbronectin (FN), vimentin (Vim),
and a-smooth muscle actin (a-SMA), in IPEC-J2 cells depending on the exposure time and dose. HF markedly
prevented the EMT induced by TGF-b1. Dissection of the mechanism revealed that HF inhibited IPEC-J2 cell
EMT via modulating the phosphorylation of SMAD2/3 and the SMAD2/3-SMAD4 complex
nuclear translocation. Furthermore, HF could promote the phosphorylation of eukaryotic translation initiation
factor-2a (eIF2a), which modulates the SMAD signaling pathway. These results suggested that HF inhibits
TGF-b1-induced EMT in IPEC-J2 cells through the eIF2a/SMAD signaling pathway. Our ﬁndings suggest that
HF can serve as a potential anti-EMT agent in intestinal ﬁbrosis therapy.
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1. Introduction
Inﬂammatory bowel disease (IBD) is a chronic, nonspeciﬁc inﬂammatory disease that causes excessive
proliferation of intestinal mesenchymal cells, deposition
of extracellular matrix (ECM) in the intestinal wall, and
excessive growth of the intestinal myometrium (Chu
et al. 2016; Ge et al. 2019). IBD exhibits characteristics
of chronic and recurrent attacks. Epidemiological data
show that the prevalence and mortality of IBD are
increasing in all regions of the world, and the age of
disease onset is decreasing; however, there is no signiﬁcant difference in the prevalence of the disease in
http://www.ias.ac.in/jbiosci

males and females (Malik 2015; Nimmons and Limdi
2016). The pathogenesis of IBD remains unclear (Geremia et al. 2014; Agrawal and Colombel 2019). Studies
have shown that the pathological process is the result of
genetic interactions and is related to factors such as
immunity, genetics, environment, and diet (Van Limbergen et al. 2015; Opstelten et al. 2019). Although
certain current treatment regimens can induce inﬂammatory remission in active IBD, they cannot maintain
the disease in an inactive state for a long time (Van
Limbergen et al. 2015; Opstelten et al. 2019).
Intestinal ﬁbrosis is a common complication in IBD.
The mechanism of its formation is not yet clear. It may
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involve chronic inﬂammation; the transformation of
mesenchymal cells (ﬁbroblasts and myoﬁbroblasts),
epithelial cells and endothelial cells; and interactions
between various cytokines (Fausther and Dranoff
2015). Many cytokines are involved in the formation of
intestinal ﬁbrosis, such as TGF-b, CTGF, IGF-1, IL,
TNF-a, Ang II, bFGF, PDGF, and VEGF. These
cytokines mediate cell-to-cell interactions via paracrine
signaling or act on themselves via autocrine signaling,
forming a complex network of cytokines. Cytokines
signiﬁcantly promote excessive hyperproliferation of
interstitial cells, such as ﬁbroblasts (FB), and abnormal
deposition of ECM and play a crucial part in the
occurrence and development of intestinal ﬁbrosis.
Among the cytokines, TGF-b1 is a key cytokine
involved in the formation of intestinal ﬁbrosis and is
closely related to the occurrence and development of
ﬁbrosis and the synthesis of ECM. Studies have shown
that excessive expression of TGF-b can occur in the
ECM and inhibit its degradation, which is an important
cause of IBD intestinal ﬁbrosis (Shimbori et al. 2016).
Therefore, further study of the mechanism of TGF-b1
in the occurrence and development of intestinal ﬁbrosis
is of great signiﬁcance for exploring the targets of
TGF-b1 in the treatment of intestinal ﬁbrosis.
TGF-b1 promotes ﬁbrotic progression primarily
through the signals transmitted to its downstream
SMAD protein family. TGF-b1 binds to its receptor to
form a ligand-receptor complex, which phosphorylates
SMAD2/3. Phosphorylated SMAD2/3 binds to
SMAD4 to form a heteromultimer, and the polymer is
transferred from the cytoplasm to the nucleus, which
activates various types of collagen and ﬁbronectin and
gene transcription, and results in increased ECM synthesis and ECM deposition (Witte et al. 2017). These
effects could ultimately lead to intestinal ﬁbrosis.
SMAD7 stably binds to the TGF-b1 receptor complex
and inhibits SMAD2/3 phosphorylation downstream of
TGF-b1, thereby inhibiting the progression of ﬁbrosis
(Rodriguez-Garcia et al. 2017). TGF-b1 can also activate noncanonical pathways, such as phosphoinositide
3-kinase (PI3K) and mitogen-activated protein kinase
(MAPK), to promote ﬁbrosis (Latella et al. 2014;
Krstic et al. 2015). The eukaryotic translation initiation
factor (eIF) 2a mediates the binding of transfer RNA
(tRNA) to ribosomes during the initiation of eukaryotic
nucleic acid translation and is a key regulatory factor of
nucleic acid translation. Activated eIF2a inhibits eIF2b
subunit activity and affects eIF2-GTP formation, which
in turn blocks nucleic acid translation (Spilka et al.
2013). Overexpression of eIF2a in the lung epithelial
cells (Mv1Lu cells) of minks can interfere with the

synthesis and expression of downstream signaling
proteins of TGF-b1 (McGonigle et al. 2002).
Halofuginone (HF) is a derivative of febrifugine,
which extracted from Dichroa febrifuga Lour. HF is
mainly used for the prevention and treatment of coccidiosis and malaria in domestic animals without hepatotoxicity (Liang et al. 2013). Since the discovery that
HF can inhibit the synthesis of type I collagen (Col I)
protein (Choi et al. 1995), it has been reported that HF
has certain inhibitory effects on ﬁbrosis-related diseases, such as scleroderma, radiation-induced ﬁbrosis,
pulmonary ﬁbrosis, and adhesion of ﬁbrosis around
surgical implants (Hasegawa et al. 2009; Nawroth et al.
2010). HF also has inhibitory effects on pancreatic
ﬁbrosis, leiomyoma, melanoma bone metastasis, and
muscle ﬁbrosis (Liu et al. 2018; Koohestani et al.
2016; Juarez et al. 2012; Wellner et al. 2019). HF
mainly exerts its anti-ﬁbrotic effect by inhibiting the
TGF-b signaling pathway (Halevy et al. 2013; Wellner
et al. 2019; Nelson et al. 2012). As a drug for the
treatment of cancer and multiple ﬁbrotic diseases, HF is
currently being assessed in clinical trials (Keller et al.
2012). Many Chinese medicines have been shown to
exhibit different degrees of anti-ﬁbrotic effect (Chen
et al. 2009; Song et al. 2004; Zhou et al. 2011).
However, no study on whether HF affects the pathological process of intestinal ﬁbrosis has been reported.
Therefore, it is necessary to explore whether HF plays a
role in exogenous TGF-b1-induced intestinal ﬁbrosis.
In addition, searching for effective anti-ﬁbrotic therapeutic sites and selecting suitable experimental models
to develop new and effective anti-ﬁbrotic drugs are still
important and difﬁcult topics in the ﬁeld of intestinal
disease research. In this experiment, porcine columnar
epithelial IPEC-J2 cells were used as the research
object to explore whether HF can inhibit TGF-b1-induced IPEC-J2 cell ﬁbrosis and induce intestinal protection and to determine its mechanism of action. The
results provided experimental data for the use of HF in
the treatment of intestinal ﬁbrosis and suggested a new
approach for the prevention and treatment of intestinal
ﬁbrosis.
2. Materials and methods
2.1 Antibodies and reagents
The primary antibodies used in present study were
speciﬁc for p-EIF2S1 (Abcam, Cambridge Science
Park, UK, Cat ab32157), t-EIF2S1 (Abcam, Cat
ab70542), SMAD2/3 (Afﬁnity Biosciences, Cat
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AF3367), SMAD4 (Afﬁnity Biosciences, Cat
AF0369), SMAD7 (Afﬁnity Biosciences, Cat
AF5147), a-Smooth muscle actin (a-SMA) (Bioss
Biotechnology Co., LTD, Cat bs-0189R), E-cadherin
(Cell Signaling Technology, Cat 3195), ﬁbronectin
(FN) (Tianjin Sungene Biotech Co., Ltd., Cat
SGA7488), vimentin (Vim) (Bioss Biotechnology Co.,
LTD, Cat bs-8533R), and GAPDH (Cell Signaling
Technology, Beverly, MA, Cat 2118). Halofuginone
(HF) was purchased from Sigma-Aldrich (St. Louis,
MO). 4’,6-Diamidino-2-phenylindole (DAPI) and
3-Methyladenine (3-MA) were purchased from Santa
Cruz Biotechnology (Santa Cruz Biotechnology Inc.,
Germany). Salubrinal was purchased from Selleck
(Selleck Chemicals TX, USA). TGF-b1 was purchased
from PeproTech.
2.2 Cells culture and treatment
IPEC-J2 cells were cultured in DMEM/F12 (DF12)
medium containing fetal bovine serum (FBS, 10%),
100 mg/L streptomycin and 1 9 105 U/L penicillin at
37°C under 5% CO2. When the conﬂuence reached
approximately 80%, cells were digested with trypsin,
and the medium was replaced according to the growth
of the cells. Cells in the logarithmic growth phase were
used for subsequent experiments.
HF was dissolved in DMSO (0.005%) and stored at
- 20°C. In the experiments, 10, 25, 50 mg/L of HF, 30
mM Salubrinal and 5 mM 3-MA were prepared in
DF12 medium containing FBS (0.2%). The cells were
cultured in serum-free medium for 24 h, and medium
containing different concentrations of HF was added.
After preincubation for 1 h, the IPEC-J2 cells were
incubated with 10 nM of TGF-b1 for 24 h. Cells were
pretreated with medium containing 30 mM Salubrinal
or 5 mM 3-MA for 30 min. The incubation time for
each group of cells with the corresponding treatment
was the same.
2.3 qRT-PCR analysis of target gene
The total RNA of each group of IPEC-J2 cells was
extracted and determined by agarose gel electrophoresis and detection of 260/280 nm light absorption. The
qualiﬁed RNA was quantiﬁed and used for the preparation of cDNA according to the instructions of the
reverse transcription kit, and the cDNAs were used to
test the level of the transcription of target genes. b-actin
is a component of actin cytoskeleton, whose expression
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level is relatively stable in most cells, and is used as a
reference gene for quantitative analysis. In this study,
b-actin was selected as the internal reference gene for
quantitative analysis, and the expression of each gene
was obtained by the 2-44CT method. Fluorescence
quantitative PCR experiments were performed using
the FastStart Universal SYBR Green Master kit from
Roche and a 7500 Fast Real-Time PCR system from
Applied Biosystems. Three parallel experiments were
performed for each gene. The primer sequences of each
gene to be examined are shown in table 1.
2.4 Western blot analysis of protein expression
IPEC-J2 cells were cultured in 6-well plate with a
density of 4 9 105 cells per well; after 24 h, serum-free
DF12 medium was used for culture. After 24 h, the
IPEC-J2 cells were washed twice with PBS and collected, and then, the lysis buffer was added to extract
whole protein, cytoplasmic protein and nuclear protein.
After BCA quantiﬁcation, loading, SDS-PAGE, transfer, blocking, primary antibody incubation, secondary
antibody incubation and ECL development, the levels
of t-EIF2S1, p-EIF2S1, SMAD2/3, pSMAD2/3,
SMAD4, SMAD7, a-SMA, E-cadherin, FN, Vim and
GAPDH proteins were detected in each group.
2.5 Immunoﬂuorescence
To prepare cultured cells for immunoﬂuorescence,
adherent cells were cultured on coated slides and
treated with HF, TGF-b1 or HF/TGF-b1 for desired

Table 1. Primer sequences used for real-time PCR.
Primer name
E-cadherin
N-cadherin
Vimentin
a-Smooth
muscle
actin
Fibronectin
GAPDH

Primer sequence
F: 50 -CG
GAGGAGAGCGGTGGTCAAAG-30
R: 50 -CTA GTCGTCCTCGCCGCCTCC-30
F: 50 -AGGCAGAAGAGAGACTGGGT-30
R: 50 -GCTGTACCGCAGAGAAAGGT-30
F: 50 -CCAGCGAACGGCACATAAGA-30
R: 50 -TGAGGAGTCCTAGCGGTTCA-30
F: 50 -GAAGAGGAAGACAGCACAGCTC30
R: 50 -AGCATCATCACCAGCAAAGC-30
F:50 -GAGTCTGCCGTACAGTCCAA-30
R:50 -TGCGGTCGTCAAACTGGAAA-30
F:50 -ATGGTGAAGGTCGGAGTGAAC-30
R:50 -CTCGCTCCTGGAAGATGGT-30
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length of time. Then, the cells were ﬁxed with 4%
phosphate-buffered paraformaldehyde, permeabilized
in 0.25% Triton X-100 (Sigma–Aldrich), and then
incubated with 10% goat serum for 1 h. The cells were
incubated with a primary rabbit anti-pSMAD2/3 antibody (diluted at 1 : 200 with 1% BSA; Sigma) at 4°C
overnight. The next day, cells were incubated with
secondary antibodies for 1 h. The cell nucleus was
counterstained with DAPI. The binding sites were
visualized using a laser confocal microscope (Olympus, FV300) (Olympus China Co. Ltd, Tokyo, Japan).
2.6 Invasion/migration assays
IPEC-J2 cells were treated with HF, TGF-b1 or HF/
TGF-b1 for 24 h; then cells were trypsinized and resuspended in growth medium. In total, 2.5 9 104 cells
in culture medium were seeded in Matrigel (pre-treated
with TGF-b1, HF or HF/TGF-b1)-coated Transwell
chambers with 8-lm pores (migration chambers:
353097, BD Falcon; invasion chambers with ECM
coating: 354483, BD Falcon). Cells migrated toward
10% serum into the lower chambers. A laser confocal
microscope (Olympus, FV300) was used to detect cell
migration velocity in Matrigel. The cells on the bottom
of the membrane were stained and counted using an
ImageJ software.
2.7 Statistical analysis
The experimental data were statistically analyzed by
SPSS 17.0 software. The data were expressed as the
mean±standard deviation (mean ± SD). The comparison between groups was analyzed by one-way
ANOVA. The difference was considered statistically
signiﬁcant at P\0.05 and very signiﬁcant at P\0.01.

3. Results
3.1 TGF- b1-induced EMT in IPEC-J2 cells
To test the effects of TGF-b1 on EMT marker proteins
in IPEC-J2 cells, the cells were treated with TGF-b1 at
different concentrations, and the expression level of
EMT-related marker proteins was detected by Western
blot and qRT-PCR analysis. The qRT-PCR analysis
showed that TGF-b1 dose-dependently increased the
expression of interstitial cell N-cadherin, FN, Vim and
a-SMA compared with the untreated group, indicating

that TGF-b1 increased the level of the interstitial cell
marker proteins (ﬁgure 1A). Consistent with the qRTPCR results, the Western blot analysis showed that
TGF-b1 increased the level of N-cadherin, FN, Vim
and a-SMA in IPEC-J2 cells (ﬁgure 1B). The expression level of the epithelial cell marker E-cadherin was
signiﬁcantly inhibited by TGF-b1, as determined by
qRT-PCR and Western blotting (ﬁgure 1A, B). Those
data shown that these cells present feature of partial
EMT after TGF-b1 treatment.
3.2 Effect of HF on EMT markers in IPEC-J2
cells
To study the regulatory effect of HF on IPEC-J2 EMT
marker proteins, IPEC-J2 cells were treated with different concentrations of HF, and the expression level of
EMT-related marker proteins was detected by Western
blot and qRT-PCR analysis. The qRT-PCR results
showed that the expression of the interstitial cell
markers N-cadherin, FN, Vim, and a-SMA decreased
in a dose-dependent manner in the treated group as
compared with the control group, indicating that HF
inhibited the expression of interstitial cell marker proteins (P\0.05) (ﬁgure 2A). Consistent with the qRTPCR results, the immunoblot showed that HF inhibited
the expression level of IPEC-J2 cell N-cadherin, FN,
Vim, and a-SMA (ﬁgure 2B). From the qRT-PCR and
Western blot analysis results, HF has positive effect on
the expression level of the epithelial cell marker
E-cadherin in IPEC-J2 cells (ﬁgure 2A, B).
3.3 HF downregulates TGF-b1-induced IPEC-J2
cell EMT
To further examine the role of HF, we investigated
whether HF can inhibit the effect of TGF-b1 on promoting EMT. IPEC-J2 cells were ﬁrst treated with HF
for 24 h and then treated with TGF-b1 for 24 h, and the
expression level of N-cadherin, FN, Vim, and a-SMA
were drastically reduced and E-cadherin was drastically
increased compared with the results in HF-untreated
cells stimulated with TGF-b1 (TGF-b1 (T) group
compared with HF?TGF-b1 (HT)) (ﬁgure 3A). In a
slighter manner, HF inhibited the EMT of IPEC-J2
cells pretreated with TGF-b1 (T group compared with
TH). Interestingly, when IPEC-J2 cells were stimulated
with TGF-b1 for 24 h, followed for additional 24 h
without TGF-b1, the expression of N-cadherin, FN,
Vim, a-SMA, and E-cadherin were quite similar as
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Figure 1. TGF-b1 induced EMT marker expression in IPEC-J2. IPEC-J2 cells were incubated with TGF-b1 in culture
medium for different periods and expression levels of N-cadherin, FN, Vim and a-SMA and GAPDH were determined by
qRT-PCR (A) and Western blotting (B). The data represent the mean ± SD of three independent experiments. Each bar
represents the mean of three independent experiments. *p\0.05 versus control.

Figure 2. Effect of halofuginone on EMT marker in IPEC-J2. IPEC-J2 cells were incubated with HF in culture medium for
different periods and expression levels of N-cadherin, FN, Vim and a-SMA and GAPDH were determined by qRT-PCR
(A) and Western blotting (B). The data represent the mean ± SD of three independent experiments. Each bar represents the
mean of three independent experiments. *p\0.05 versus control.

those in IPEC-J2 cells treated throughout the entire
culture period (48 h) with TGF-b1 (lanes TC and T)
(ﬁgure 3A). Western blot analysis showed the same

results (ﬁgure 3B). Transwell migration assays showed
that HF also prevented TGF-b1-induced increases in
IPEC-J2 cells invasion/migration (ﬁgure 3C, D). These
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Figure 3. HF downregulates TGF-b1-induced EMT marker expression in IPEC-J2. IPEC-J2 cells were incubated with HF
in culture medium for different periods and expression levels of N-cadherin, FN, Vim and a-SMA and GAPDH were
determined by qRT-PCR (A) and Western blotting (B). The data represent the mean ± SD of three independent experiments.
Each bar represents the mean of three independent experiments. *p\0.05 versus control. (C) Boyden chamber assay for
IPEC-J2 cells plated on the upper cell culture inserts with culture medium alone (negative control) or exposed to HF, TGF-b1
or HF/TGF-b1. The migration ability of cells was quantiﬁed by calculating the cell migration velocity in Matrigel. The error
bars indicate the mean ± SD of three independent experiments. *p\0.05 versus control. (D) IPEC-J2 cells were treated with
HF, TGF-b1 or HF/TGF-b1, and the invasion ability of cells was quantiﬁed by counting the number of cells that invaded the
underside of the porous polycarbonate membrane under a laser confocal microscope. The error bars indicate the mean ± SD
of three independent experiments. *p\0.05 versus control.

results demonstrated that HF signiﬁcantly decreased
the EMT induced by TGF-b1 in IPEC-J2 cultures
(ﬁgure 3).
3.4 HF downregulates the TGF-b1/SMAD
signaling pathway
The primary signaling pathway of TGF-b1 is the
SMAD pathway. Therefore, we used immunoblot and
immunoﬂuorescence to analyze the effect of HF on the
TGF-b1-related SMAD pathway. The results showed
that the phosphorylation of SMAD2/3 and SMAD2/3SMAD4 complex nuclear translocation did not change
signiﬁcantly in the control group, but phosphorylation
and nuclear translocation were signiﬁcantly increased
in the TGF-b1-treated group (ﬁgure 4). The expression
of SMAD7 inhibited SMAD2/3 phosphorylation and
the nuclear translocation of the SMAD protein complex; thus, we also examined SMAD7. Regardless of
the presence of TGF-b1, HF increased the level of
SMAD7 in the cytoplasm (ﬁgure 4), indicating that HF
up-regulated the overexpression of SMAD7 inhibits
TGF-b1 induced the SMAD2/3 phosphorylation and
the SMAD2/3-SMAD4 complex nuclear translocation.
In conclusion, HF inhibits TGF-b1-mediated promotion of EMT. These data suggest that the

phosphorylation and nuclear translocation of the
SMAD2/3–SMAD4 complex, induced by TGF-b1,
may be inhibited by the HF-induced overexpression of
SMAD7.
3.5 HF activates eIF2a to inhibit the TGF-b1/
SMAD signaling pathway
To further explore the molecular mechanism by which
HF improves intestinal ﬁbrosis, we observed its effect
on eIF2a phosphorylation in IPEC-J2 cells. Immunoblot showed that the expression level of p-eIF2a protein was signiﬁcantly upregulated with longer HF
treatment (0, 6, and 12 h). Compared with 0 h, the
difference was statistically signiﬁcant at 6 and 12 h
(ﬁgure 5A). There was no change in the level of total
eIF2a protein. These results indicate that HF can
induce eIF2a phosphorylation in IPEC-J2 cells. We
pretreated IPEC-J2 cells with TGF-b, and the Western
blotting results showed that TGF-b1 upregulated
SMAD2/3 and N-cadherin protein expression. The
above effects were signiﬁcantly inhibited by the addition of HF. Compared with the control group, TGF-b1
further induced SMAD2/3 under Salubrinal (an inhibitor of eIF2a dephosphorylation (Boyce et al. 2005))
pretreatment. The expression levels of SMAD2/3 and

eIF2a in HF-driven inhibition of TGF-b1-induced EMT

Page 7 of 11

71

Figure 4. HF simultaneously upregulates expression of SMAD7 and inhibits phosphorylation and SMAD2/3–SMAD4
complex nuclear translocation in IPEC-J2. (A) SMAD2/3 protein levels in Nuclear was analyzed by Western blotting.
(B) SMAD4 protein levels in Nuclear was analyzed by Western blotting. (C) Expression of SMAD7 was analyzed by
Western blotting. The data represent the mean ± SD of three independent experiments. Each bar represents the mean of three
independent experiments. *p\0.05 versus control. (D) IPEC-J2 cells were treated with HF, TGF-b1 or HF/TGF-b1 for
indicated time points, and were stained with pSMAD2/3 and ﬁxed to be viewed under a ﬂuorescence microscope.

N-cadherin were upregulated, as shown in ﬁgure 5B.
There was no signiﬁcant difference between the HF
and Salubrinal treatments compared with the TGF-b1
group.

4. Discussion
In recent years, the incidence of IBD worldwide has been
increasing (Cuffari 2006; Ravikumara and Sandhu
2006). Intestinal transmural inﬂammation in IBD leads
to the abnormal deposition of a large amount of extracellular matrix (ECM) and ﬁbrosis of various anatomical
layers of the intestinal wall, which results in ﬁbrotic
intestinal stenosis and eventually intestinal obstruction,
which is the most important complication affecting the
prognosis of IBD (Ince and Elliott 2007). The current
study suggests that EMT is an important mechanism of

ﬁbrosis and widely exists in liver, kidney, and other
ﬁbrosis processes. As a recognized pro-ﬁbrotic factor,
TGF-b1 can promote EMT through a cascade of signal
molecules after activation of the TGF-b1/SMAD signaling pathway (Mejlvang et al. 2007). This positive
regulation of EMT by TGF-b1 has been conﬁrmed in
studies of hepatocytes, biliary cells, and oval cells of
chronic liver disease (Kaimori et al. 2007; Robertson
et al. 2007; Wang et al. 2009). However, the role of TGFb1-induced EMT in intestinal ﬁbrosis has been rarely
reported. In this study, in vitro experiments conﬁrmed
that intestinal epithelial IPEC-J2 cells undergo a significant phenotypic change after 10 ng/mL TGF-b1 intervention, showing characteristics of the partial EMT,
while HF inhibits the TGF-b1-mediated promotion of
EMT. This process is associated with eIF2a/SMAD
signaling pathways (ﬁgure 6). This study provides a new
perspective on the prevention and treatment of intestinal
ﬁbrosis.
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Figure 5. HF activates eIF2a-inhibited TGF-b1/SMAD signal pathway and N-cadherin expression. (A) Effect of HF on
p-eIF2a expression in IPEC-J2 cells. (B) Effects of HF on SMAD2/3 phosphorylation and N-cadherin expression induced by
TGF-b in IPEC-J2 cells. The data represent the mean ± SD of three independent experiments. Each bar represents the mean
of three independent experiments. *p\0.05 versus control.

Fiber formation in IBD is a complex phenomenon of
membrane repair. Fiber formation is considered a
‘‘double-sided’’ process during chronic intestinal
inﬂammation. This process is supported by cytokines,
adhesion molecules, and growth factors. TGF-b1 is one
of the most potent cytokines that promotes ﬁbrogenesis
and is involved in the development of all ﬁbrotic diseases (Fichtner-Feigl et al. 2008; Di Sabatino et al.
2009; Song et al. 2018). The current study has shown
that when TGF-b1 is expressed in the normal range in
IBD, it can inhibit the inﬂammatory response and
regulate cell proliferation, differentiation, and immune
function. When expressed at a high level, TGF-b1 can
increase the expression of ﬁbrosis-promoting genes
(including TNF-a, a-SMA, and connective tissue
growth factor (CTGF), and thereby promote the process of intestinal ﬁbrosis (Kitamura et al. 2011;
Fichtner-Feigl et al. 2008). In this study, N-cadherin,
ﬁbronectin, a-SMA, and vimentin in IPEC-J2 cells
showed does-dependent upregulation of mRNA and
protein levels after TGF-b1 intervention.
HF is the extract of antifebrile Dichroa, a Saxifrage
plant. HF is a traditional Chinese medicine that has
been used for treating malaria-related fever for thousands of years and is a broad-spectrum anticoccidial
drug. It was found that HF can inhibit type I collagen,
and subsequent studies have conﬁrmed that HF plays a
role in anti-ﬁbrosis, anti-angiogenesis, and anti-tumor

activity (Yoon et al. 2011; Dabak et al. 2010; Spector
et al. 2010; Nevo et al. 2010; Ishii et al. 2009). HF
inhibits cell growth, delays cell cycle progression,
inhibits radiation-induced DNA damage repair, and
reduces TGF-b1 type II receptor protein levels, leading
to enhanced cell radiosensitivity (Cook et al. 2010). In
the present study, we observed that HF blocks TGF-b1promoted N-cadherin, FN, Vim and a-SMA expression
and downregulated E-cadherin expression indicate that
HF inhibits the TGF-b1-mediated promotion of EMT.
The TGF-b1 signaling pathway initiates and promotes
the completion of EMT by exerting effects through
multiple pathways, including the SMAD signaling
pathway, the MAPK pathway, and the PI3K/Akt
pathway. The SMAD proteins, including receptor-regulated SMAD (R-SMADs; i.e., SMAD2, SMAD3),
versatile SMAD (SMAD4), and inhibitory SMAD
(SMAD7), are the most important molecules for
transducing the TGF-b1 signal of from the receptor on
the cell membrane to the nucleus. The signal pathway
composed of TGF-b1 and SMAD is called the TGFb1/SMAD signal pathway. The binding of TGF-b1 to
its receptor phosphorylates the receptor-related SMAD
(R-SMAD) protein, and phosphorylated R-SMADs
form a complex with SMAD4, which enters the
nucleus to regulate the transcription of related target
genes and promotes the expression of EMT-related
molecules (Zavadil et al. 2001; Batlle et al. 2000). In
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translational inhibition. In this study, we demonstrated
that the anti-EMT process of HF is achieved through
the regulation of the eIF2a/TGF-b/SMAD signaling
pathway.
In conclusion, our study demonstrated that the natural compound HF shows effective anti-EMT activities
and revealed that HF inhibits TGF-b1-induced EMT
in vitro via regulating the eIF2a/TGF-b/SMAD signaling pathway. We provided experimental data for the
use of HF in the treatment of intestinal ﬁbrosis and
provided a new approach for the prevention and
treatment of intestinal ﬁbrosis.
Acknowledgements

Figure 6. Model illustrating eIF2a participation in HFsuppressed EMT (intestinal ﬁbrosis) by modulating the
TGF-b1/SMADs signaling pathway. TGF-b1 induces EMT
through SMADs pathway. After treated with HF, the
expression of SMAD7 is increased and inhibits the
SMAD2/3 phosphorylation and the SMAD2/3-SMAD4
complex nuclear translocation. HF-induced eIF2a phosphorylation may interfere with the expression of downstream
signaling proteins of TGF-b1 and further inhibits EMT in the
IPEC-J2 cells.

the present study, we found that HF inhibits TGF-b1promoted SMAD2/3 phosphorylation and SMAD2/3SMAD4 complex nuclear translocation by inducing
SMAD7 overexpression and thereby inhibiting TGFb1-induced EMT.
Interestingly, we found that HF could promote the
phosphorylation of eIF2a in IPEC-J2 cells cultured
in vitro. eIF2a mediates the initiation of eukaryotic
translation, and phosphorylated eIF2a can cause
translational disruption (Spilka et al. 2013). McGonigle
et al. found that phosphorylated eIF2a binds to the
TGF-b receptor and interferes with its downstream
signal transduction. These results suggest that eIF2a
regulates TGF-b1 and its upstream signaling; HF promotes the phosphorylation of eIF2a and directly binds
to the TGF-b1 receptor, which in turn affect its
downstream signals (McGonigle et al. 2002). This
signaling may be independent of its classical
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Ventura F, Navarro-Sabaté À and Bartrons R 2017 TGFbeta1 targets SMAD, p38 MAPK, and PI3K/Akt signaling pathways to induce PFKFB3 gene expression and
glycolysis in glioblastoma cells. FEBS J. 284 3437–3454
Shimbori C, Bellaye PS, Xia J, Gauldie J, Ask K, Ramos C,
Becerril C, Pardo A, Selman M and Kolb M 2016
Fibroblast growth factor-1 attenuates TGF-beta1-induced
lung ﬁbrosis. J. Pathol. 240 197–210
Song D G, Kim D, Jung J W, Nam SH, Kim JE, Kim H, Kim
JH, Lee S, Pan C, Kim S and Lee JW 2018 Glutamylprolyl-tRNA synthetase induces ﬁbrotic extracellular
matrix via both transcriptional and translational mechanisms. FASEB J. 33 4341–4354
Song S, Gong Z and Zhang Q 2004 Therapeutic effect and
mechanism of traditional Chinese compound decoction of
Radix Curcumae, Rhizoma Sparganii, Rhizoma Zedoariae
on ﬁbrotic liver in rats. Chin. Traditional Herbal Drugs
03 59–62

Corresponding editor: KUNDAN SENGUPTA

Page 11 of 11

71

Spector I, Honig H, Kawada N, Nagler A, Genin O and
Pines M 2010 Inhibition of pancreatic stellate cell
activation by halofuginone prevents pancreatic xenograft
tumor development. Pancreas 39 1008–1015
Spilka R, Ernst C, Mehta AK and Haybaeck J 2013
Eukaryotic translation initiation factors in cancer development and progression. Cancer Lett. 340 9–21
Van Limbergen J, Geddes K, Henderson P, Russell RK,
Drummond HE, Satsangi J, Grifﬁths AM, Philpott DJ and
Wilson DC 2015 Paneth cell marker CD24 in NOD2
knockout organoids and in inﬂammatory bowel disease
(IBD). Gut 64 353–354
Wang P, Liu T, Cong M, Wu X, Bai Y, Yin C, An W, Wang
B, Jia J and You H 2009 Expression of extracellular
matrix genes in cultured hepatic oval cells: an origin of
hepatic stellate cells through transforming growth factor
beta? Liver Int. 29 575–584
Wellner G, Mordechay S, Evans P, Genin O, Pines M and
Halevy O 2019 Hydroxy group requirement for halofuginone-dependent inhibition of muscle ﬁbrosis and
improvement of histopathology in the mdx mouse model
for Duchenne muscular dystrophy. Histol. Histopathol.
18083–18083
Witte D, Otterbein H, Forster M, Giehl K, Zeiser R, Lehnert
H and Ungefroren H 2017 Negative regulation of TGFbeta1-induced MKK6-p38 and MEK-ERK signalling and
epithelial-mesenchymal transition by Rac1b. Sci. Rep. 7
17313
Yoon YH, Rha KS, Kim DH, Kim EH, Kim JM and Koo BS
2011 Is there any synergic effect for coadministration of
mitomycin C and halofuginone on the skin wound
healing? Am. J. Otolaryngol. 32 130–134
Zavadil J, Bitzer M, Liang D, Yang YC, Massimi A, Kneitz
S, Piek E and Bottinger EP 2001 Genetic programs of
epithelial cell plasticity directed by transforming growth
factor-beta. Proc. Natl. Acad. Sci. USA 98 6686–6691
Zhou C, Ai L, Wang M and Wang X 2011 Protection of
Eucommia ulmoides polysaccharide on liver ﬁbrosis.
Chin. Traditional Herbal Drugs 02 324–329

