MOLECULAR MEDICINE REPORTS 25: 98, 2022

Atractylenolide III inhibits epithelial-mesenchymal
transition in small intestine epithelial cells by
activating the AMPK signaling pathway
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Abstract. Compared with the available drugs for the treat-
ment of fibrosis in other organs, the development of intestinal
anti-fibrosis drugs is limited. Therefore, it is of practical
significance to examine novel drugs to delay or block the
development of intestinal fibrosis. The present study aimed
to investigate the effect of atractylenolide III (ATL-III) on
intestinal fibrosis. An MTT assay was used to detect the
effect of ATL-III on the activity of IEC-6 cells. The migra-
tion and invasion of fibrotic cells stimulated with TGF-3
were determined via wound healing and Transwell assays.
An immunofluorescence assay and western blotting were
conducted to assess the expression levels of protein associated
with epithelial-mesenchymal transition (EMT). The role of the
AMP-activated protein kinase (AMPK) pathway was verified
using compound C (an AMPK inhibitor) treatment. The results
of the present study indicated that ATL-III had no effect on the
cells at a dose of 1-20 gmol/l. Moreover, ATL-III can inhibit
the invasion and migration of cells induced by TGF-§1, as well
as block the EMT process. It was found that ATL-III could
also activate the AMPK pathway. Furthermore, compound C
reduced the inhibitory effect of ATL-III on stimulated cells,
which indicated that the AMPK pathway plays a role in the
inhibition process. In conclusion, ATL-III may inhibit the
EMT of IEC-6 cells stimulated with TGF-f1 by activating the
AMPK signaling pathway.

Introduction

Fibrosis is an inevitable outcome after chronic damage to
an organ or tissue, and is the main pathological basis that
ultimately causes organ dysfunction (1). According to a popu-
lation-based cohort study, >1/2 of patients with inflammatory
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bowel disease have diseased intestinal segments that will
progress to intestinal fibrosis, ultimately leading to intestinal
stenosis (2). In addition, due to repeated flare-ups and an
increased risk of bowel cancer, Crohn's disease is a lifelong,
incurable inflammatory bowel disease (3). During the course
of intestinal fibrosis development, fibrosis will gradually occur
in the intestinal wall (4), and can lead to narrowing of the intes-
tinal lumen and intestinal obstruction (5,6). These patients will
eventually require surgery to relieve the obstruction caused by
fibrotic stenosis (7,8).

Compared with studies on liver, lung and skin fibrosis,
which have been a hotspot of research, it has only been in recent
years that intestinal fibrosis in inflammatory bowel disease has
gained increased attention from the academic community (2).
At present, the etiology of inflammatory bowel disease remains
largely unknown; however, the generally accepted hypothesis
is that under the influence of certain genetic susceptibility
and environmental factors, an intestinal microecological
imbalance can occur, which then causes intestinal mucosal
immune disorders (9). Early genetic to intestinal microecology
research, as well as mucosal immune-related studies, have
been key in understanding the underlying mechanism of
inflammatory bowel disease, and biologics targeting patho-
genesis have achieved a precise effect for disease control or
remission (10-12). However, the long-term outcome of patients
with inflammatory bowel disease has not been significantly
improved (13,14), and it remains difficult to identify a solution
based on the pathogenesis (15). Therefore, it is a reasonable
to focus on the final pathological state, which is fibrosis, and
develop strategies that can potentially alter the natural disease
course and long-term outcome of patients.

Extracellular matrix (ECM) is overproduced and depos-
ited during the process of intestinal fibrosis (16). There are
a variety of growth factors, such as transforming growth
factor (TGF)-p, epidermal growth factor and insulin like
growth factor (17), in the ECM that can upregulate and acti-
vate epithelial-mesenchymal transition (EMT) transcription
factors, thereby initiating the EMT process. At present, the
development of intestinal anti-fibrosis drugs is lacking (18).
Therefore, it is of practical significance to investigate novel
drugs to delay or block the development of fibrosis.

Atractylenolide III (ATL-III), the main bioactive compo-
nent of Atractylodes macrocephala, also exists in other
medicinal plants, such as Codonopsis and cocklebur (19). It
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has been shown to exert a variety of pharmacological activities,
including anti-allergic, anti-inflammatory, gastroprotective
and neuroprotective effects (20,21). For example, ATL-III was
found to reduce depression and anxiety-like behaviors in rat
depression models (22). In addition, a previous study revealed
that ATL-III could reduce muscle wasting in chronic kidney
disease by activating oxidative stress (23), as well as effec-
tively improve bleomycin-induced lung injury and function in
rats with pulmonary fibrosis (24). Moreover, in human breast
cancer cell lines, MDA-MB-231 and MDA-MB-468, ATL-II1
was shown to significantly block the cell migration and inva-
sion induced by TGF-p1, ultimately inhibiting the motility of
metastatic breast cancer cells in mice models, thereby indi-
cating that ATL-III inhibits the process of EMT in vitro and
in vivo (25). However, whether ATL-III can also inhibit the
EMT process of intestinal cells remains to be verified.

It has been reported that ATL-III notably increases the
phosphorylation of AMP-activated protein kinase (AMPK)
and the expression of sirtuin 1, indicating that ATL-III may
have a beneficial effect on obesity and type 2 diabetes mellitus
by improving the energy metabolism of skeletal muscle (26).
Apigenin inhibits the proliferation, differentiation and function
of renal fibroblasts via AMPK activation, as well as reduces
ERK1/2 phosphorylation, suggesting that it may have a favor-
able therapeutic potential for the treatment of renal fibrosis (27).
Furthermore, wedelolactone, a major coumarin ingredient of
E. prostrata, can cause increases in the expression levels of
fibrosis markers (collagen I and a-smooth muscle actin) and
a decrease in that of the anti-fibrosis marker (E-cadherin).
Wedelolactone also activates AMPK and inhibits the increase
in TGF-P1 phosphorylation, thereby inhibiting the EMT of alve-
olar epithelial cells (28). Thus, it was suggested that activation
of the AMPK signaling pathway can inhibit the EMT process.

As IEC-6 cells can be passaged stably and have the typical
morphological and growth characteristics of normal intes-
tinal epithelial cells, they have been widely used in multiple
research studies related to intestines (29-31). In the present
study, the effect of ATL-III on the EMT process of a small
intestine epithelial cell line, IEC-6, was investigated, as well as
its underlying mechanism. The current findings could provide
a theoretical basis for ATL-III application to inhibit organ
fibrosis in the future.

Materials and methods

Cell culture and reagents. IEC-6 (rat small intestinal epithe-
lial) cells were purchased from Merck-KGaA. ATL-III (purity,
>98%) was purchased from Chengdu Pufei De Biotech Co.,
Ltd. and diluted to 1, 10 or 20 pmol/l (32). TGF-p1 protein
(cat. no. TG1-M5218) was purchased from Acro Biosystems
Co., Ltd. Compound C (also known as dorsomorphin; cat.
no. HY-13418A), a type of selective AMPK inhibitor, was
purchased from MedChemExpress.

IEC-6 cells were cultured in DMEM (Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 10% FBS (Gibco;
Thermo Fisher Scientific, Inc.), 10 U/ml insulin and 100 U/ml
penicillin-streptomycin (Invitrogen; Thermo Fisher Scientific,
Inc.) at 37°C in an incubator with 5% CO,. Cells were divided
into: Control, ATL-III, TGF-B1, TGF-p1 + ATL-III and
TGF-p1 + ATL-III + compound C groups.

MTT assay. IEC-6 cells (5x10° cells/well) were seeded onto
96-well plates and cultured in an incubator with 5% CO, at
37°C. Cells were treated with different doses of ATL-III (0, 1,
10 or 20 ymol/l) at 37°C for 24 h. MTT solution (200 ul) was
added to each well and the incubation was continued at 37°C
for 4 h. Then, the medium was removed and DMSO was added.
The optical density was measured at 490 nm wavelengths
using a microplate reader (Thermo Fisher Scientific, Inc.).

Wound healing assay. IEC-6 cells were seeded onto 6-well
plates and incubated at 37°C overnight. Sterilized pipette
tips (200 pul) were used to scratch the cells. Next, plates
were washed three times with PBS to remove the cells, and
serum-free medium with TGF-f1 (10 ng/ml), ATL-III (1,
10 or 20 ymol/l) and compound C (20 ymol/l) was added
for the continuing culture in the incubator at 37°C. At 0 and
24 h, images were captured under an inverted microscope
(magnification, x100; Olympus Corporation) and evaluated
using ImageJ software (1.52v; National Institutes of Health).
Cell migration rate = wound area difference between 0 and
24 h/wound area at O h.

Transwell assay. Matrigel (BD Biosciences) was thawed
overnight at 4°C and diluted with serum-free medium,
following which the diluent was inoculated into the upper
chamber for 30 min at 37°C. IEC-6 cells (5x10*) were
seeded into the upper chamber (Corning, Inc.) with 100 pul
serum-free medium containing TGF-B1 (10 ng/ml), ATL-IIT
(1, 10 or 20 ymol/l) and compound C (20 gmol/l). The lower
chamber was filled with 600 1 medium containing 10% FBS.
Following 24 h of incubation, the cells on the lower side were
fixed with 4% formaldehyde for 20 min at room temperature
and stained with 0.1% crystal violet solution for 20 min at
room temperature. Images were captured under an inverted
microscope (magnification, x100; Olympus Corporation).
Cell invasion rate = the number of invasive cells/number of
inoculated cells.

Western blot analysis. Upon IEC-6 cells reaching 60% conflu-
ence, TGF-f1 (10 ng/ml), ATL-III (1, 10 or 20 xmol/l) and
compound C (20 gmol/l) were added and incubated at 37°C
for 48 h. Proteins were extracted and homogenized in RIPA
lysis buffer (Beyotime Institute of Biotechnology). Proteins
were determined using a BCA kit (Beyotime Institute of
Biotechnology), and then 30 ug samples/lane were separated
on 10% SDS-polyacrylamide gels, followed by transfer
to a PVDF membrane. The membrane was washed with
TBS-0.01% Tween-20 (TBST) and then incubated in blocking
fluid containing 5% non-fat milk at 25°C for 1 h. Strips were
cut and incubated with the following primary antibodies at
4°C overnight: MMP9 (cat. no. ab76003; 1:1,000), vimentin
(cat. no. ab92547; 1:1,000), N-cadherin (cat. no. ab18203;
1:1,000), E-cadherin (cat. no. ab40772; 10,000), zonula
occludens (ZO)-1 (cat. no. ab216880; 1:1,000), phosphorylated
(p)-AMPK (cat. no. ab133448; 1:1,000) and AMPK (cat.
no. ab32047; 1:1,000; all from Abcam). Next, strips were
incubated with HRP-conjugated goat anti-rabbit secondary
antibody (cat. no. ab6721; 1:3,000; Abcam) at room tempera-
ture for 1 h after washing with TBST. An ECL chromogenic
substrate (Beyotime Institute of Biotechnology) was used for
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Figure 1. Effect of ATL-III on the activity of IEC-6 cells. (A) Chemical structure of ATL-III. (B) Effect of ATL-III on the activity of IEC-6 cells was detected

using an MTT assay. ATL-III, atractylenolide III.

visualization and data were analyzed using Image Lab v4.0
software (Bio-Rad Laboratories, Inc.).

Immunofluorescence assay. IEC-6 cells were seeded onto
6-well plates and incubated. When cells grew to 90% conflu-
ence, TGF-f1 (10 ng/ml), ATL-III (1, 10 or 20 xmol/l) and
compound C (20 gmol/l) were added at 37°C. After 48 h
of incubation, cells were fixed with 4% formaldehyde for
15 min at room temperature and washed with PBS. Then,
0.2% Triton X-100 was added, and subsequently removed
using PBS after 15 min. Next, 5% BSA (Beijing Solarbio
Science & Technology Co., Ltd.) was added for 30 min at
room temperature for the blocking step, following which cells
were incubated with N-cadherin (cat. no. ab18203; 1:200)
or E-cadherin antibody (cat. no. ab40772; 1:500) at room
temperature for 2 h. Then, FITC-labeled goat anti-rabbit
secondary antibody (cat. no. ab6717; 1:100; all from Abcam)
was applied at room temperature for 1 h. The nuclei were
stained with DAPI for 10 min at room temperature and images
were captured under a fluorescence microscope (magnifica-
tion, x200; Nikon Corporation).

Statistical analysis. GraphPad Prism 8.0 statistical software
(GraphPad Software, Inc.) was utilized to analyze the experi-
mental data. All data are presented as the mean + SD of three
replicate experiments. P<0.05 was considered to indicate a
statistically significant difference. A unpaired Student's t-test
was used to evaluate differences between two groups, while
one-way ANOVA and Tukey's post hoc test were used for
multiple groups.

Results

ATL-III inhibits the invasion and migration of IEC-6 cells
stimulated with TGF-f31. The chemical structure of ATL-III is
shown in Fig. 1A. An MTT assay was used to detect the effect of
ATL-III on the activity of IEC-6 cells. Cells were treated with
different doses of ATL-III [0 (control), 1, 10 or 20 gmol/1]. The
addition of ATL-III had no significant effect on normal cultured
cells (Fig. 1B), which suggests that ATL-III was not toxic to the
normal cultured cells if the concentration was <20 gmol/l.

IEC-6 cells were treated with TGF-f1 or ATL-III for 48 h.
Using a microscope it was observed that the cells in the TGF-f1
group changed from a cubic shape to a spindle shape (Fig. 2A),
whereas the cells in the ATL-III groups had no obvious altera-
tion in morphology (Fig. 2B). The migration of IEC-6 cells
was detected using a wound healing assay. Compared with
the O h group, after 24 h, the cells migrated to the wound
area (Fig. 2C). The cell migration rate was notably increased
by TGF-f1 stimulation. However, when ATL-IIT was added,
the migration rate was decreased in a concentration-dependent
manner (Fig. 2E). Cell invasion was detected using a Transwell
assay. The trend observed for the invasive rate was the same as
that of the migration rate (Fig. 2D and F). The expression levels
of protein associated with migration were detected via western
blotting. The expression level of MMP9 was increased when
cells were treated with TGF-p1, while the addition of ATL-III
reduced this expression in a dose-dependent manner (Fig. 2G).
These findings indicate that ATL-III can inhibit the invasion
and migration of IEC-6 cells induced by TGF-p1.

ATL-III inhibits the EMT of IEC-6 cells induced by TGF-S1.
The expression levels of proteins associated with EMT were
detected via western blotting. The expression levels of vimentin
and N-cadherin were increased when cells were treated with
TGF-f1, but the addition of ATL-III reduced this expression
in a dose-dependent manner. However, opposite trends were
observed with regards to the expression levels of E-cadherin
and ZO-1. After stimulation with TGF-p1, the expression
levels of E-cadherin and ZO-1 were decreased, but when
ATL-IIT was added, these were increased in a dose-dependent
manner (Fig. 3A). Furthermore, an immunofluorescence assay
was used for verification. The results for N-cadherin and
E-cadherin expression from the fluorescent images matched
the results from the western blot analysis (Fig. 3B and C).

ATL-III inhibits the invasion, migration and EMT process of
IEC-6 cells induced by TGF-f1 through activating the AMPK
signaling pathway. To investigate the effect of ATL-III on the
AMPK signaling pathway, the expression levels of p-AMPK and
AMPK were detected using western blotting. The expression
level of p-AMPK was increased in a concentration-dependent
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Figure 2. ATL-III inhibits the invasion and migration of IEC-6 cells induced by TGF-f1. (A) Cell morphology after TGF-f1 treatment was observed under
a microscope. (B) Cell morphology after ATL-III treatment was observed under a microscope. Magnification, x200. (C) Migration of IEC-6 cells was
detected using a wound healing assay. (D) Cell invasion was detected using a Transwell assay. Histograms of cell (E) migration and (F) invasion rates.
(G) Expression level of MMP9, as detected via western blotting. Magnification, x100. ““P<0.001 vs. control group; #P<0.01, #"P<0.001 vs. TGF-B1 group;

n=3. ATL-III, atractylenolide III.

manner after treatment with ATL-IIT (Fig. 4A). When IEC-6
cells were stimulated by TGF-f1, the expression level of
p-AMPK was decreased compared with the control group.
However, after the addition of ATL-III, p-AMPK expression
was upregulated (Fig. 4B). This indicates that ATL-III can
activate the AMPK signaling pathway in IEC-6 cells.

Next, the cells were divided into four groups (control,
TGF-p1, TGF-pf1 + ATL-III and TGF-p1 + ATL-III +
compound C). The concentration of ATL-IIT used was
20 pmol/l. Western blotting was used to detect the expres-
sion levels of AMPK signaling pathway-related proteins after

pretreatment with compound C (Fig. 4C). When cells were
stimulated with TGF-B1, p-AMPK expression was decreased
compared with the control group. After ATL-III was added,
this expression rose rapidly. However, when compound C was
added, the expression level was decreased. Simultaneously, the
expression level of AMPK showed no fluctuation (Fig. 4D).
Wound healing and Transwell assays were used to detect the
invasion and migration of cells. The cell invasive and migra-
tory rates were both increased when compound C was added
compared with the TGF-1 + ATL-III group (Fig. SA-D). In
addition, the expression levels of MMP9, vimentin, N-cadherin,
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Figure 3. ATL-III inhibits the EMT of IEC-6 cells induced by TGF-f1. (A) Expression levels of protein associated with EMT, as detected via western blotting.

(B) Expression levels of N-cadherin and (C) E-cadherin were detected using an immunofluorescence assay. Magnification, x200. “"P<0.001 vs. control group;
#P<0.01, "*P<0.001 vs. TGF-B1 group; n=3. ATL-III, atractylenolide IIT; EMT, epithelial-mesenchymal transition; ZO-1, zonula occludens-1.
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E-cadherin and ZO-1 were detected via western blotting. The
expression levels of MMP9, vimentin and N-cadherin were
increased, while those of E-cadherin and ZO-1 were decreased
after the addition of compound C compared with the TGF-31 +
ATL-III group (Fig. SE). These results were in line with the
aforementioned wound healing and Transwell assay results.
Moreover, an immunofluorescence assay was used to detect the
expression levels of N-cadherin and E-cadherin. It was found
that the N-cadherin expression was inhibited in the TGF-p1 +
ATL-III group, while the addition of compound C increased
the expression levels of N-cadherin (Fig. 5F). E-cadherin
expression was found to be promoted in the TGF-f1 + ATL-III
group, while the addition of compound C declined E-cadherin
expression (Fig. 5G). Thus, it was suggested that the AMPK
pathway plays a role in the EMT process. Overall, ATL-III
may inhibit the invasion, migration and EMT process of IEC-6
cells induced by TGF-f1 by activating the AMPK signaling
pathway.

Discussion

The concept of EMT was first proposed 40 years ago (33).
Later studies have reported that EMT was closely associated
with tumor epithelial cell invasion and organ fibrosis (34-36).
Over the past 10 years, it was discovered that EMT is also an
important mechanism in the process of intestinal fibrosis (37).
Intestinal fibrosis can cause serious disease. Most patients can
only rely on conservative treatment and fibrosis will remain
throughout the patient's lifetime. In severe cases, fibrosis can be
relieved through surgery, but patients have a high probability
of recurrence (38). In view of the fact that clinical studies have
reported that there are effective treatments for organ fibrosis,
including lung and skin (39-41), it is a reasonable idea to simi-
larly improve intestinal fibrosis using anti-fibrotic drugs. In the
present study, the effect of ATL-III on the EMT process of
intestinal cells was examined. First, normal IEC-6 cells were

treated with ATL-III, and it was found that ATL-III had no
effect on cell activity, as determined using an MTT assay.

Next, TGF-p was used to stimulate IEC-6 cells. TGF-§
belongs to the family of growth factors and is a multifunc-
tional polypeptide cytokine. TGF-f is expressed in a variety
of cell types and organs in mammals, and is associated with
ECM (42). In the intestine, both immune and non-immune
cells can secrete TGF-f. In animal experiments, it has been
shown that the overexpression of TGF-f can cause mice to
develop intestinal fibrosis and obstruction (43). In addition,
blocking TGF-f/Smad signal transduction can protect mice
from colonic fibrosis (44). There are three subtypes of TGF-f,
of which TGF-f1 is the most highly expressed (45). These
findings indicate that TGF-B1 is associated with fibrosis, and
thus, in the present study it was used to stimulate IEC-6 cells
to differentiate into fibroblasts. After 48 h of induction, using
a microscope it was observed that IEC-6 cells become fibro-
blasts.

When cells undergo EMT, they have a strong ability to
migrate and invade (30). In the current study, wound healing
and Transwell assays were used to detect the migration and
invasion of cells. The present results demonstrated that the
migratory and invasive rates of TGF-f1-stimulated cells were
increased compared with normal cells. After the addition of
the different doses of ATL-III, these rates were gradually
decreased. Moreover, western blotting was used to detect the
expression level of MMP9. It has been shown that MMP9
expression is correlated with metastatic potential (46). In the
present study, the expression level of MMP9 in cells treated
with TGF-p was notably increased, but was decreased after the
addition of ATL-III.

E-cadherin and N-cadherin are two important cadherins
expressed in epithelial and mesenchymal cells, respectively.
The change in phenotype of cells expressing E-cadherin to
N-cadherin is an important mechanism in EMT (47). ZO-1
plays an important role in maintaining the integrity of the
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tightly linked structure and function of cells (48). Vimentin  expressed in epithelial cells (49). The current results of
is positively expressed in mesenchymal cells, but negatively  the immunofluorescence and western blotting assays were



8 HUANG et al: ATRACTYLENOLIDE III INHIBITS THE EMT PROCESS

consistent with this previous study, as it was demonstrated that
E-cadherin and ZO-1 expression was decreased in cells treated
with TGF-f, while N-cadherin and vimentin expression was
increased. Moreover, treatment with ATL-III could reduce
the differences observed between the control group and the
stimulated cells group. This indicates that ATL-III can inhibit
TGF-p, thereby blocking the EMT process of IEC-6 cells.

AMPK is arecognized cell bioenergy sensor and metabolic
master switch (50). A decrease in AMPK activity is associated
with diabetes, obesity and aging, which are risk factors for
organ fibrosis (51,52). In preclinical studies, AMPK activators
have been shown to play a protective role against lung injury
and reduce the subsequent development of fibrosis (53,54).
Specifically, pharmacological activation of AMPK in lung
myofibroblasts of patients with idiopathic pulmonary fibrosis
caused low fibrotic activity (55). Using a mouse lung fibrosis
model, it was found that the use of metformin (an AMPK
activator) to promote the inactivation and apoptosis of myofi-
broblasts could reverse the established lung fibrosis (56).
Thus, the inhibitory effect of AMPK activation on EMT
has been previously shown. In the present study, western
blotting was used to detect p-AMPK expression, which was
found to increase when the dose of ATL-III was enhanced.
Moreover, after pretreatment with compound C, p-AMPK
expression was decreased. This suggests that ATL-III acti-
vates the AMPK signaling pathway in IEC-6 cells. Wound
healing and Transwell assays were used to investigate cell
migration and invasion after compound C treatment. It was
identified that compound C reduced the inhibitory effect of
ATL-III on the invasion and migration of stimulated cells.
The detection of MMP9 expression using western blotting also
verified this result. Finally, an immunofluorescence assay and
western blotting were used to detect the expression levels of
EMT-related proteins. The results demonstrated that when the
AMPK pathway was inhibited, the EMT inhibitory effect of
ATL-III on the cells stimulated by TGF-f3 was reduced. Thus,
it was indicated that the AMPK pathway may be essential for
ATL-III to inhibit the EMT process of cells stimulated by
TGF-f. To the best of our knowledge, the present study was
the first to demonstrate that ATL-III could inhibit the EMT
process of intestinal cells. At present, compared with the drug
treatment for other types of organ fibrosis, the development of
intestinal anti-fibrosis drugs is lacking. Therefore, the develop-
ment of drugs to inhibit or relieve intestinal fibrosis is of great
importance. However, in vivo experiments will also need to be
performed to verify the findings in the future.

In conclusion, the present study identified the inhibitory
effect of ATL-III on in vitro intestinal fibrosis, and the current
findings provide a novel idea for future intestinal fibrosis drug
research.
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