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ABSTRACT

Background: An impairment of the integrity of the mucosal epithelial barrier can be
observed in the course of various gastrointestinal diseases. The migration and
proliferation of the intestinal epithelial (IEC-6) cells are essential repair modalities to
the healing of mucosal ulcers and wounds. Atractylenolide | (AT-1), one of the.major
bioactive components in the rhizome of Atractylodes macrocephala Koidz.'(AMR),
possesses multiple pharmacological activities. This study was designed to investigate
the therapeutic effects and the underlying molecular mechanisms of AT-1 on
gastrointestinal mucosal injury.

Methods: Scratch method with a gel-loading migcrotip was used to detect IEC-6 cell
migration. The real-time cell analyzer (RTCA) system was adopted to evaluate IEC-6
cell proliferation. Intracellular polyamines,content was determined using high
performance liquid chromatography (HPLC). Flow cytometry was used to measure
cytosolic free Ca** concentration ([Ca**]c). mRNA and protein expression of TRPC1
and PLC-y; were determined by real-time PCR and Western blotting assay
respectively:

Results: Treatment of IEC-6 cells with AT-1 promoted cell migration and proliferation,
increased’polyamines content, raised cytosolic free Ca®* concentration ([Ca**]¢), and
enhanced TRPC1 and PLC-y; mRNA and protein expression. Depletion of cellular
polyamines by DL-a-difluoromethylornithine (DFMO, an inhibitor of polyamine

synthesis) suppressed cell migration and proliferation, decreased polyamines content,

and reduced [Ca®*]., which was paralleled by a decrease in TRPC1 and PLC-y;



mMRNA and protein expression in IEC-6 cells. AT-1 reversed the effects of DFMO on
polyamines content, [Ca®"]c, TRPC1 and PLC-y1 mRNA and protein expression, and
restored IEC-6 cell migration and proliferation to near normal levels.

Conclusion: Our data demonstrate that AT-1 stimulates intestinal epithelial cell
migration and proliferation via the polyamine-mediated Ca** signaling pathway
Therefore, AT-1 may have the potential to be further developed as a promising
therapeutic agent to treat diseases associated with gastrointestinal mucasal injury,

such as inflammatory bowel disease and peptic ulcer.
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Introduction

The epithelium of the gastrointestinal tract serves both as a physical barrier to
microorganisms and as a border of the mucosal immune system. Sometimes the
intestine suffers insults, due to very concentrated hydrochloric acid, reflux of bile salts,
alcohol, drugs, and foodstuffs with relatively high or low temperatures, pH values, or
osmolarity (Gao et al., 2013). Impairment of the gastrointestinal surface barrier is
characteristic of several diseases and various pathological states, such as peptic and
stress ulcers, inflammatory bowel disease (Crohn’s disease and ulcerative colitis),
nonsteroidal anti-inflammatory drug-induced mucosal bleeding;’and mucosal injury or
erosions induced by Helicobacter pylori infection.(Rathor et al., 2014b).

The repair of impaired epithelial surface\oceurs at least through two mechanisms
(Ray et al., 2003). The first one is theimigration of adjacent wound epithelial cells to
the damaged area, in order to goverit. This complex phenomenon includes
well-established processesisuch as cytoskeleton reorganization, membrane protrusion
formation, and foecal'adhesion to the extracellular matrix at the front edge and release
of adhesion sites at the rear edge of migrating cells. The second mechanism includes
replacement of/lost cells through proliferation, which depends on DNA synthesis and
begins«12'h after the start of healing. This second mechanism as well as the first one
require polyamines such as spermidine (SPD), spermine (SPM) and their precursor
putrescine (PUT) that either arise from diet (red meat and cheeses) and bacteria or are
the extrusion products from villi of sloughed epithelial cells (Johnson and

McCormack, 1999). The intracellular polyamine levels are primarily regulated by



ornithine decarboxylase (ODC) and a-Difluoromethylornithine (DFMO). ODC, a key
enzyme of polyamine biosynthesis, catalyzes the first rate-limiting reaction in
polyamine biosynthesis to produce PUT. PUT is then converted to SPD and SPM
through the sequential addition of polyamine groups. DFMO is an irreversible
restrainer of ODC and can specifically inhibit ODC activity, thus preventing the
synthesis of cellular polyamines (Ray et al., 2005).

Cytosolic free Ca** ([Ca®*].) concentration plays an importantrole.in the
regulation of cell migration and proliferation, and increased [Ca’‘]. pfomotes
epithelial healing after wounding both in vivo and in vitro(Rag-¢et al., 2007). In
intestinal epithelial cells (IEC-6), [Ca®"]. is increased mainly by Ca®* release from
intracellular Ca** stores (endoplasmic reticulumyand sarcoplasmic reticulum) and Ca®*
influx through Ca®* permeable channels.in.the plasma membrane (Rao et al., 2006). A
number of studies have shownrthat the canonical transient receptor potential-1
(TRPC1) protein functiofisias a €a**-permeable channel mediating capacitative Ca**
entry which is activated by-Ca* store depletion (Rao et al., 2006; Rao et al., 2010).
Phospholipase C (PLC) is an important regulatory enzyme that catalyzes the
hydrolysis of phosphatidylinositol (4, 5)-bisphosphate (PIP;) to generate
diacylglycerol (DAG) and inositol (1, 4, 5)-trisphosphate (IP3). It is well known that
DAG functions as a protein kinase C (PKC) activator and that 1P acts as a
Ca®*-mobilizing messenger, resulting in the release of Ca®* from IPs-sensitive
intracellular Ca?* stores and activation of Ca?* influx via plasma membrane

Ca**-permeable channels (Rao et al., 2007). Polyamines have been demonstrated to be



involved in the regulation of Ca®* influx through the plasma membrane and Ca®*
release from intracellular Ca** stores. Moreover, polyamines are necessary for
activation of TRPC1 channels and PLC-y; expression in IEC-6 cells.

The rhizome of Atractylodes macrocephala Koidz. (AMR, Baizhu in Chinese,
family Asteraceae), is one of the most popular medicinal herbs in traditional Chinese
medicine (TCM) that has been widely used for thousands of years (Songetal:, 2015).
AMR is believed to possess action of, in terms of TCM, invigorating, the function of
the spleen and replenishing vital gi. TCM doctors mostly prescribe AMR for
prevention and treatment of digestive disorders such as peptic-ulcer and ulcerative
colitis, which are mainly caused by gastrointestinal. mucosal injury. Atractylenolide |
(AT-I,
3,8ap-Dimethyl-5-methylene-2,4,4a0,;5,6,7,8,8a-octahydronaphtho[2,3-b]furan-2-one,
Fig.1A) is one of the major bieactive components isolated from AMR and has drawn
great attention due to its:multiple therapeutic effects, such as antitumor (Liu et al.,
2008; Wang et al.;y2002; Yu et al., 2016), anti-inflammation (Endo et al., 1979; Wang
et al., 2016);‘anti-atopic (Lim et al., 2012), and bone protective effects (Ha et al.,
2013).»However, the protective effects of AT-1 on gastrointestinal mucosal injury have
never-been reported and the possible mechanisms underlying the gastrointestinal
protection activity remains to be explored.

In this study, we tested the hypothesis that AT-1 stimulated intestinal epithelial
repair (cell migration and proliferation) after wounding through polyamine-mediated

Ca®* signaling by modulating TRPC1 and PLC-y,. First, we examined the effects of



AT-1 on cell migration and proliferation, polyamines content, and [Ca**].in IEC-6
cells after wounding. Second, we determined whether depletion of cellular
polyamines by DFMO decreased the rate of cell migration and proliferation,
polyamines content, and [Ca?*].in injured IEC-6 cells and further investigated
whether AT-1 restored cell migration and proliferation, polyamines content, and
[Ca?*]. in polyamine-deficient IEC-6 cells. Third, we determined whether AT-{
increased TRPC1 and PLC-y; expression in normal and polyamine<depleted IEC-6

cells.

Materials and methods
Materials

Dulbecco's Modified Eagle Medium (DMEM) and dialyzed fetal bovine serum
(dFBS) were purchased from Gibco (Carlsbad, CA, USA). PUT, SPD, and SPM were
obtained from Sigma-Aldrich (St."Louis, MO, USA). DL-a-difluoromethylornithine
(DFMO) was purchased from Merck (Darmstadt, Germany). RNAiso Plus reagent,
PrimeScript™ RT Master Mix, and SYBR Premix Ex Taq™ Il were purchased from
Takara.(Shiga,Japan). The primary antibody, rabbit polyclonal anti-TRPC1 antibody
(ab75322), rabbit polyclonal anti-phospholipase C gammal (PLC-y;) antibody
(ab107455), mouse monoclonal anti-beta actin antibody (ab8226), the specific goat
polyclonal secondary antibody to Rabbit 1gG (ab7090), and goat polyclonal secondary
antibody to mouse IgG (ab97040) were purchased from Abcam (Hong Kong, China).

AT-1 of 98% purity verified by the HPLC (Supplementary Fig. S1A and B) was



purchased from Guangzhou Haokai Reagent Co. Ltd. (Guangzhou, Guangdong,
China). E-plate 16 was purchased from Roche (Basel, Switzerland). Other chemicals
and biochemicals were obtained from Beyotime Biotechnology (Haimen, Jiangsu,
China).
Cell culture

The IEC-6 cell line (CRL 1592) was obtained from the American Type:Culture
Collection (Manassas, VA, USA). IEC-6 cells were seeded in 6-well.plates (6.25 x 10*
cells/cm?) and grown for 24 h in DMEM supplemented with,10% fetal bovine serum
(FBS), 100 units/ml penicillin, and 100 pug/ml streptomycin. After 24 h, cells were
treated with PUT (positive control, 10 uM), AT-L(5.and 10 uM), DFMO (5 mM),
DFMO + PUT, or DFMO + AT-I for 8 h. In the following series of studies, we
examined the effects of AT-I on cell.migration and proliferation, polyamines content,
[Ca®*]., TRPC1 and PLC-y; expression in normal and polyamine-depleted IEC-6
cells.
Cell migration assay

IEC-6 _cells'were treated as described in cell culture, and cell migration was
measured.as described previously (Ray et al., 2007a). In brief, plates were marked in
the bottem by drawing five lines parallel to the diameter, and wounding of the
monolayer was performed perpendicular to the marked line using a 1000 pl
gel-loading microtip to initiate cell migration. Plates were washed with PBS to
remove the damaged cells, and the area of migration was captured with an inverted

phase contrast microscope (Olympus IX-71, Tokyo, Japan) at the intersection of the



marked lines and the wounded edge at 0 h (WW,) and 8 h (WWj), respectively. Cell
migration was calculated as % wound area covered at 8 h according to the formula
WW,-WWe/WW, by the NIH Image J software (version 1.58, Bethesda, MD, USA)
(Ray et al., 2007a).
Cell proliferation assay

The proliferation of IEC-6 cells was determined by the Real-Time CellhAnalyzer
(RTCA) system (ACEA Biosciences, San Diego, CA, USA) according to the
manufacturer’s instruction. In details, 50 ul of cell-culture medium (DMEM
supplemented with 10% FBS) was placed in each well of the E-plate 16. E-plate 16
was then connected to the RTCA system to obtain.background impedance readings.
Cells were trypsinized, resuspended, and seededon-E-plate 16 at a density of
10000/well with fresh medium to a final.volume of 200 ul. Cell proliferation was
monitored every 2 min by RTCA Software Package 1.2 until the end of the
experiment (up to 72 h),;andwa$ measured as changes in impedance in the system.
The assay system expressed impedance in arbitrary cell index (CI) units (Marlina et
al., 2015).
HPLC.analysis of cellular polyamines

The-cellular polyamines PUT, SPD, and SPM were extracted from IEC-6 cells
and homogenized with 5% perchloric acid. The perchloric supernatants were
alkalinized by 2 mol/l NaOH solution, followed by the addition of 4% benzoyl
chloride to form derivatives. The derivatives were separated and determined by

Agilent 1200 reverse-phase high-performance liquid chromatography (RP-HPLC)
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system equipped with auto-sampler, column oven, and ultraviolet (UV) detector. Data
and spectrum were recorded and analyzed by the Agilent Chromatograpy Workstation
(Palo Alto, CA, USA). Chromatographic separation was achieved with isocratic
elution using a mobile phase composed of water (45%) and methanol (55%) at 1.0
ml/min flow rate. A Hypersil ODS C;gcolumn (5 um, 250 x 4.6 mm id) was used for
separation and held at 25 °C, UV detection was carried out at the wavelength.of 234
nm (Wong et al., 2016). The results were expressed as nM of polyafnines.per 1 x 10°
cells.

Flow cytometry measurement of [Ca®*].

Confluent cells were trypsinized, centrifuged,.and.resuspended to 4 x 10° cells/ml
in PBS, the cultures were subsequently incubatedwith calcium sensing Fluo-3/AM at
a final concentration of 5 uM for 30-min.in the dark. Ca**-derived fluorescent signals
were detected by a BD FACSCalibur flow cytometry (Franklin Lakes, NJ, USA) with
an air-cooled 488-nm argon.ion laser and CellQuest software. Forward scatter (FSC)
and side scatter (SSC) were used to exclude cell debris from the analysis. FSC, SSC
were displayed on a linear scale, and Fluo-3 fluorescence were displayed on a
logarithmic scale (FL1) and recorded as mean fluorescence intensity (MFI) of the
wholeeell population. The excitation and emission were set at 495 nm and 525 nm,
respectively (Hu et al., 2015). 1.0 x 10* cells were examined for each sample, and
[Ca®*]. was shown by MFI of the cells.
gRT-PCR analysis of gene expression

Total RNA was extracted using RNAIso Plus reagent. RNA integrity and purity
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were measured immediately by gel electrophoresis and NanoDrop 2000
spectrophotometry (Thermo, MA, USA), respectively. RNAs (1 pg) were reverse
transcribed into cDNA by PrimeScript™ RT Master Mix according to the
manufacturer’s protocol. Quantitative real-time PCR was performed on the CFX96
system (Bio-Rad Laboratories, Hercules, CA, USA) in a 25 pl reaction volume
containing 12.5 pl SYBR Premix Ex Taq™ I, 2 ul (100 nM) primers, 8.5 pl,RNase
free dH,0, and 2 pl appropriately diluted cDNA template. Thermal‘cycling was
initiated at 95 °C for 30 s and followed by 40 cycles of denaturation at 95 °C for 5 s
and annealing at 60 °C for 30 s. Melt curves were obtained.to-ensure that nonspecific
products were absent. Three independent reactions.were repeated and the relative gene
expression (RGE) was calculated by the comparative Ct method (RGE = 244<7)
normalized to B-actin gene. The sequences of the primers used for gRT-PCR were:
B-actin forward 5-GGA GAT TAC TGC CCT GGC TCC TA-3' and B-actin reverse
5-GAC TCATCG TACTCC TGC TTG CTG-3'; TRPC1 forward 5-AGC CTC TTG
ACA AAC GAG GA-3' and TRPCL1 reverse 5'-ACC TGA CAT CTG TCC GAA CC-3;
PLC-y; forward 5-GAG GCC AAC CCT ATG CCAAC-3"and PLC-y; reverse
5-GGATGATGG GGC TCT TGG TAA-3'.
Western-blotting analysis

For the Western blotting analysis of TRPC1 and PLC-y,, cells were washed twice
with ice-cold PBS and harvested in cell lysis buffer supplemented with protease and
phosphatase inhibitor cocktail tablets (Roche, Basel, Switzerland) by scraping with a

rubber policeman. The amount of protein was determined by bicinchoninic acid (BCA)
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protein assay reagent. Cell samples was boiled for 5 min and then subjected to
electrophoresis on SDS-PAGE gels. After the transfer of protein onto polyvinylidene
difluoride membranes, the membranes were incubated in 5% nonfat dry milk in TBST
buffer for 1 h. Immunological evaluation was then performed overnight at 4 °C in 1%
BSA-TBST buffer containing specific antibody against TRPC1 and PLC-y; protein.
The membranes were subsequently washed with TBST and incubated with the
secondary antibodies conjugated with horseradish peroxidase (HRP).for 90 min at
room temperature. Immunocomplexes were visualized using.enhanced
chemiluminescence detection reagent through the ChemiDoc-XRS system (Bio-Rad
Laboratories, Hercules, CA, USA). The densitometric intensity of bands on the
images was determined by Image Lab software (Bio-Rad Laboratories, Hercules, CA,
USA).
Statistical analysis

Data were expressed as‘the)mean + SD from six wells. gRT-PCR and western
blot results were replicated-three times. The significance of the difference between the
means was determined by one-way and multiple analysis of variance (ANOVA). The
level of significance was determined by using Dunnett’s multiple-range test, and
valuesiofP < 0.05 were considered significant. Data were analyzed with the SPSS

19.0 software program.

Results

Influence of AT-1 on IEC-6 cell migration after wounding
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Fig. 1B shows phase-contrast images of wound areas at 0 and 8 h following
scratching. Cells treated with AT-1 (5 and 10 uM) or PUT (10 uM, reference drug)
were shown to significantly cover the wound areas as compared with those of the
control group (Fig.1B). PUT, 5 uM AT-I, and 10 uM AT-I given immediately after
wounding increased the rate of cell migration by 45%, 43%, and 49%, respectively in
control cells (Fig.1C). The results showed also that DFMO (a specific inhibiter of
polyamine synthesis) significantly inhibited IEC-6 cell migration (Fig.1B). The area
ratio of cells migrating in the DFMO-treated cells was decreased by 132% when
counted at 8 h after wounding (Fig.1C). Supplementation of BFMO-containing
medium with PUT, 5 uM AT-1 or 10 uM AT-I restored:the migration to the control
levels (Fig.1C). These results suggest that AT-I stimulates IEC-6 cell migration in
normal and polyamine-deficient conditions.

Insert Figure 1
Influence of AT-1 on IEC-6-cell proliferation after wounding

As shown inFig. 2A'and B, in control cells (without DFMO), the value of cell
index was remarkably increased after exposure to 5 and 10 uM AT-I (from 7.57 £ 0.39
t0 8.69.£0.41 and 9.84 £ 0.46, respectively). In DFMO-treated cells, the basal level
of cellhindex was significantly lower than that observed in control cells (from 7.57 +
0.39t0 3.73 £ 0.51) (Fig. 2B); however, 5 and 10 uM AT-I significantly increased the
cell index of IEC-6 cells grown in DFMO-containing medium and restored it to nearly
control levels (Fig. 2B). These results indicate that AT-1 could promote the

proliferation of IEC-6 cells grown under either control or DFMO conditions.
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Insert Figure 2

Influence of AT-1 on cellular polyamines levels
The mean levels (nM/10° cells) of each polyamine and total polyamines were

shown in Fig. 3 and Table 1. PUT levels of control increased by 31% when treated
with 5 uM AT-1. SPD level of control treated with 5 and 10 uM AT-I was increased by
48% and 120%, respectively, and SPM level of control treated with 5 and 10. 1M AT-I
was increased by 42% and 116%, respectively. Exposure of monolayer cultures of
IEC-6 to DFMO caused a dramatical reduction of polyamines levels. PUT, SPD, and
SPM contents were reduced to 8%, 20%, and 22% of control-respectively, whereas
pretreatment of the cells with AT-1 completely reversed the inhibitory effect of DFMO
on polyamines content. The levels of PUT, SRD;-and SPM were all markedly
increased when DFMO was given together with AT-1 (5 and 10 uM). The total
polyamines level of control increased by 41% and 120% respectively, following 5 and
10 uM AT-1 treatment. In contrast, exposure to DFMO substantially decreased the
total polyamines content. In the presence of DFMO, addition of AT-I to the cultures
not only prevented the decreased level of total polyamines, but also restored total
polyamines content to near normal level. These data indicate that AT-1 has a
significant effect on improving the content of polyamines in intestinal epithelial cells.

Insert Figure 3

Insert Table 1
Influence of AT-1 on [Ca®*]. in IEC-6 cells

In comparison with untreated control cells, we observed a pronounced increase
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of fluo-3 fluorescence by about 61.6% and 105.4%, respectively, when IEC-6 cells
were treated with 5 uM and 10 uM AT-I (Fig. 4A and B). DFMO imposed a decrease
of fluorescence by about 136.7% in comparison with control cells. Addition of AT-1 (5
and 10 uM) to the cultures in the presence of DFMO not only reversed the inhibitory
effects of polyamine depletion on [Ca*"]. but also restored [Ca®*]. to normal levels
(Fig. 4A and B). These results suggest that increased polyamines content caused by
AT-1 in IEC-6 cells could increase [Ca**]., which might play a critical role in the
promotion of cell migration and proliferation after wounding.
Insert Figure 4

Influence of AT-1 on TRPC1 and PLC-y; mRNA.expression

AT-I-treated IEC-6 cells displayed a substantial increase in the levels of TRPC1
and PLC-y; mRNA (Fig. 5A and B).-zevels of TRPC1 and PLC-y; mRNA in cells
treated with 5 uM AT-I were increased by 89% and 86%, respectively, and levels of
TRPC1 and PLC-y; mRNAwere increased by 106% and 101%, respectively, in cells
exposed to 10 uM-AT-I. Inhibition of polyamine biosynthesis by DFMO was
associated with decreases in TRPC1 and PLC-y; mRNA expression. In DFMO-treated
cells, levels of TRPC1 and PLC-y; mMRNA were decreased by 146% and 140%,
respectively. Supplementation with AT-1 (5 and 10 uM) reversed the DFMO-triggered
changes in TRPC1 and PLC-y; mRNA expression, levels of TRPC1 and PLC-y;
MRNA in cells exposed to DFMO plus AT-1 were similar to those of control cells.

Insert Figure 5

Influence of AT-1 on TRPC1 and PLC-y; protein expression
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Consistent with the augmenting effect on mRNA expression, administration of
AT-1 also increased TRPC1 and PLC-y; protein expression in control and
polyamine-deficient cells. As shown in Fig. 6A, B, and C, the protein levels of TRPC1
and PLC-y; of the cells treated with 5 uM AT-I were increased by 79% and 87%,
respectively, when compared with control cells. IEC-6 cells treated with 10 uMAT-I
also displayed a substantial increase in the levels of TRPC1 and PLC-yy protein,
which were both approximately twice those of the control cells. Inhibition of
polyamine biosynthesis by DFMO significantly decreased TRPC1 and PLC-y; protein
expression, the protein levels of TRPC1 and PLC-y; in DFMO-treated cells were
decreased by 188% and 253%, respectively. Addition of AT-1 (5 and 10 uM) given
together with DFMO restored TRPC1 and PLC-ygprotein to near normal levels.

Insert Figure 6

Discussion

The gastrointestinal mucosal epithelium represents an important barrier between
a large number of noxious and immunogenic substances present in the lumen of the
gut and.the organism. Impairment of the gastrointestinal surface barrier is observed in
the course of various diseases, such as celiac disease, peptic ulcer, and inflammatory
bowel diseases. This pathological process may lead to increased penetration and
absorption of toxic and immunogenic components into the host resulting in
inflammation, uncontrolled immune response, and an imbalance of the homeostasis of

the body. Impairment of the gastrointestinal epithelium can result from food products,

17



ionizing radiation, chemicals (alcohol), chemotherapeutic agents (antibiotics,
hormones, or other drugs), or mechanical forces (stretching), and immediate repair is
required to restore the function of mucosal epithelial barrier against luminal antigens
(Vaidya et al., 2005). Observations over the past several years have demonstrated that
the mucosa of the gastrointestinal tract is one of the fastest growing and rapidly:
turning-over tissues in the body, and gastrointestinal repair is a continuous process
that can be divided into two phases, namely, cell migration and proliferation.

The regulation of the migration and proliferation of intestinal epithelial cells in
response to injury is crucial for the preservation of gastrointestinal mucosal integrity
under physiological and pathological conditions. This regulation is unique because it
not only depends on normal blood-borne substanees but is also influenced by trophic
hormones secreted from the mucosa-and.by other factors present within the digestive
tract (Ray and Johnson, 2014)<Polyamines are known to play a critical role in the
regulation of migration and.proliferation of intestinal epithelial cells. The polyamines
PUT, SPD, and SPM are found virtually in all eukaryotic cells. The activity of
polyamines iS.closely related to their positive charges. PUT, SPD, and SPM are
organie, aliphatic, cationic amines, with pK values above 9. Under physiological pH,
they strongly bind to negatively charged macromolecules such as RNA, DNA, and
proteins to regulate diverse biological effects (Ray et al., 2011). Polyamines synthesis
is highly regulated and primarily relies on the activity of ODC that catalyses the
decarboxylation of ornithine to form the diamine PUT. PUT is then in turn converted

to SPD and SPM by the addition of a propylamine group. DFMO is a suicide inhibitor
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of ODC that prevents the formation of polyamines. Following DFMO treatment,
intracellular PUT is depleted within 6 h, SPD within 24 h, and SPM to 50% within 96
h.

A large body of research have demonstrated that IEC-6 cells that are polyamine
deficient fail to migrate normally during the early phase of restitution, and polyamine
depletion decreases the rate of IEC-6 cell proliferation by G1 cell cycle arrest/(Rathor
etal., 2014a; Ray et al., 2011; Ray et al., 2003; Ray et al., 2007b; Wang.et al., 2000;
Zhang et al., 2014). In the present study, we found that AT-I significantly increased the
migration (Fig. 1) and proliferation (Fig. 2) of cells grown-under control conditions.
Polyamine depletion by DFMO caused delayed migration and proliferation of IEC-6
cells, while addition of AT-I together with DFMO«restored migration (Fig. 1) and
proliferation (Fig. 2) to the levels of-control, suggesting that the observed effects of
AT-1 was associated with its regulation in increasing intracellular polyamines content.
We then further determined.the effect of AT-1 on intracellular polyamines content in
control (without DFMO) and polyamine depleted IEC-6 cells. The results shown in
Fig. 3 and Table‘1 confirmed that AT-I indeed enhances the polyamines levels during
IEC-6:cell migration and proliferation. Exposure of IEC-6 cells to 5 or 10 uM AT-I for
24 h,'which notably increased the total cellular polyamines levels. Polyamine
depletion by DFMO significantly decreased the total polyamines content, whereas
AT-1 given together with DFMO completely abolished the inhibitory effect of DFMO
on polyamines synthesis.

Several lines of research have demonstrated that cellular polyamines stimulate
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epithelial cell migration and proliferation during wound healing process primarily by
modulating the cytosolic free Ca®* concentration ([Ca®*]) (Rao et al., 2001; Rao et al.,
2002). Other reports further proved that polyamines regulate [Ca®*]. by altering
TRPC1 and PLC-y; activity, and that polyamine-mediated TRPC1 and PLC-y;
expression plays an important role in intestinal epithelial cell migration and
proliferation after wounding (Rao et al., 2007; Rao et al., 2008; Rao et al., 2006; Rao
et al., 2010). Our findings clearly showed that the increase of cellular polyamines
caused by AT-1 treatment remarkably elevated [Ca®*]. (Fig. 4). Depletion of
intracellular polyamines by DFMO markedly reduced,[Ca2']«in IEC-6 cells, while
exposure of IEC-6 cells to AT-1 completely reversed the restrained effects of
polyamine depletion on [Ca?']. elicited by DEMOy(Fig. 4). To provide insight into the
molecular basis for the enhancementof.[Ca**]. induced by AT-I, the results presented
in Fig. 5 indicate that levels of TRPC1 and PLC-y; mRNA increased significantly in
cells treated with AT-1 far 24'h, and TRPC1 and PLC-y; mRNA levels decreased
significantly in celStreated with DFMO. However, this inhibition of TRPC1 and
PLC-y; mRNA expression in DFMO-treated cells was completely prevented by AT-I
treatment (Fig./5). Consistent with the augmenting effect on mRNA expression,
administration of AT-1 also increased TRPC1 and PLC-y; protein expression in control
and polyamine-deficient IEC-6 cells (Fig. 6).

AMR, one of the traditional Chinese herbal drugs listed in Chinese
Pharmacopoeia, has remarkable effects on digestive system diseases, such as peptic

ulcer, diarrhea, etc. AT-1, an active compound isolated from AMR, has been shown to
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exhibit a wide variety of biological and pharmacological activities. Zhang et al.
showed that AT-1 protected mice acute lung injury induced by LPS via inhibition of
TLR4 expression and NF-«B activation (Zhang et al., 2015). Ma et al. reported that
AT-1 attenuated gastric cancer stem cell traits partly through inactivating Notch1,
leading to reducing the expressions of its downstream target Hes1, Heyl and CD44 in
vitro (Ma et al., 2014). In a recent study, Yu et al. reported that AT-1 showed
dose-dependent anti-tumor effects on human bladder cancer cells through arresting
cell cycle, inducing apoptosis, and inhibition of PI3K/Akt/mTOR signaling pathway
(Yu et al., 2016). The findings reported here clearly show that-AT-I stimulated
intestinal epithelial cell migration and proliferation.via polyamine-mediated Ca**
signaling pathway. Thus, AT-I is a valuable natural,drug which may play an important
role in the treatment of diseases caused.by\gastrointestinal mucosal injury individually
or in combination with other pharmaceuticals. However, further in vivo studies are
needed to be carried out.tonintensively dissect the molecular mechanism underlying
the therapeutic effect of AT<I on gastrointestinal mucosal injury.
Conclusions

In.summary, our results indicate that polyamine-mediated Ca* signaling
pathway-is involved in AT-I-afforded intestinal epithelial cell migration and
proliferation. Treatment of IEC-6 cells with AT-I promotes cell migration and
proliferation, increases polyamines content, raises [Ca®‘]., and enhances TRPC1 and
PLC-y; mRNA and protein expression. Depletion of cellular polyamines by DFMO

suppresses cell migration and proliferation, decreases polyamines content, and
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reduces [Ca*"]., which is paralleled by a decrease in TRPC1 and PLC-y; mRNA and
protein expression in IEC-6 cells. AT-I reverses the effects of DFMO on polyamines
content, [Ca’*]c, TRPC1 and PLC-y; mRNA and protein expression, and restores cell
migration and proliferation to near normal levels. Thereby, AT-1 may be developed as
a potential therapeutic agent to treat diseases associated with gastrointestinal mucosal

injury by further investigation.
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Figure legends

Fig. 1. Effect of AT-1 on IEC-6 cell migration in normal and polyamine-deficient
conditions. (A) chemical structure of AT-1. (B) Representative images showing
changes in cell migration (scale bar = 10 um). (C) Quantitative analysis of migration
showing wound area covered as compared with initial scratch size. Valuesiare

expressed as the means + SD (n = 6). ~ P < 0.01, compared with' Control. ““P < 0.01,

compared with DFMO.
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Fig. 2. Effect of AT-1 on IEC-6 cell proliferation after wounding. (A) Representative
recordings showing changes in cell index. (B) Summarized data showing cell index in
IEC-6 cells . Data are expressed as the means + SD (n = 6). "P < 0.05, “P < 0.01,
compared with Control. *P < 0.05, P < 0.01, compared with DFMO.
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Fig. 3. The representative HPLC chromatograms of benzoylated polyamines from

IEC-6 cells during wound healing process. Peaks: 1 = PUT, 2 = SPD, 3 = SPM.
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Fig. 4. Effect of AT-1 on [Ca®*]. during intestinal epithelial cell wound healing process.
(A) Representative flow cytometric fluorescence images of IEC-6 cells. (B) Bar
graphs displayed quantitative analysis of [Ca?*].. Values of fluorescence intensity are
presented as the means + SD (n = 6). P < 0.01, compared with Control. *P < 0.01,

compared with DFMO.
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Fig. 5. Effect of AT-1 on mRNA expression of TRPC1 (A) and PLC-y; (B) in IEC-6
cells. Values are expressed as the means + SD of data from three separate experiments.

“P < 0.01, compared with Control. *P < 0.01, compared with DFMO.
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Fig. 6. Effect of AT-1 on TRPC1 and PLC-y; protein expression in IEC-6 cells. (A)
representative immunoblots of TRPC1 and PLC-y; in IEC-6 cells. (B-C)
densitometric analysis of TRPC1 and PLC-y; levels from the blots. Values are
expressed as the means + SD of data from three separate experiments. P < 0.01,

compared with Control. *P < 0.01, compared with DFMO.
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Table legend

Table 1. Amounts of polyamines in IEC-6 cells during wound healing process

(mean £ SD, n = 6)

Polyamines level (nmol/10° cells)

Treatment
PUT SPD SPM total
Control 8.05+0.83 15.91 +1.49 41.27 +3.63 65.15'+ 3.44
PUT (10 pmol/l) 35.12+2.68™ 18.95+1.91" 52.69 + 3.75" 106.92 +3.64™
AT-1 (5 umol/l) 10.53 +0.38" 23.6+3.01" 58.50(% 4.22™ 91.63 +3.98™
AT-1 (10 pmol/l) 8.42 +1.13 35.04 +3.68™ 89.30%6.28™ 132.16 +6.15™
DFMO (2.5 mmol/l) 0.68 +0.12" 3.21+0.37" 8.92%1.03" 12.88 +£0.92"
DFMO + PUT 8.37 + 0.88" 18.44 +2.32% 43.2 + 4.13% 70.01 +4.03%
DFMO + AT-1 5 umol/l 1.84+0.17% 15.26 + 1.63% 42.45 + 2.86% 59.24 +2.77%
DFMO + AT-1 10 pmol/l 4.35 + 0,95 26.04/+ 154% 52.13 + 3.79" 82.43 + 4.43%

"P <0.05, P < 0.01, compared with Control; *P < 0.01, compared with DFMO.
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