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Gomisin A (G.A) is a dietary lignan compound from Schisandra chinensis. In this study,
the effect of G.A on the proliferation and metastasis of colorectal cancer (CRC) cells
was investigated using several CRC cell lines and a lung metastasis mouse model. Both
oral and intraperitoneal administration of G.A (50 mg/kg) inhibited lung metastasis of
CT26 cells. Various concentrations of G.A were incubated with CRC cell lines and their
viability was determined using a cell counting kit-8 assay. G.A significantly decreased
the viability of various CRC cell lines, whereas it did not change the proliferation of
normal colon cells. G.A induced G0/G1 phase arrest and apoptosis of CT26 and
HT29 cells by regulating cyclin D1/cyclin-dependent kinase 4 (CDK4) expression and
apoptotic proteins such as caspases and B-cell lymphoma-2 (Bcl-2) family proteins,
respectively. G.A-induced apoptosis was mediated by AMPK/p38 activation in CRC
cells. A non-cytotoxic concentration of G.A inhibited epithelial–mesenchymal transition
of CRC cells by modulating E-cadherin and N-cadherin expression levels. Moreover, the
migration and invasion of CRC cells were reduced by G.A treatment. Especially, G.A
decreased matrix metalloproteinase (MMP)-2 and MMP-9 expressions and activities.
G.A ameliorated lung metastasis of CRC cells by decreasing cell survival and metastatic
abilities of CRC cells. Thus, G.A might be a potential novel therapeutic agent for
metastatic CRC.
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INTRODUCTION

Colorectal cancer (CRC) is the most frequently diagnosed cancer and one of the main causes of
cancer mortality worldwide (Miller et al., 2016). CRC progression results in the spread of cancer
cells to distant organs such as the liver, lung, brain, and bone, which leads to metastatic cancer
(Patanaphan and Salazar, 1993). Metastasis is composed of several cellular processes including
the development of a metastatic phenotype by cancer cells, movement of cells through the blood
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and lymphatic vessels, invasion of cancer cells into target tissues,
and colonization. Since the high mortality of CRC is related
to metastasis (Klein, 2008; Siegel et al., 2017), its prevention
and treatment in CRC could improve the prognosis of patients
with CRC.

Metastasis is initiated by the migration of cancer cells
through circulating blood and lymphatic vessels, and then these
cells invade distant organs (Martin et al., 2013). Epithelial–
mesenchymal transition (EMT) is one of the important
cellular process for the acquisition of metastatic phenotypes
including migration and invasion by cancer cells (Kalluri
and Weinberg, 2009). A typical feature of EMT is the loss
of cell-cell contact by the regulation of expression of cell-
cell adhesion molecules such as E-cadherin, N-cadherin, and
vimentin (Thiery and Sleeman, 2006). Additionally, epithelial
cancer cells become spindle shaped with increased metastatic
abilities including migration and invasion by enhancing matrix
metalloproteinase (MMP)-2 and MMP-9 production, which are
involved in matrix remodeling-related proteolysis (Khasigov
et al., 2003).

AMP-dependent protein kinase (AMPK) is a serine-threonine
kinase that participates in an energy-sensing cascade related
to cellular homeostasis (Hardie et al., 2012). In various types
of cancer cells, activation of AMPK induces apoptosis via
the p38, Akt, and mechanistic target of rapamycin (mTOR)
signaling pathway, which could regulate p21, p27, and p53
expression; B-cell lymphoma-2 (Bcl-2) family proteins, and
cleavage of caspases (Li et al., 2015). Previous studies have
reported that the AMPK activator AICAR decreased the
viability of human CRC cells, whereas the AMPK inhibitor
compound C (CC) increased the proliferation of CRC cells
(Lea et al., 2014). Moreover, several natural products and
active compounds such as Torilis japonica, Oldenlandia diffusa,
quercetin, and kazinol C induced apoptosis of CRC cells by
AMPK activation (Kim et al., 2010, 2015, 2016; Lu et al.,
2016).

The fruit of Schisandra chinensis (Schisandrae Fructus) is
cultivated in East Asia and it has been used as a beverage,
wine, and tea (Szopa et al., 2017). Its Korean name “Omija”
(Gomishi in Japanese and Wu-wei-zi in Chinese) is derived
from its interesting characteristic of five different tastes in the
fruit: sour (fruit skin), sweet (flesh), bitter/spicy (seed), and
salty (all parts) (Panossian and Wikman, 2008). In traditional
medicine, this fruit has been widely used to treat hepatitis,
cough, spontaneous sweating, diabetes, heart disease, rheumatoid
arthritis, skin irritation, and insomnia (Panossian and Wikman,
2008; Szopa et al., 2017). According to previous studies,
many kinds of lignans such as gomisin A (G.A), gomisin
B, gomisin C, gomisin G, gomisin N, and schisandrin have
been isolated from Schisandrae Fructus as major constituents
(Panossian and Wikman, 2008; Szopa et al., 2017). G.A
has multiple biological activities including memory improving
and hepatoprotective, antihypertensive, antidiabetic, and anti-
inflammatory effects (Kim et al., 2006; Kwon et al., 2011; Park
et al., 2012; Wang et al., 2014; Jiang et al., 2015). G.A also
inhibits hepatocarcinogenesis and shows cytotoxicity against
human CRC cell lines (LoVo, HCT116) and A2780 human

ovarian cancer cells (Ohtaki et al., 1996; Smejkal et al., 2010;
Hwang et al., 2011; Jeong et al., 2017). However, the effects of G.A
on the metastatic phenotype and metastasis of CRC cells have not
been elucidated using in vivo models.

In this investigation, the effects of G.A on CT26, MC38, HT29,
and SW620 CRC cell lines were explored, including cell cycle
arrest, apoptosis, and the related signaling pathways. Typical
metastatic phenotypes such as EMT, migration, and invasion of
CRC cells were evaluated after G.A treatment. Moreover, the
antimetastatic effects of G.A on CRC cells were confirmed using
a lung metastasis mouse model.

MATERIALS AND METHODS

Reagents and Cell Lines
Anti-phospho-AMPK, phospho-p38, phospho-ERK, phospho-
JNK, phospho-Akt, AMPK, poly (ADP-ribose) polymerase
(PARP), caspase-3, caspase-9, Bcl-2, Bcl-extra-large (Bcl-xL),
and Bcl-2-associated X protein (Bax) antibodies (Cell Signaling,
Danvers, MA, United States). Anti-p38, ERK, JNK, Akt, γH2AX,
β-actin, and α-tubulin antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, United States). SB203580
was obtained from Sigma-Aldrich (St. Louis, MO, United States).
Compound C (CC) was purchased from MedChemExpress
(Monmouth Junction, NJ, United States). Matrigel was obtained
from BD Biosciences (San Diego, CA, United States). The cell
counting kit (CCK)-8 was purchased from Enzo Life Sciences
(Farmingdale, NY, United States). The mouse CRC cell line CT26
and MC38, human CRC cell line HT29 and SW620, and normal
CCD-18co colon cell line were purchased from Korean Cell
Line Bank (Seoul, South Korea) and maintained in Dulbecco’s
modified Eagle’s medium (DMEM) and Roswell Park Memorial
Institute (RPMI) 1640 at 37◦C in a 5% CO2 incubator.

Animals
Female BALB/c mice (5-week-old) were purchased from Samtaco
Korea (Osan, South Korea). The mice were housed individually
in ventilated cages in a laminar air-flow room. All animal
experimental protocols, care, and handling were approved
by Wonkwang University Institutional Animal Care and Use
Committee (IACUCs, WKU 17-91).

In vivo Model of Lung Metastasis
To establish the experimental lung metastasis model, 2× 105 cells
were injected into the tail vein of mice intravenously (i.v.). The
mice were orally or intraperitoneally administered 50 mg/kg G.A
2 h prior to the injection of CT26 cells and were subsequently
euthanized 14 days later, and the lungs were harvested and
stained with Bouin’s solution. The number of all tumor colonies
in the lung was counted to evaluate the antimetastatic effect
of G.A.

Cell Viability Assay
The viability of G.A-treated cells was measured using the CCK-
8 assay. Briefly, 3 × 103 cells/well were plated in a culture plate
treated with G.A for 72 h. The medium was changed to the fresh
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medium containing the CCK-8 reagent, and the absorbance was
determined at 450 nm using a microplate reader.

Cell Cycle Analysis
Cells were plated in 6-well plates (1 × 106 cells/well) and treated
with G.A (0–100 µM) for 24 h. The cell cycle distribution was
determined using the Muse cell cycle kit (Millipore, Bedford,
MA, United States) according to the manufacturer’s protocols.
The cells were stained with cell cycle reagent and analyzed
using a Muse cell analyzer (MUSE, Millipore, Bedford, MA,
United States).

Real-Time Reverse
Transcription-Polymerase Chain
Reaction (RT-PCR)
Total RNA was isolated from cells and tissues using an
RNA-spinTM total RNA extraction kit (iNtRon Biotech, Seoul,
South Korea) and reverse transcribed to cDNA using the Power
cDNA synthesis kit (iNtRon Biotech, Seoul, South Korea).
The real-time reverse transcription-polymerase chain reaction
(RT-PCR) was carried out using the Power SYBR R© Green
PCR Master Mix and Step-one PlusTM real-time PCR systems
(Applied Biosystems, Foster City, CA, United States). The primer
sequences are described in Table 1.

Apoptosis Assay
Cell apoptosis was determined using the terminal
deoxynucleotidyl transferase (TdT) deoxyuridine dUTP
nick-end labeling (TUNEL) and Annexin V assays as previously
described (Kee et al., 2017). CT26 and HT29 cells were
seeded in six-well plates, treated with G.A for 24 h, fixed with
3.7% paraformaldehyde for 20 min, and then washed with
phosphate-buffered saline (PBS). The cells were incubated with
4′,6-diamidino-2-phenylindole (DAPI) solution (2.5 µg/mL) for
3 min at room temperature and washed with PBS. Apoptotic
cells and stained nuclei were observed using a fluorescence
microscope (Carl Zeiss, Oberkochen, Germany). In addition,
the apoptotic cells were analyzed using the MUSE Annexin V
and dead cell kit (Millipore, Billerica, MA, United States) in
accordance with the recommended protocol. The stained cells
were analyzed using the Muse cell analyzer.

Western Blot Analysis
Proteins from metastatic lung tissues and G.A-treated cells were
lysed using PRO-PREPTM protein extraction solution (iNtRon
Biotech, Seoul, South Korea). Samples were centrifuged for
10 min, and the supernatant was mixed with 2× sample
buffer after quantifying the protein using the bicinchoninic
acid (BCA) protein assay. Total proteins were separated
using gel electrophoresis and transferred onto membranes.
Specific proteins were detected with the primary antibodies and
horseradish peroxidase-conjugated antibodies (Dako, Glostrup,
Denmark). Protein bands were detected using and FluorChem M
system (ProteinSimple, San Jose, CA, United States).

TABLE 1 | Primer sequences for the Real-time RT-PCR.

Genes Primer sequences (5′–3′)

Mouse STAT1 TGGTGAAATTGCAAGAGCTG (Forward)

CAGACTTCCGTTGGTGGATT (Reverse)

Mouse E-cadherin AATGGCGGCAATGCAATCCCAAGA (Forward)

TGCCACAGACCGATTGTGGAGATA (Reverse)

Mouse N-cadherin TGGAGAACCCCATTGACATT (Forward)

TGATCCCTCAGGAACTGTCC (Reverse)

Mouse Vimentin CGGAAAGTGGAATCCTTGCA (Forward)

CACATCGATCTGGACATGCTG (Reverse)

Mouse Cyclin D1 TAGGCCCTCAGCCTCACTC (Forward)

CCACCCCTGGGATAAAGCAC (Reverse)

Mouse CDK4 AGAGCTCTTAGCCGAGCGTA (Forward)

TTCAGCCACGGGTTCATATC (Reverse)

Mouse GAPDH GACATGCCGCCTGGAGAAAC (Forward)

AGCCCAGGATGCCCTTTAGT (Reverse)

Human STAT1 CTAGTGGAGTGGAAGCGGAG (Forward)

CACCACAAACGAGCTCTGAA (Reverse)

Human E-cadherin GTCAGTTCAGACTCCAGCCC (Forward)

AAATTCACTCTGCCCAGGACG (Reverse)

Human N-cadherin CTCCATGTGCCGGATAGC (Forward)

CGATTTCACCAGAAGCCTCTAC (Reverse)

Human Vimentin TCTACGAGGAGGAGATGCGG (Forward)

GGTCAAGACGTGCCAGAGAC (Reverse)

Human Cyclin D1 ATGCCAACCTCCTCAACGAC (Forward)

GGCTCTTTTTCACGGGCTCC (Reverse)

Human CDK4 GTGCAGTCGGTGGTACCTG (Forward)

TTCGCTTGTGTGGGTTAAAA (Reverse)

Human GAPDH TGCACCACCACCTGCTTAGC (Forward)

GGCATGGACTGTGGTCATGAG (Reverse)

Immunofluorescence (IF)
Cells were seeded in an eight-well chamber slide (2 × 103

cells/well), stabilized, treated with G.A for 24 h, fixed, and
then blocked with 3% bovine serum albumin (BSA). The cells
were incubated with primary antibodies against E-cadherin,
N-cadherin, MMP-2, and MMP-9 overnight. Alexa Fluor
antibodies were used as the secondary antibodies, and then the
cells were stained with DAPI. Images were viewed using a Zeiss
Observer.A1 microscope (Carl Zeiss, Germany).

Migration and Invasion Assay
Cells were seeded in a six-well plate, allowed to reach 90%
confluence, and then they were scratched using a 200 µL pipet
tip. After washing with PBS, serum-free medium containing
G.A was added to the cells, followed by 24 h incubation. The
scratches were monitored, and images were acquired using an
EVOS microscope (Thermo Fisher Scientific, Waltham, MA,
United States).

Invasion ability was evaluated using a matrigel-coated
transwell chamber. Cells (2 × 104 cells/mL) were seeded in the
upper part of the transwell chamber with serum-free medium
with or without G.A. The lower chamber was filled with 10%
fetal bovine serum (FBS)-containing medium. After incubation
for 24 h, cells on the inner side of the chambers were fixed with
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3.7% paraformaldehyde (5 min), treated with 100% methanol
(20 min), and stained with Giemsa (15 min). The chamber
was dried, and the stained cells were photographed under a
microscope (EVOS, Thermo Fisher Scientific, Waltham, MA,
United States).

Gelatin Zymography
Matrix metalloproteinase activity was determined using a
Zymogram buffer Kit (Komabiotech, Seoul, South Korea). G.A
was added to 5 × 105 cells/well in six-well plates and incubated
for 24 h. The supernatant was collected and mixed with
zymogram sample buffer. After electrophoresis using a 0.1%
acrylamide gel, the gel was incubated in zymogram renaturing
buffer for 30 min, followed by incubation in zymogram
developing buffer for 30 min. Coomassie blue R-250 solution
was used to visualize the gelatinolytic activity of the MMPs after
incubation at 37◦C for 24 h.

Statistical Analysis
The data are the means± standard deviation (SD) of a minimum
of three experiments and statistically significant differences were
analyzed using the Student’s t-test. p-Value < 0.05 was considered
statistically significant.

RESULTS

Gomisin A Suppresses Lung Metastasis
of CT26 Cells
At the end of the in vivo experiment, the mouse lungs were
excised to investigate the effect of G.A on the metastatic CRC
and serum samples were collected to evaluate the toxicity of
G.A in the mice. The body weight and parameters of liver
and kidney function of the G.A-treated group of mice did not
significantly differ from those of the control group mice (Table 2).
After 14 days of G.A administration, the lung metastasis of
CT26 cells was clearly inhibited (Figures 1A,B). The number of
nodules in the lung tissues was 32.75 ± 10.71 and 82.5 ± 15.06
in the G.A orally-administered and control mice, respectively
(Figure 1C). Moreover, intraperitoneal administration of G.A
decreased the number of nodules in lung tissues from 66 ± 5.35
to 29.75 ± 8.92 (Figure 1D). In the lung metastatic tissues,
AMPK and p38 phosphorylation were also increased by G.A
administration (Figures 1E,F). Based on these results, G.A
inhibited the metastasis of CRC cells by activating AMPK
and p38.

Gomisin A Inhibits CRC Cell Survival
To confirm the cytotoxicity of G.A on the various CRC cells,
murine CRC cell lines, CT26 MC38, and human CRC cell lines,
HT29 and SW620, were treated with for 48 h. As shown in
Figure 2A, 20–100 µM but not 10 µM G.A concentration-
dependently decreased the viability of CRC cells. The same
concentrations of G.A did not change the proliferation of the
normal CCD-18Co colon cell line (Figure 2B). After 72 h
incubation with G.A, morphological changes, including floating
cells, shrunken, and round-shaped cells, were observed in CT26
and HT29 cells treated with higher concentrations of G.A (50 and
100 µM, Figure 2C).

Gomisin A Induces G0/G1 Phase Arrest
of CRC Cells
To assess the effect of G.A on the cell cycle phase distributions of
CRC cells, after G.A treatment for 24 h, the cells were propidium
iodide (PI)-stained and analyzed using flow cytometry. High
concentration of G.A (50 and 100 µM) increased the percentages
of cells in the G0/G1 phase (Figures 3A–C). The cyclin/cyclin-
dependent kinase (CDK) complex controls the cell cycle phases
(Lim and Kaldis, 2013). Since cyclin D1 and CDK4 are associated
with the progression of G1 phase cells to the S phase, mRNA
expression levels of cyclin D1 and CDK4 were determined
using real-time RT-PCR. G.A significantly downregulated the
cyclin D1 and CDK4 expression levels in CT26 and HT29 cells
(Figures 3D,E). According to previous study, G.A can induce cell
cycle arrest of HeLa cells by regulating cyclin D1 expression via
STAT1 signaling (Waiwut et al., 2012). Thus, mRNA expression
levels of STAT1 in G.A-treated CT26 and HT29 cells were
confirmed and high concentration of G.A significantly decreased
STAT1 expression (Supplementary Figure 1). These results
indicate that G.A might cause G0/G1 phase cell cycle arrest by
regulating the cyclin D1-CDK4 complex.

Gomisin A Promotes Apoptosis of CRC
Cells by Inducing AMPK and p38
Phosphorylation
We investigated whether G.A could induce apoptosis of CRC
cells using TUNEL and Annexin V assays. The results showed
that 50 and 100 µM G.A treatment increased the TUNEL- and
Annexin V-positive (Figures 4A,B, respectively) CT26 and HT29
cells. According to the Annexin V assay result, apoptotic CT26
and HT29 cells were significantly increased by G.A treatment for
24 h (Figures 4C,D). Moreover, cleavage of caspase-9, caspase-3,

TABLE 2 | Body weight and serum parameters of gomisin A (G.A)-treated CT26-injected mice.

Treatment B.W (g) AST (S) ALT (S) Creatinine (S) BUN (S)

p.o Cont 18.27 ± 0.59 98 ± 28.24 45 ± 28.24 0.12 ± 0.01 25 ± 0.7

G.A 18.25 ± 0.75 80 ± 19.73 39 ± 42.43 0.12 ± 0.04 28 ± 2.12

i.p Cont 18.42 ± 1.07 191 ± 27.07 102 ± 15.55 0.15 ± 0.03 28 ± 4.24

G.A 18.38 ± 0.49 192 ± 13.28 80 ± 6.42 0.18 ± 0.01 24 ± 1.15

p.o., Oral administration; i.p., intraperitoneal injection; B.W., body weight; AST, aspartate transaminase; ALT alanine transaminase; BUN, blood urea nitrogen.
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FIGURE 1 | Effect of gomisin A (G.A) administration on lung metastasis of CT26 cells. Lung tissues were excised, and nodules were counted to evaluate
antimetastatic effect of orally administered G.A (A,C) and intraperitoneal injection (B,D). Phosphorylation of AMPK and p38 in metastatic lung tissues after oral
administration (E) and intraperitoneal injection (F). Data are means ± standard deviation (SD) of three independent experiments; ∗p < 0.05.

and PARP was induced by G.A treatment while Bcl-2 and Bcl-
xL were downregulated and Bax was upregulated in CT26 and
HT29 cells (Figures 5A,B). AMPK and mitogen-activated protein
kinase (MAPK) activity has been recognized to be related to the
proliferation of CRC cells (Lea et al., 2014). Thus, we investigated
whether G.A activates AMPK and MAPKs including extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK),
and p38.

The cells treated with G.A showed increased phosphorylation
levels of AMPK and p38 (Figures 5C,D), whereas ERK,
JNK, and Akt activation was not changed by G.A treatment
(Supplementary Figure 2). Then, we investigated whether

blockade of AMPK and p38 activation could suppress the
G.A-induced reduction in viability of CRC cells. CT26 cells
were treated with compound C (10 µM) and SB203580
(10 µM), which are AMPK and p38 selective inhibitors,
respectively. Blocking AMPK and p38 phosphorylation
partially recovered the viability of G.A-treated CT26 cells
(Figure 5E). Additionally, CC decreased both AMPK and
p38 phosphorylation induced by G.A treatment, whereas
SB203580 inhibited only the phosphorylation of p38 in CT26
cells (Figure 5F). These findings suggest that the G.A-induced
apoptosis was likely mediated via the AMPK/p38 signaling
pathway.
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FIGURE 2 | Effect of gomisin A (G.A) on viability of colorectal cancer (CRC) cells. (A) CRC cell lines CT26, MC38, HT29, and SW620 and (B) normal CCD-18Co
colon cell lines were seeded in 96-well plates and treated with G.A (0–100 µM) for 48 h. Cell viability was evaluated using cell counting kit (CCK)-8 assay.
(C) Morphological changes of G.A-treated CT26 and HT29 cells. Images were acquired using phase contrast microscope (magnification 200×). Data are
means ± standard deviation (SD) of three independent experiments; ∗p < 0.05.

Gomisin A Suppresses EMT of CRC Cells
EMT is a pivotal process that converts epithelial phenotypes to
mesenchymal characteristics. Loss of E-cadherin function and
increase in N-cadherin expression induces the EMT process,
which is involved in tumor metastasis (Thiery and Sleeman,
2006; Kalluri and Weinberg, 2009). To investigate whether G.A
could control EMT, we measured mRNA expression levels of
EMT-related markers in CRC cells. As shown in Figure 6A,
low concentration of G.A (5, 10, and 20 µM) treatment for
24 h increased expression levels of E-cadherin in CT26 and
HT29 cells, whereas those of N-cadherin and vimentin were
reduced in a concentration-dependent manner (Figures 6B,C).
The expression levels of E-cadherin and N-cadherin were
confirmed using a fluorescence microscope. We observed
that N-cadherin expression levels decreased in G.A-treated
CT26 cells (Figure 6D). On the other hand, G.A increased
E-cadherin expression in HT29 cells (Figure 6E). These results
indicate that the EMT of CRC cells was inhibited by G.A
treatment.

Gomisin A Decreases Migration and
Invasion of CRC Cells by Inhibiting MMP
Activity
EMT involves changing the morphological features and gene
expression of cancer cells to increase mesenchymal characteristics
such as migration and invasion (Martin et al., 2013). Since
migration and invasion of cancer cells are necessary for the
development of metastasis, wound healing and invasion assays
were carried out to evaluate the effect of G.A on these
phenomena in CRC cells. Treatment with low concentrations
of G.A for 24 h obviously decreased the migration of CT26
and HT29 cells (Figures 7A,B). Additionally, the results of
the invasion assay showed that the invasion of CT26 and
HT29 cells was attenuated by G.A treatment (Figure 7C). The
gelatinase activity of MMP-2 and MMP-9 is closely related to
the invasiveness of cancer cells (Khasigov et al., 2003). We
observed that G.A reduced the expression levels of MMP-2 and
MMP-9 using IF analysis (Figure 7D). Moreover, the results of
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FIGURE 3 | Effect of gomisin A (G.A) on cell cycle distribution of CRC cells. (A) CT26 and HT29 cells were treated with G.A (0–100 µM) for 24 h. Cell cycle analysis
was conducted using Muse cell cycle kit. (B,C) G0/G1 phase cells (%) were determined using flow cytometry. (D,E) Expression levels of cyclin D1 and
cyclin-dependent kinase 4 (CDK4) in CT26 (D) and HT29 (E) cells measured using real-time reverse transcription-polymerase chain reaction (RT-PCR). Data are
means ± standard deviation (SD) of three independent experiments; ∗p < 0.05.

the gelatin zymography showed that the activity of MMP-2
and MMP-9 concentration-dependently decreased in G.A-treated
cells (Figure 7E). Thus, G.A reduced the migratory and invasive
abilities of CRC cells by suppressing EMT and MMP activity.

DISCUSSION

Previous studies have reported that G.A is cytotoxic against
numerous cancer cell lines including the human LoVo CRC

cell line (Smejkal et al., 2010). Furthermore, G.A enhances
tumor necrosis factor (TNF)-α-induced G1 cell cycle arrest by
downregulating cyclin D1 and retinoblastoma phosphorylation
in the HeLa cervical cancer cell line (Waiwut et al., 2012). In
this study, G.A reduced the viability of various CRC cell lines
by inducing G0/G1 phase arrest and apoptosis. G.A-induced cell
cycle arrest is due to downregulation of cyclin D1 and CDK4
expression levels. Apoptosis of CRC cells by G.A treatment
was mediated by the cleavage of caspase-3, caspase-9, PARP,
and regulation of Bcl-2 family proteins via the AMPK and p38
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FIGURE 4 | Effect of gomisin A (G.A) on apoptosis of CRC cells. (A) CT26 and HT29 cells were treated with G.A (0–100 µM) for 24 h, and apoptotic cells were
detected using terminal deoxynucleotidyl transferase (TdT) deoxyuridine dUTP nick-end labeling (TUNEL) assay. Images were captured using a phase contrast
microscope (magnification 200×). (B) G.A-treated CT26 and HT29 cells were analyzed using Annexin V assay. (C,D) Percentage of apoptotic CT26 (C) and HT29
(D) cells. Data are means ± standard deviation (SD) of three independent experiments; ∗p < 0.05.
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FIGURE 5 | Effect of gomisin A (G.A) on AMP-dependent protein kinase (AMPK) and p38 phosphorylation in CRC cells. (A,B) Apoptotic proteins were detected
using western blot analysis in CT26 (A) and HT29 (B) cells. (C,D) Phosphorylation of AMPK and p38 was detected using western blot analysis in CT26 (C) and
HT29 (D) cells. (E) Cell viability was measured in G.A-treated CT26 cells after CC and SB203580 treatment for 24 h. (F) AMPK and p38 phosphorylation was
confirmed after CC and SB203580 treatment of G.A-treated CT26 cells. Data are means ± standard deviation (SD) of three independent experiments; #p < 0.05
versus control and ∗p < 0.05 versus G.A alone.

signaling pathways. Depending on the intensity, extracellular
stimuli can damage DNA and induce cell cycle arrest or apoptosis.
Although cell cycle arrest is triggered to repair the DNA, excessive
damage to DNA leads to apoptosis or necrosis (Shapiro and
Harper, 1999; Pucci et al., 2000). In this study, G.A might have
damaged the CRC cells and induced cell cycle arrest to repair
the DNA. However, considering that TUNEL positive cells were

increased by G.A treatment through TUNEL assay, G.A can cause
DNA fragmentation in CRC cells. Since G.A at concentrations
above 50 µM induces irreparable DNA repair, it consequently
promotes apoptosis of CRC cells.

Cellular senescence is permanent cell cycle arrest which is
occurred after a finite number of cell division and various
extracellular stimuli (Childs et al., 2014). However, cell cycle
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FIGURE 6 | Effect of gomisin A (G.A) on the EMT markers of CRC cells. CT26 and HT29 cells were treated with G.A (0–20 µM) for 24 h, and expression levels of
epithelial–mesenchymal transition (EMT) markers were evaluated. (A–C) EMT-related markers E-cadherin (A), N-cadherin (B), and vimentin (C) were measured using
real-time reverse transcription-polymerase chain reaction (RT-PCR); ∗p < 0.05 and ∗∗p < 0.01. (D) Expression of N-cadherin in G.A-treated CT26 cells.
(E) Expression of E-cadherin in G.A-treated HT29 cells. Images were captured using phase contrast microscope (magnification 200×). Data are means ± standard
deviation (SD) of three independent experiments.

arrest is not same as senescence because all arrested cells are
not senescent cells in the adult organism (Blagosklonny, 2011).
Senescent cells show several characteristics including increased
senescence-associated β-galactosidase (SA-β-gal) activity and
accumulated DNA damage markers such as γ-H2AX (Noren
Hooten and Evans, 2017). We performed SA-β-gal staining in
G.A-treated cells to confirm whether G.A can induce cellular
senescence. As a result, G.A treatment did not occur SA-β-gal
activity in both CT26 and HT29 cells. In addition, expression of
γ-H2AX was detected in G.A-treated CRC cells. G.A treatment
for 24 h did not increase expression of γ-H2AX. Although
20 µM of G.A induced G0/G1 phase arrest but not apoptosis,
it was not related to senescence of CRC cells (Supplementary
Figure 3).

AMPK is a suppressor of cancer progression through
the regulation several target proteins and signaling pathway

including p53, mTOR, COX-2, and MAPK (Li et al., 2015).
Numerous natural products have been reported to show
therapeutic potential against several types of cancer, because
they can activate AMPK, which inhibits cancer progression (Kim
G. T. et al., 2014; Kim M. J. et al., 2014). The MAPKs (ERK,
JNK, and p38) signaling pathway is also related to apoptosis
of cancer cells (Fang and Richardson, 2005). According to
the apoptosis signaling pathway including AMPK, Akt and
MAPKs, it has been reported that AMPK activator AICAR can
induce apoptosis of leukemia cells by activating Akt (Kuznetsov
et al., 2010). AICAR and metformin, which are both AMPK
activator, increase apoptosis of pancreatic β-cells through JNK
activation (Dai et al., 2015). On the other hand, AMPK activation
induces apoptosis by inhibiting phosphorylation of Akt as well
as increasing activation of p38 (Cardaci et al., 2012). In the
present study, G.A increased phosphorylation of AMPK and p38
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FIGURE 7 | Effect of gomisin A (G.A) on metastatic abilities of CRC cells. CT26 and HT29 cells were treated with G.A (0–20 µM) for 24 h, and metastatic abilities of
CRC cells were investigated. (A,B) Wound healing assay of G.A-treated CT26 (A) and HT29 (B) cells. (C) Invasion assay. (D,E) Matrix metalloproteinase (MMP)-2
and -9 expression levels (D) and activity (E) of G.A-treated CRC cells. MMP-2 and MMP-9 activity was determined by gelatin zymography. Images were captured
using phase contrast microscope (magnification 200×). Data are means ± standard deviation (SD) of three independent experiments.

(Figures 5C,D), but not ERK, JNK, and Akt (Supplementary
Figure 2). In MCF-7 breast cancer cells, the activation of AMPK
by quercetin induces apoptosis through p38 phosphorylation
(Kim G. T. et al., 2014). In addition, ginsenoside Rh2 increases
the phosphorylation of AMPK and p38, which leads to apoptosis
of the HepG2 human hepatoma cells. However, a relationship
between AMPK and p38 has not been found (Kim M. J. et al.,
2014). We confirmed whether AMPK and p38 are linked in
the G.A-induced apoptosis pathway using the specific inhibitors
CC and SB203580 (AMPK and p38, respectively). The G.A-
induced activation of p38 was inhibited by CC treatment, whereas
SB203580 did not affect AMPK phosphorylation. The molecule
p38 is downstream of AMPK and, therefore, based on these
results, G.A could regulate the survival of CRC cells via the
AMPK/p38 signaling pathway.

Furthermore, the antimetastatic effects of G.A on CRC cells
were evaluated. G.A inhibited tumor growth and metastasis
of B16BL6 cells by suppressing angiogenesis and adhesion of
melanoma cells (Kim et al., 2012). Moreover, S. chinensis extracts

containing G.A also protected against liver metastasis of P815
mastocytoma cells (Tang et al., 2011). In this study, we first
demonstrated the inhibitory effects of G.A on the metastasis
of CRC cells. EMT, a pivotal step in metastasis, induces the
transformation from the epithelial to mesenchymal phenotype
that increases migratory and invasive abilities of cancer cells
(Thiery and Sleeman, 2006; Kalluri and Weinberg, 2009; Martin
et al., 2013). The ethanol extract of S. chinensis has been reported
to suppress streptozotocin-induced EMT in diabetic nephropathy
mice by enhancing E-cadherin expression (Zhang et al., 2012).
In general, effect of natural products on the metastatic abilities
of cancer cells is determined using non-cytotoxic concentration
at proper time course (Liu et al., 2017; Kim et al., 2018). In the
present study, effects of G.A on EMT, migration, and invasion
of CRC cells were determined using lower concentration of
20 uM, which did not significantly decrease the cell viability of
CRC cells after G.A treatment for 24 h. The expression level
of the epithelial marker E-cadherin concentration-dependently
increased, whereas that of the mesenchymal marker N-cadherin
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and vimentin were decreased by G.A treatment. IF staining data
also demonstrated that G.A upregulated E-cadherin expression,
whereas that of N-cadherin was downregulated in CRC cells. As
expected, the results of the wound healing and invasion assay also
showed that G.A decreased the migratory and invasive ability
of CRC cells. These results suggest that G.A could reduce the
metastatic characteristics of CRC cells by suppressing the EMT
process.

CONCLUSION

Gomisin A protected against the metastasis of CRC cells
by inhibiting their proliferation and metastatic abilities. G.A
induced G0/G1 phase arrest by decreasing cyclin D1 and CDK4
expression levels. Caspases-dependent apoptosis was induced in
G.A-treated CRC cells via the AMPK/p38 pathway. Moreover,
the migration and invasion of CRC cells were attenuated by
inhibiting the EMT process and MMP activity. These findings
suggest that G.A might be a potential, novel agent for the
prevention and treatment of CRC.

AUTHOR CONTRIBUTIONS

J-YK performed all in vitro and in vivo studies and wrote the
manuscript. Y-HH, J-GM, S-HP, and HJ contributed materials
and analytical methods. S-HH supervised the study and provided
suggestions for the modification of the manuscript.

FUNDING

This work was supported by the National Research Foundation
of Korea (NRF) grant funded by the Korean government (MSIT)
(NRF-2015R1C1A1A02036733, NRF-2016R1A2B2013921, and
NRF-2018R1C1B6002722).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2018.00986/full#supplementary-material

REFERENCES
Blagosklonny, M. V. (2011). Cell cycle arrest is not senescence. Aging 3, 94–101.

doi: 10.18632/aging.100281
Cardaci, S., Filomeni, G., and Ciriolo, M. R. (2012). Redox implications of AMPK-

mediated signal transduction beyond energetic clues. J. Cell Sci. 125, 2115–2125.
doi: 10.1242/jcs.095216

Childs, B. G., Baker, D. J., Kirkland, J. L., Campisi, J., and van Deursen, J. M. (2014).
Senescence and apoptosis: dueling or complementary cell fates? EMBO Rep. 15,
1139–1153. doi: 10.15252/embr.201439245

Dai, Y. L., Huang, S. L., and Leng, Y. (2015). AICAR and metformin exert
AMPK-dependent effects on INS-1E pancreatic β-cell apoptosis via differential
downstream mechanisms. Int. J. Biol. Sci. 11, 1272–1280. doi: 10.7150/ijbs.
12108

Fang, J. Y., and Richardson, B. C. (2005). The MAPK signalling pathways and
colorectal cancer. Lancet Oncol. 6, 322–327. doi: 10.1016/S1470-2045(05)
70168-6

Hardie, D. G., Ross, F. A., and Hawley, S. A. (2012). AMPK: a nutrient and energy
sensor that maintains energy homeostasis. Nat. Rev. Mol. Cell Biol. 13, 251–262.
doi: 10.1038/nrm3311

Hwang, D., Shin, S. Y., Lee, Y., Hyun, J., Yong, Y., Park, J. C., et al. (2011).
A compound isolated from Schisandra chinensis induces apoptosis. Bioorg. Med.
Chem. Lett. 21, 6054–6057. doi: 10.1016/j.bmcl.2011.08.065

Jeong, M., Kim, H. M., Kim, H. J., Choi, J. H., and Jang, D. S. (2017).
Kudsuphilactone B, a nortriterpenoid isolated from Schisandra chinensis fruit,
induces caspase-dependent apoptosis in human ovarian cancer A2780 cells.
Arch. Pharm. Res. 40, 500–508. doi: 10.1007/s12272-017-0902-5

Jiang, Y., Fan, X., Wang, Y., Chen, P., Zeng, H., Tan, H., et al. (2015). Schisandrol B
protects against acetaminophen-induced hepatotoxicity by inhibition of CYP-
mediated bioactivation and regulation of liver regeneration. Toxicol. Sci. 143,
107–115. doi: 10.1093/toxsci/kfu216

Kalluri, R., and Weinberg, R. A. (2009). The basics of epithelial-mesenchymal
transition. J. Clin. Invest. 119, 1420–1428. doi: 10.1172/JCI39104

Kee, J. Y., Han, Y. H., Kim, D. S., Mun, J. G., Park, S. H., So, H. S., et al.
(2017). β-Lapachone suppresses the lung metastasis of melanoma via the
MAPK signaling pathway. PLoS One 12:e0176937. doi: 10.1371/journal.pone.01
76937

Khasigov, P. Z., Podobed, O. V., Gracheva, T. S., Salbiev, K. D., Grachev,
S. V., Berezov, T. T., et al. (2003). Role of matrix metalloproteinases
and their inhibitors in tumor invasion and metastasis. Biochemistry 68,
711–717.

Kim, D. H., Hung, T. M., Bae, K. H., Jung, J. W., Lee, S., Yoon, B. H., et al. (2006).
Gomisin A improves scopolamine-induced memory impairment in mice. Eur.
J. Pharmacol. 542, 129–135. doi: 10.1016/j.ejphar.2006.06.015

Kim, D. Y., Yu, H. J., Yoon, M. S., Park, J. H., Jang, S. H., Lee, H. M., et al.
(2012). Gomisin A inhibits tumor growth and metastasis through suppression
of angiogenesis. J. Life Sci. 22, 1224–1230. doi: 10.5352/JLS.2012.22.9.1224

Kim, E. J., Kwon, K. A., Lee, Y. E., Kim, J. H., Kim, S. H., and Kim, J. H.
(2018). Korean Red Ginseng extract reduces hypoxia-induced epithelial-
mesenchymal transition by repressing NF-κB and ERK1/2 pathways in colon
cancer. J. Ginseng Res. 42, 288–297. doi: 10.1016/j.jgr.2017.03.008

Kim, G. T., Lee, S. H., Kim, J. I., and Kim, Y. M. (2014). Quercetin regulates
the sestrin 2-AMPK-p38 MAPK signaling pathway and induces apoptosis by
increasing the generation of intracellular ROS in a p53-independent manner.
Int. J. Mol. Med. 33, 863–869. doi: 10.3892/ijmm.2014.1658

Kim, M. J., Yun, H., Kim, D. H., Kang, I., Choe, W., Kim, S. S., et al. (2014).
AMP-activated protein kinase determines apoptotic sensitivity of cancer cells
to ginsenoside-Rh2. J. Ginseng Res. 38, 16–21. doi: 10.1016/j.jgr.2013.11.010

Kim, G. T., Lee, S. H., and Kim, Y. M. (2016). Torilis japonica extract-generated
intracellular ROS induces apoptosis by reducing the mitochondrial membrane
potential via regulation of the AMPK-p38 MAPK signaling pathway in HCT116
colon cancer. Int. J. Oncol. 49, 1088–1098. doi: 10.3892/ijo.2016.3578

Kim, H. J., Kim, S. K., Kim, B. S., Lee, S. H., Park, Y. S., Park, B. K., et al.
(2010). Apoptotic effect of quercetin on HT-29 colon cancer cells via the AMPK
signaling pathway. J. Agric. Food Chem. 58, 8643–8650. doi: 10.1021/jf101510z

Kim, H. S., Lim, J., Lee, D. Y., Ryu, J. H., and Lim, J. S. (2015). Kazinol C
from Broussonetia kazinoki activates AMP-activated protein kinase to induce
antitumorigenic effects in HT-29 colon cancer cells. Oncol. Rep. 33, 223–229.
doi: 10.3892/or.2014.3601

Klein, C. A. (2008). Cancer. The metastasis cascade. Science 321, 1785–1787.
doi: 10.1126/science.1164853

Kuznetsov, J. N., Leclerc, G. J., Leclerc, G. M., and Barredo, J. C. (2010). AMPK
and Akt determine apoptotic cell death following perturbations of one-carbon
metabolism by regulating ER stress in acute lymphoblastic leukemia. Mol.
Cancer Ther. 10, 437–447. doi: 10.1158/1535-7163.MCT-10-0777

Kwon, D. Y., Kim, D. S., Yang, H. J., and Park, S. (2011). The lignan-rich fractions
of Fructus Schisandrae improve insulin sensitivity via the PPAR-γ pathways in
in vitro and in vivo studies. J. Ethnopharmacol. 135, 455–462. doi: 10.1016/j.jep.
2011.03.037

Lea, M. A., Pourat, J., Patel, R., and desBordes, C. (2014). Growth inhibition of
colon cancer cells by compounds affecting AMPK activity. World J. Gastrointest.
Oncol. 6, 244–252. doi: 10.4251/wjgo.v6.i7.244

Frontiers in Pharmacology | www.frontiersin.org 12 August 2018 | Volume 9 | Article 986

https://www.frontiersin.org/articles/10.3389/fphar.2018.00986/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2018.00986/full#supplementary-material
https://doi.org/10.18632/aging.100281
https://doi.org/10.1242/jcs.095216
https://doi.org/10.15252/embr.201439245
https://doi.org/10.7150/ijbs.12108
https://doi.org/10.7150/ijbs.12108
https://doi.org/10.1016/S1470-2045(05)70168-6
https://doi.org/10.1016/S1470-2045(05)70168-6
https://doi.org/10.1038/nrm3311
https://doi.org/10.1016/j.bmcl.2011.08.065
https://doi.org/10.1007/s12272-017-0902-5
https://doi.org/10.1093/toxsci/kfu216
https://doi.org/10.1172/JCI39104
https://doi.org/10.1371/journal.pone.0176937
https://doi.org/10.1371/journal.pone.0176937
https://doi.org/10.1016/j.ejphar.2006.06.015
https://doi.org/10.5352/JLS.2012.22.9.1224
https://doi.org/10.1016/j.jgr.2017.03.008
https://doi.org/10.3892/ijmm.2014.1658
https://doi.org/10.1016/j.jgr.2013.11.010
https://doi.org/10.3892/ijo.2016.3578
https://doi.org/10.1021/jf101510z
https://doi.org/10.3892/or.2014.3601
https://doi.org/10.1126/science.1164853
https://doi.org/10.1158/1535-7163.MCT-10-0777
https://doi.org/10.1016/j.jep.2011.03.037
https://doi.org/10.1016/j.jep.2011.03.037
https://doi.org/10.4251/wjgo.v6.i7.244
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00986 August 28, 2018 Time: 10:32 # 13

Kee et al. Gomisin A Inhibits Colorectal Metastasis

Li, W., Saud, S. M., Young, M. R., Chen, G., and Hua, B. (2015). Targeting AMPK
for cancer prevention and treatment. Oncotarget 6, 7365–7378. doi: 10.18632/
oncotarget.3629

Lim, S., and Kaldis, P. (2013). Cdks, cyclins and CKIs: roles beyond
cell cycle regulation. Development 140, 3079–3093. doi: 10.1242/dev.
091744

Liu, Z., Liu, J., Zhao, L., Geng, H., Ma, J., Zhang, Z., et al. (2017). Curcumin
reverses benzidine-induced epithelial-mesenchymal transition via suppression
of ERK5/AP-1 in SV-40 immortalized human urothelial cells. Int. J. Oncol. 50,
1321–1329. doi: 10.3892/ijo.2017.3887

Lu, P. H., Chen, M. B., Ji, C., Li, W. T., Wei, M. X., Wu, M. H., et al. (2016). Aqueous
Oldenlandia diffusa extracts inhibits colorectal cancer cells via activating AMP-
activated protein kinase signalings. Oncotarget 7, 45889–45900. doi: 10.18632/
oncotarget.9969

Martin, T. A., Ye, L., Sanders, A. J., Lane, J., and Jiang, W. G. (2013). “Cancer
invasion and metastasis: molecular and cellular perspective,” in Metastatic
Cancer: Clinical and Biological Perspectives, ed. J. Rahul (Austin, TX: Landes
Bioscience), 135–168.

Miller, K. D., Siegel, R. L., Lin, C. C., Mariotto, A. B., Kramer, J. L., Rowland, J. H.,
et al. (2016). Cancer treatment and survivorship statistics, 2016. CA Cancer J.
Clin. 66, 271–289. doi: 10.3322/caac.21349

Noren Hooten, N., and Evans, M. K. (2017). Techniques to induce and quantify
cellular senescence. J. Vis. Exp. 123, 1–24. doi: 10.3791/55533

Ohtaki, Y., Hida, T., Hiramatsu, K., Kanitani, M., Ohshima, T., Nomura, M., et al.
(1996). Deoxycholic acid as an endogenous risk factor for hepatocarcinogenesis
and effects of gomisin A, a lignan component of Schisandra fruits. Anticancer.
Res. 16, 751–755.

Panossian, A., and Wikman, G. (2008). Pharmacology of Schisandra chinensis Bail.:
an overview of Russian research and uses in medicine. J. Ethnopharmacol. 118,
183–212. doi: 10.1016/j.jep.2008.04.020

Park, J. Y., Yun, J. W., Choi, Y. W., Bae, J. U., Seo, K. W., Lee, J. S.,
et al. (2012). Antihypertensive effect of gomisin A from Schisandra
chinensis on angiotensin II-induced hypertension via preservation of
nitric oxide bioavailability. Hypertens. Res. 35, 928–934. doi: 10.1038/hr.
2012.50

Patanaphan, V., and Salazar, O. M. (1993). Colorectal cancer: metastatic patterns
and prognosis. South Med. J. 86, 38–41. doi: 10.1097/00007611-199301000-
00009

Pucci, B., Kasten, M., and Giordano, A. (2000). Cell cycle and apoptosis. Neoplasia
4, 291–299. doi: 10.1038/sj.neo.7900101

Shapiro, G. I., and Harper, J. W. (1999). Anticancer drug targets: cell cycle
and checkpoint control. J. Clin. Invest. 104, 1645–1653. doi: 10.1172/JCI
9054

Siegel, R. L., Miller, K. D., Fedewa, S. A., Ahnen, D. J., Meester, R. G. S., Barzi, A.,
et al. (2017). Colorectal cancer statistics, 2017. CA Cancer J. Clin. 67, 177–193.
doi: 10.3322/caac.21395
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