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Abstract. Galla  Rhois is a commonly used medicine in 
East Asia for the treatment of several diseases. However, the 
effects of Galla Rhois on the metastasis of colorectal cancer 
(CRC) and the underlying molecular mechanisms have not 
been studied. We investigated the anti‑metastatic properties 
of Galla Rhois water extract (GRWE) on metastatic CRC 
cells. The effect of GRWE on the viability of colon 26 (CT26) 
cells was evaluated using WST‑8 assay. Annexin V assay and 
western blot analysis were performed to elucidate the under-
lying molecular mechanisms involved in apoptosis. GRWE 
suppressed viability of CT26 cells by inducing apoptosis 
through the cleavage of caspase‑3 and PARP, downregulation 
of caspase‑8, caspase‑9, Bcl‑2 and Bcl‑xL, and upregulation of 
Bax. Metastatic phenotypes such as epithelial‑mesenchymal 
transition (EMT), migration, and invasion of CRC cells were 
investigated by real‑time reverse transcription polymerase 
chain reaction, wound healing assay, and matrigel invasion 
assay, respectively. Non‑cytotoxic concentrations of GRWE 
inhibited EMT in CRC cells by regulating the expression of 
EMT markers. GRWE attenuated cell migration and invasion 
through the inhibition of matrix metalloproteinase (MMP)‑2 
and MMP‑9 activity. Moreover, GRWE suppressed colorectal 
lung metastasis in vivo, suggestive of its potential application 
for the treatment of colorectal metastasis.

Introduction

Colorectal cancer (CRC) is one of the most common cancers 
and the leading cause of cancer‑related deaths throughout the 
world (1). Approximately 1.4 million new cases are identi-
fied each year and almost 694,000 deaths are reported (2). 
Metastasis from CRC develops in 40‑60% of patients and the 
most frequent sites of metastasis for CRC are the liver and 
lungs (3). The 5‑year survival rate with surgical resection of 
liver and lung metastasis is 30‑40 and 31‑48%, respectively. 
However, candidates for surgical resection of liver and lung 
metastatic disease include 10‑25% and less than 10% of 
patients, respectively (4,5). Of these cases, metastatic CRC is a 
crucial cause of morbidity and mortality (6).

Metastasis is a complex series of steps that involves the 
spread of tumor cells or pathogens from the primary lesion 
to distant parts of the body. It is simply divided into the 
processes of invasion, intravasation, and extravasation. Tumor 
cells that lose the cell‑cell adhesion capacity and gain cellular 
motility invade the surrounding stroma via degradation of 
the basement membrane and extracellular matrix (ECM). 
The detached cells enter the lymph nodes and blood vessels 
and circulate to remote sites. Once the circulating cells have 
arrived at the targeted organs, they adhere to, and penetrate 
into, the endothelium and basement membrane, followed by 
initiation of angiogenesis and proliferation  (7). Metastatic 
cancer may be treated with chemotherapy, hormone therapy, 
immunotherapy, radiation therapy, resection, and combination 
of these methods (8). However, it may be difficult to treat once 
the cancer has spread, resulting in poorer prognosis.

Activation of epithelial‑mesenchymal transition (EMT) 
plays an important role in the initial step of the metastatic 
cascade by increasing cell migration and invasion. EMT 
is a process by which epithelial cells undergo functional 
and biochemical changes to acquire mesenchymal cell 
phenotypes (9). The acquisition of mesenchymal phenotypes 
leads to the loss of cell polarity and adherent tight junc-
tion, resulting in the increase of motility and invasiveness. 
The characteristic features of EMT are downregulation of 
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epithelial markers and adherent tight junction proteins such as 
E‑cadherin, desmosomes, and cytokeratins as well as upregu-
lation of mesenchymal markers, including N‑cadherin and 
vimentin (10). EMT is correlated with several cancer types, 
including prostate, ovarian, breast and CRC (11).

Apoptosis is a form of programmed cell death character-
ized by cellular changes, including cell shrinkage, chromatin 
condensation, and nuclear fragmentation while avoiding inflam-
mation (12). Caspases are a family of proteolytic enzymes that 
regulate cell death and their activity is essential for the induc-
tion of apoptosis. Apoptotic caspases are divided into initiator 
and executioner caspases. Initiator caspases such as caspase‑8 
and caspase‑9 activate several executioner caspases, resulting 
in the induction of apoptotic morphological changes (13). Poly 
ADP‑ribose polymerase (PARP) is a nuclear enzyme related 
to several processes, including DNA repair, DNA stability 
and cell death (14). The anti‑apoptotic factor Bcl‑2 family 
proteins suppress apoptosis by preventing the release of the 
apoptosis‑inducing factor from the mitochondria. Conversely, 
Bax is a pro‑apoptotic protein that may trigger the activation 
of caspases, resulting in cell death (15). Apoptosis reduction or 
resistance is important for carcinogenesis and malignant trans-
formation of cancer (16). Therefore, many cancer treatment 
strategies have been designed to induce apoptosis through the 
regulation of apoptotic signaling pathways.

Adenosine monophosphate‑activated protein kinase 
(AMPK) is a major regulator that maintains energy homeo-
stasis and cell proliferation. Activation of AMPK can promote 
energy production and conservation processes such as 
glycolysis and autophagy and inhibit energy consuming reac-
tions including lipid synthesis (17‑19). Particularly, AMPK can 
suppress carcinogenesis by inducing apoptosis and autophagy 
in CRC cells (20). AMPK activation is also associated with 
reduction of cancer mortality and good prognosis in CRC (21).

Galla Rhois is an insect gall produced by the Chinese 
sumac aphid (Melaphis chinensis Bell) on Rhus chinensis (22). 
In traditional Korean medicine, Galla Rhois constrains the 
lungs to suppress cough and excessive perspiration, astringes 
the intestine to check diarrhea, secures essence, and stops 
bleeding (23). In addition, Galla Rhois displays various phar-
macological activities, including antioxidant, antidiabetic, 
anti‑inflammatory, anti‑anaphylactic, antibacterial, antiviral, 
and antidiarrheal effects (24,25). Galla Rhois contains several 
components such as methyl gallate, gallic acid, 1,2,3,4,6‑pent
a‑O‑galloyl‑β‑d‑glucose (PGG), and gallotannin (GT). 
Previous studies have reported that these compounds exhibit 
antitumor and anti‑metastatic effects in breast cancer and 
fibrosarcoma (26‑28). We hypothesize that Galla Rhois water 
extract (GRWE) may inhibit the metastatic ability of CRC 
cells. The anti‑metastatic effect and related molecular mecha-
nism of Galla Rhois in CRC are unclear. In the present study, 
we investigated the anti‑metastatic properties and underlying 
mechanism of GRWE using metastatic CRC cell lines and an 
experimental metastatic model.

Materials and methods

Preparation of GRWE. Galla  Rhois was purchased from 
Omniherb (Uiseong, Korea), which is a good manufacturing 
practices (GMP) certified company by the Korea Food and 

Drug Administration. To prepare GRWE, Galla Rhois (100 g) 
was boiled at 100˚C for 3 h with 1 l of distilled water (DW). 
The extract was filtered through Whatman filter paper and 
lyophilized. The samples were used for the treatment of cells 
after dissolving in DW and filtering using a 0.22‑µm syringe 
filter. The yield of the dried extract from the starting materials 
was about 12.03%.

Cell culture. The murine colorectal carcinoma cell line 
colon 26 (CT26) and human colorectal adenocarcinoma cell 
line (HT29) were obtained from Korean Cell Line Bank 
(Seoul, Korea). Cells were cultured in Dulbecco's modified 
Eagle's medium (DMEM) containing 10% heat‑inactivated 
fetal bovine serum (FBS) and 1% penicillin‑streptomycin (all 
from Gibco-BRL; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) at 37˚C in an atmosphere of 5% CO2.

Animals. The in vivo experiment was approved and performed 
in accordance with the internationally accepted principles for 
the care and use of laboratory animals by the Institutional 
Animal Care and Use Committee of Wonkwang University 
(WKU16‑11). Twenty‑four female BALB/c mice (4 weeks old, 
17‑18 g) were purchased from Samtako (Osan, Korea). The 
mice with ad libitum access to food and water were housed 
(8 mice/cage) in a laminar air‑flow room with a controlled 
12‑h light/dark cycle at a constant temperature of 23±1˚C and 
humidity of 55±1%.

Assays of cell viability. Water‑soluble tetrazolium salt‑8 reagent 
(WST‑8; Enzo Life Sciences, Farmingdale, NY, USA) was used 
for quantifying cell viability. CT26 cells (2x103 cells/well) and 
HT29 cells (1x104 cells/well) were seeded in 96‑well plates 
and cultured overnight. The cells were treated with GRWE 
(20‑100 µg/ml). After 24, 48 and 72 h of incubation, WST‑8 
reagent was mixed with new medium and added to each well. 
The absorbance was measured by microplate reader at 450 nm 
wavelength.

Apoptosis analysis. After GRWE (10‑100  µg/ml) treat-
ment for 24  h, the cells were collected and suspended in 
serum‑containing medium. Cells (1x105 cells/100 µl) were 
transferred to a new tube and mixed with Muse™ Annexin V 
& Dead Cell Reagent (EMD  Millipore, Billerica, MA, 
USA). Samples were incubated for 20 min in the dark and 
the apoptotic cells were measured by Muse™ Cell Analyzer 
(EMD Millipore).

Antibodies. Anti‑PARP (cat.  no.  9532), caspase‑3 
(cat. no. 14220), cleaved caspase‑3 (cat. no. 9664), caspase‑8 
(cat. no. 4790), caspase‑9 (cat. no. 9508), Bcl‑xL (cat. no. 2764), 
phospho‑AMPK (cat.  no.  2535), AMPK (cat.  no.  2532), 
phospho‑extracellular signal‑regulated kinase (ERK) 
(cat.  no.  4370), phospho‑p38 (cat.  no.  4511), E‑cadherin 
(cat. no. 3195) and N‑cadherin (cat. no. 13116) antibodies were 
purchased from Cell Signaling Technology, Inc. (Danvers, 
MA, USA). Bcl‑2 (cat. no. sc‑7382), Bax (cat. no. sc‑7480), 
ERK (cat.  no.  sc‑94), p38 (cat.  no.  sc‑7149), vimentin 
(cat. no. sc‑6260), twist (cat. no. sc‑81417), and glyceraldehyde 
3‑phosphate dehydrogenase (GAPDH) (cat. no. sc‑47724) anti-
bodies were purchased from Santa Cruz Biotechnology, Inc. 
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(Santa Cruz, CA, USA). Anti‑rabbit (cat. no. 111‑035‑003) and 
anti‑mouse (cat. no. 115‑035‑062) secondary antibodies were 
purchased from Jackson ImmunoResearch Laboratories, Inc. 
(Pennsylvania, PA, USA). All antibodies were diluted 1:1,000 
in 3% skim milk (BD Biosciences, San Diego, CA, USA).

Western blot analysis. CT26 cells (3x105  cells/well) were 
seeded in a 6‑well plate and treated with GRWE (10, 50 and 
100 µg/ml). After treatment for 24 h, the cells were lysed 
with ice‑cold lysis buffer (iNtRON Biotech, Seoul, Korea) for 
1 h. Total lysates were centrifuged at 14,000 x g for 10 min, 
and the supernatants were collected for the determina-
tion of the extracted protein concentration using the Lowry 
method. Samples were mixed with 2X buffer, separated by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS‑PAGE) using 10% acrylamide gels and transferred onto 
polyvinylidene fluoride (PVDF) membranes. The membranes 
were incubated with 5% skim milk for at least 1 h. After washing 
with 0.1% PBST (0.1% Tween‑20 in PBS), the membranes were 
incubated with primary antibodies for 3 h, followed by their 
treatment with horseradish peroxidase‑conjugated secondary 
antibodies for 1 h at room temperature. The protein blots were 
detected using an enhanced chemiluminescence (ECL) system 
(Santa Cruz Biotechnology, Inc.). The density of western blot 
bands was quantified by densitometric analysis using ImageJ 
software (National Institutes of Health, Bethesda, MD, USA).

Real‑time reverse transcription polymerase chain reaction 
(RT‑PCR). RNA‑spinTM extraction Kit (iNtRON Biotech) was 
used to extract total RNA in accordance with the manufacturer's 
protocol. First‑strand cDNA synthesis was performed using 
High Capacity RNA‑to‑cDNA Kit (Applied  Biosystems; 
Thermo Fisher Scientific, Inc.). Reverse transcription was 
conducted at 37˚C for 60 min and then at 95˚C for 5 min. 
Real‑time RT‑PCR was carried out using a Power SYBR® 
Green PCR Master Mix with a StepOnePlus™ Real‑Time 
PCR System (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). The PCR cycling condition was as follows: one cycle at 
95˚C for 10 min, then 40 cycles of 95˚C for 15 sec, 60˚C for 
1 min, 95˚C for 15 sec and melt curve at 60˚C for 1 min, 95˚C 
for 15 sec. Sequences of the primers used for murine genes 
were as follows: E‑cadherin, 5'‑AAT​GGC​GGC​AAT​GCA​
ATC​CCA​AGA‑3' and 5'‑TGC​CAC​AGA​CCG​ATT​GTG​GAG​
ATA‑3'; N‑cadherin, 5'‑TGG​AGA​ACC​CCA​TTG​ACA​TT‑3' 
and 5'‑TGA​TCC​CTC​AGG​AAC​TGT​CC‑3'; vimentin, 5'‑CGG​
AAA​GTG​GAA​TCC​TTG​CA‑3' and 5'‑CAC​ATC​GAT​CTG​
GAC​ATG​CTG‑3'; Twist, 5'‑AGC​TAC​GCC​TTC​TCC​GTC​
T‑3' and 5'‑TCC​TTC​TCT​GGA​AAC​AAT​GAC​A‑3'; MMP‑2, 
5'‑CCC​CAT​GAA​GCC​TTG​TTT​ACC‑3' and 5'‑TTG​TAG​GAG​
GTG​CCC​TGG​AA‑3'; MMP‑9, 5'‑AGA​CCA​AGG​GTA​CAG​
CCT​GTT​C‑3' and 5'‑GGC​ACG​CTG​GAA​TGA​TCT​AAG‑3'; 
GAPDH, 5'‑GAC​ATG​CCG​CCT​GGA​GAA​AC‑3' and 5'‑AGC​
CCA​GGA​TGC​CCT​TTA​GT‑3'. The mRNA expression of 
genes was normalized to the expression of the gene encoding 
GAPDH. The real‑time RT‑PCR data was analyzed using 
comparative Cq method (29).

Immunofluorescence. CT26 cells (3x103  cells/well) were 
grown on an 8‑well chamber slide (Thermo Fisher Scientific, 
Inc.) and treated with GRWE. The cells were fixed in 4% 

paraformaldehyde for 15 min and permeabilized with 0.1% 
Triton  X‑100 for 10  min. After blocking with blocking 
buffer (3% bovine serum albumin and 0.3% Triton X‑100 in 
PBS), the cells were incubated with the primary antibody at 
4˚C, overnight. Following incubation, the cells were treated 
with Alexa  Fluor  488‑conjugated secondary antibody 
(Thermo Fisher Scientific, Inc.) for 2 h and nuclei stained 
with 4',6‑diamidino‑2‑phenylindole (DAPI) (Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany). Images were acquired 
using a fluorescence microscope (Zeiss Observer A1 micro-
scope; Carl Zeiss AG, Oberkochen, Germany).

Wound healing assay. CT26 cells (5x105  cells/well) were 
grown in a 6‑well plate to form a confluent monolayer. A 
wound was created using a 200‑µl micropipette tip and the 
detached cells were removed. The cells were treated with 
GRWE (1, 5 and 10 µg/ml) in the absence of FBS for 48 h. 
Images were captured under EVOS® XL Core Imaging System 
(Thermo Fisher Scientific, Inc.).

Invasion assay. Matrigel‑coated BD Falcon cell culture 
chamber (BD Biosciences) was used to estimate the invasive 
activity of cancer cells. The lower wells were filled with 750 µl 
DMEM containing 10% FBS. Cells (5x104 cells) were seeded 
in the upper part of the transwell chambers in 200 µl FBS‑free 
DMEM with GRWE (1, 5 and 10 µg/ml) and chambers were 
placed on a 24‑well plate for 24 h. The upper inserts were 
fixed with 3.7% formaldehyde in PBS and washed twice with 
PBS. The fixed cells were permeabilized with methanol for 
25 min and stained with Giemsa solution (Sigma‑Aldrich; 
Merck KGaA) for 25 min. The inner sides of the chambers 
were cleaned with a swab and dried. The stained cells were 
observed under EVOS® XL Core Imaging System.

Zymography. For gelatin zymography, CT26 cells 
(5x105 cells/well) were seeded in a 6‑well plate and treated 
with GRWE for 24 h. The supernatant from the GRWE‑treated 
cells was mixed with 2X zymogram sample buffer (KOMA 
Biotech, Seoul, Korea) and the samples were electrophorized 
using SDS polyacrylamide gel containing 1% gelatin in the 
zymogram running buffer (KOMA Biotech). The gel was rena-
tured in zymogram renaturing buffer for 30 min and incubated 
in zymogram developing buffer (both from KOMA Biotech) 
at 37˚C overnight. The gel was stained with Brilliant Blue R 
staining solution (ELPIS Biotech, Daejeon, Korea) for 30 min.

Experimental lung metastatic mouse model. CT26 cells 
(1x105 cells/200 µl PBS/mouse) were injected into mice via 
the lateral tail vein. GRWE and DW were orally administrated 
2 h prior to the injection of CT26 cells and then, every day. 
The mice were sacrificed by cervical dislocation after 14 days 
and lung tissues were stained and fixed with Bouin's solution 
(Sigma‑Aldrich; Merck KGaA). The weight of the lungs was 
measured and the number of nodules in the lungs was counted 
to evaluate CRC metastasis.

High‑performance liquid chromatography (HPLC) analysis. 
During analysis of GT from GRWE, GT (molecular weight: 
1701.20 g/mol; molecular formula: C76H52O46; Santa Cruz 
Biotechnology, Inc.) was used as the standard. GRWE and 
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the standard compound were dissolved in methanol (MeOH) 
and filtered through a 0.45‑µm syringe filter before injection. 
An HPLC system comprised of an Agilent 1200 Series HPLC 
system (Agilent Technologies, Santa Clara, CA, USA) with a 
UV‑vis detector was used. Separation was carried out on an 
YMC‑Triart C18 column (150x4.6 mm I.D., 5 µm,) maintained 
at 40˚C. The mobile phase was comprised of solvent A (0.1% 
formic acid in water) and solvent B (0.1% formic acid in 
acetonitrile). The gradient condition of the mobile phase was 
as follows: 0‑5 min, 15% A; 5‑10 min, 15‑20% A; 10‑25 min, 
20‑35% A; 25‑30 min, 35‑15% A. Analysis was performed at 
a flow rate of 1.0 ml/min with the detection wavelength fixed 
at 280 nm (Fig. 1).

Statistical analysis. All data were presented as the 
mean ± standard deviation (SD). ANOVA with Tukey's post 

hoc test was used to determine the statistical significance. 
SPSS Statistics v18 (IBM Corp., Armonk, NY, USA) was used 
as the statistical analysis software. A value of P<0.05 was 
considered to indicate a statistically significant difference.

Results

Effect of GRWE on the proliferation of CRC cells. To inves-
tigate the cytotoxicity of GRWE on metastatic CRC cells, 
cell viability was determined by WST‑8 assay. CT26 and 
HT29 cells were treated with GRWE at concentrations of 
20‑100 µg/ml. As shown in Fig. 2A and B, the viability of 
GRWE‑treated cells decreased as compared with that of 
the control cells. Furthermore, treatment with GRWE for 
72 h resulted in morphological changes in CT26 and HT29 
cells (Fig. 2C).

Figure 2. GRWE decreases cell viability in metastatic CRC cells. (A and B) Cell viability of GRWE‑treated (A) CT26 and (B) HT29 cells. The cells were treated 
with GRWE at final concentrations of 20‑100 µg/ml. Cell viability was determined using WST‑8 reagent after 24, 48 and 72 h of treatment. (C) Morphology 
of GRWE‑treated CT26 and HT29 cells. Images were captured by a microscope after 72 h of incubation with GRWE. Results are expressed as the mean ± SD 
of three independent experiments. *P<0.05. GRWE, Galla Rhois water extract.

Figure 1. HPLC chromatograms of GRWE. GRWE, Galla Rhois water extract.
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Apoptotic effect of GRWE on CT26 cells. Annexin V assay 
was performed after treatment of cells with GRWE (10, 50, 
and 100 µg/ml) for 24 h to determine whether GRWE‑induced 
cell death was related to the apoptosis of cells. As shown in 
Fig. 3A and B, treatment with GRWE resulted in an increase 
in the apoptosis of CT26 cells in a dose‑dependent manner. To 
further investigate the mechanisms underlying GRWE‑induced 
apoptosis, the expression of apoptosis‑related proteins was 
detected by western blotting. Cleavage of caspase‑3 and PARP 
was induced following exposure of CT26 cells to GRWE for 
24 h. In addition, GRWE treatment reduced the expression 
of caspase‑8, caspase‑9, Bcl‑2, and Bcl‑xL and increased the 
protein level of Bax in CT26 cells (Fig. 3C).

GRWE induces apoptosis via AMPK activation in CT26 cells. 
Activation of AMPK inhibits cell proliferation by promoting 
apoptosis of cancer cells. Various anticancer drugs and plant 
extracts can induce AMPK‑mediated apoptosis in cancer 
cells (30). A previous study reported that PGG, a component 
of Galla Rhois, induced breast cancer cell death through phos-
phorylation of AMPK (31). Therefore, we hypothesized that 
apoptosis of CT26 cells by GRWE was related to activation 
of AMPK. As revealed in Fig. 4A, phosphorylation of AMPK 

was increased after GRWE treatment in a time‑dependent 
manner. To confirm whether GRWE‑induced AMPK phos-
phorylation was involved in apoptosis of CT26 cells, AMPK 
inhibitor compound C (20 µM) was pre‑treated to CT26 cells 
for 4 h, and then treated with GRWE (20‑100 µg/ml) for 72 h. 
Blockage of AMPK activation recovered GRWE‑decreased 
viability of CT26 cells  (Fig.  4B). To further investigate 
whether apoptosis‑related factors were regulated by AMPK 
activation, the protein levels of cleaved caspase‑3 and 
PARP were detected in compound  C and GRWE‑treated 
CT26 cells. Cleavage of caspase‑3 and PARP was induced 
following treatment with GRWE, whereas AMPK inhibitor 
compound  C suppressed this effect of GRWE  (Fig.  4C). 
Several studies have shown that AMPK activators induce 
apoptosis via modulation of the MAPK pathway in human 
cancer cells (32). AMPK activation induces apoptosis via the 
downregulation of ERK in cancer cells, and AMPK activator 
AICAR inhibits p38 MAPK (33,34). Based on these studies, 
we confirmed whether GRWE could regulate the phosphory-
lation of ERK and p38. As expected, GRWE reduced the 
phosphorylation of ERK and p38 (Fig. 4D). These results 
indicated that GRWE‑induced apoptosis occurred through 
the AMPK‑ERK/p38 signaling pathway.

Figure 3. GRWE induces apoptosis in CT26 cells through extrinsic and intrinsic pathways. (A) CT26 cells were incubated with GRWE (10, 50, and 100 µg/ml) 
for 24 h and stained with Annexin V and 7‑AAD. The image is a representative of three independent experiments. (B) The statistical graph of apoptotic cells 
from Annexin V staining at different concentrations of GRWE is displayed. (C) CT26 cells were treated with the indicated concentrations of GRWE for 24 h. 
The expression of caspase‑3, cleaved caspase‑3, caspase‑8, caspase‑9, PARP, cleaved PARP, Bcl‑2, Bcl‑xL and Bax were detected by western blotting using 
corresponding antibodies. Results are expressed as the mean ± SD of three independent experiments. *P<0.05. GRWE, Galla Rhois water extract.
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Effect of GRWE on the expression of EMT markers in CT26 
cells. Gene expression analysis was conducted to elucidate 
whether GRWE regulated the expression of EMT markers, 
which are involved in metastatic properties of cancer cells. 
The mRNA level of epithelial phenotypic marker E‑cadherin 
was upregulated after GRWE treatment (Fig. 5A). In addi-
tion, the expression of mesenchymal phenotypic markers 
N‑cadherin, vimentin, and Twist was downregulated in 
GRWE‑treated CT26 cells (Fig. 5B‑D). Consistent with the 
mRNA expression levels, GRWE increased the protein levels 
of E‑cadherin and reduced N‑cadherin, vimentin, and Twist 
expression (Fig. 5E and F). We confirmed GRWE‑mediated 
enhanced expression of E‑cadherin by immunofluores-
cence (Fig. 5G).

Effect of GRWE on the migratory and invasive abilities of 
CT26 cells. After EMT, cancer cells acquire migratory and 
invasive properties, resulting in metastasis (35). We performed 
a wound healing assay to explore the effect of GRWE on 
the migration of CT26 cells. Following 48 h of incubation, 
the control cells were more proficient in repairing wounds 
as compared with the GRWE‑treated cells. Treatment with 
GRWE (1, 5, and 10 µg/ml) resulted in the inhibition of the 

migratory ability of CT26 cells (Fig. 6A). An invasion assay 
was carried out using a Matrigel‑coated Transwell chamber 
to further investigate the effect of GRWE on the invasion 
ability of CT26 cells. As revealed in Fig. 6B, the infiltration of 
CT26 cells in the Matrigel‑coated membrane was decreased 
following GRWE treatment in a dose‑dependent manner. In 
addition, we assessed the mRNA expression of matrix metallo-
proteinase (MMP)‑2 and MMP‑9 using real‑time RT‑PCR and 
determined that MMP‑2 and MMP‑9 expression was down-
regulated by GRWE treatment (Fig. 6C). We also analyzed the 
activity of MMP‑2 and MMP‑9 by gelatin zymography and 
found that GRWE reduced the activity of MMP‑2 and MMP‑9 
in CT26 cells (Fig. 6D).

Effect of GRWE on the lung metastatic ability of CT26 cells. 
To investigate whether GRWE inhibited the lung metastatic 
ability of CRC cells in mice, we employed an experimental 
lung metastatic model. Body weight remained unaffected 
following treatment with GRWE (Fig. 7A). After intravenous 
injection of CT26 cells, the number of metastatic tumor 
nodules in the lungs increased initially but were reduced after 
the oral administration of GRWE (250 and 500 mg/kg) for 
2 weeks (Fig. 7B and C).

Figure 4. GRWE regulates the expression of apoptotic proteins via the AMPK and ERK/p38 signaling pathways. (A) Phosphorylation of AMPK in GRWE‑treated 
CT26 cells was detected by western blotting. Cells were treated with GRWE (100 µg/ml) for 15, 30, and 60 min. (B) Cell viability of GRWE‑treated CT26 cells 
after pretreatment of compound C (20 µM) for 4 h. Cell viability was measured using WST‑8 reagent after 72 h of GRWE treatment. *P<0.05 compared with 
the control group. (C) After compound C (20 µM) pretreatment for 4 h, CT26 cells were treated with GRWE (100 µg/ml) for 24 h. The expression of p‑AMPK, 
AMPK, caspase‑3, cleaved caspase‑3 and cleaved PARP was detected by western blotting. (D) Phosphorylation of ERK and p38 in GRWE‑treated CT26 cells 
for 24 h was confirmed by western blotting. GRWE, Galla Rhois water extract; AMPK, adenosine monophosphate‑activated protein kinase.
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Discussion

This study elucidated the inhibitory effect of GRWE on 
colorectal metastasis using metastatic CRC cells and an 
experimental lung metastatic model. Galla Rhois has been 
used to treat various diseases in East Asia. Although the phar-
macological actions of Galla Rhois are well studied, its effects 
on cancer as well as the mechanism underlying the anticancer 
effects remain to be addressed.

Malignant tumors develop from cancer cells that are 
resistant to programmed cell death and undergo indefinite 
proliferation. Therefore, induction of apoptosis contributes 
to the restriction of cancer progression, and many approved 
cancer therapies induce apoptosis in cancer cells  (36,37). 
According to recent studies, GRWE may induce cell death 
in various human cancer cell lines, including HCT116, AGS, 
MDA‑MB‑231, A549, and SK‑Hep‑1. In particular, ellagic 
acid promoted apoptosis of human CRC cell line HCT116 
via caspase‑dependent pathway (25). In the present study, we 
observed that GRWE significantly inhibited the proliferation 
of CRC cell lines CT26 and HT29 (Fig. 2A and B). The antip-
roliferative effect of GRWE was exerted through the induction 
of apoptosis in CT26 cells (Fig. 3A and B).

The initiation of apoptosis occurs through strictly controlled 
mechanisms. Apoptosis is mediated by two basic signaling 

pathways‑the extrinsic and intrinsic pathway. The extrinsic 
pathway is triggered through the binding of death ligands to 
receptors. Activated caspase‑8 subsequently induces cleavage 
of caspase‑3 and PARP or activates the mitochondria‑mediated 
intrinsic pathway. The intrinsic pathway is activated by several 
stimuli such as DNA damage and deprivation of cell survival 
factors (38,39). This is controlled by a series of Bcl‑2 family 
members. The anti‑apoptotic proteins Bcl‑2 and Bcl‑xL arrest 
the emission of cytochrome c, while the pro‑apoptotic protein 
Bax promotes the release of cytochrome c from mitochondria. 
The release of the cytochrome c is followed by the activation 
of downstream caspases (caspase‑9 and caspase‑3), thereby 
leading to apoptosis (40). In the present study, GRWE induced 
the cleavage of caspase‑3 and PARP and reduced the expres-
sion of caspase‑8 and caspase‑9. Furthermore, the expression 
of anti‑apoptotic proteins Bcl‑2 and Bcl‑xL were decreased, 
whereas the expression of pro‑apoptotic protein Bax was 
increased following GRWE treatment (Fig. 3C). These results 
demonstrated that GRWE‑induced apoptosis was mediated 
through the extrinsic and intrinsic apoptotic pathways in CT26 
cells.

Activation of AMPK can inhibit proliferation of cancer 
cells by inducing apoptosis (30). In addition, AMPK activators 
induce apoptosis via the MAPKs signaling pathway in human 
cancer cells (32). Phosphorylation of ERK generally suppresses 

Figure 5. GRWE regulates the expression of EMT markers. CT26 cells were treated for 24 h with GRWE (1, 5, and 10 µg/ml). The mRNA expression levels of 
EMT markers were measured by real‑time RT‑PCR. (A) Epithelial marker: E‑cadherin. (B‑D) Mesenchymal markers: N‑cadherin, vimentin, and twist. Results 
are expressed as the mean ± SD of three independent experiments. *P<0.05. (E) The expression of EMT‑related proteins was detected by western blotting. 
(F) The density of western blot bands was quantified by densitometric analysis using ImageJ software. (G) The expression of E‑cadherin was detected by 
immunofluorescence assay (x200, magnification). GRWE, Galla Rhois water extract; EMT, epithelial‑mesenchymal transition.
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apoptosis of cells by regulating apoptotic protein expres-
sion such as the Bcl‑2 family members and caspases (41,42). 
p38 MAPK can also modulate survival, growth and differ-
entiation of various cancer cells  (43‑45). Several studies 
have reported that p38  MAPK inhibited autophagy and 
apoptosis, thereby promoting survival of CRC cells (34,46). 
In the present study, GRWE induced the phosphorylation 
of AMPK and inhibited the phosphorylation of ERK and 
p38 (Fig. 4A and D). Inhibition of AMPK activity partially 
recovered cell viability and the expression of apoptosis‑related 
proteins in GRWE‑treated CT26 cells (Fig. 4B and C). Based 
on these results, GRWE induced apoptosis of CRC cells via 
the AMPK‑ERK/p38 signaling pathway.

Epithelial cells are closely connected to surrounding cells 
by tight junctions, adherens junctions and gap junctions. In 
addition, these cells display cell polarity and are attached by 
a basal lamina. Conversely, mesenchymal cells rarely form 
cell‑cell junctions, interplay only focally, and lack polarity. 
During EMT, the stationary cancer cells gain motility and 
invasiveness. Therefore, the EMT process plays an important 

role in promoting metastasis. EMT is induced by the interac-
tion of extracellular signals. The activation of the signaling 
pathway enhances transcriptional regulators, including Snail, 
Slug, and Twist. The main target of transcriptional regula-
tors is the suppression of E‑cadherin, the cell‑cell adhesion 
molecule (47,48). The downregulation of E‑cadherin is often 
accompanied by the upregulation of N‑cadherin, the inva-
sion promoter molecule (49). In the present study, GRWE at 
non‑cytotoxic concentrations increased the expression of 
the epithelial marker E‑cadherin and reduced the expression 
of mesenchymal markers, including N‑cadherin, vimentin, 
and twist (Fig. 5). These results indicated that GRWE may 
suppress colorectal metastasis through the inhibition of the 
EMT process.

MMPs play a critical role in many events during malig-
nant transformation, including tumor growth, angiogenesis, 
invasion, and metastasis. EMT of cancer cells contributes 
to the production of MMPs, and increased MMPs promote 
the pathogenic EMT process (35). In particular, MMP‑2 and 
MMP‑9 may induce degradation of ECM, thereby facilitating 

Figure 6. GRWE suppresses migration and invasion abilities of CT26 cells. (A) The migration ability of CT26 cells was determined by wound healing assay 
following treatment with GRWE at the indicated concentrations. Images were captured after 48 h of incubation. (B) A Matrigel invasion assay was conducted 
to investigate the invasion ability of CT26 cells following treatment with the indicated concentrations of GRWE. After 24 h of incubation, the inner sides of 
the chamber were fixed and stained. (C and D) The mRNA expression level and activity of MMPs were measured by (C) real‑time RT‑PCR and (D) gelatin 
zymography, respectively. Results are expressed as the mean ± SD of three independent experiments. *P<0.05. GRWE, Galla Rhois water extract.
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migration and invasion in most cancers (50). The non‑cytotoxic 
concentrations of GRWE inhibited the motility and invasive-
ness of CT26 cells (Fig. 6A and B). Moreover, the expression 
and activity of MMP‑2 and MMP‑9 were suppressed by 
GRWE treatment (Fig. 6C and D). These results confirmed 
that GRWE may inhibit the migration and invasion ability 
through the reduction in MMP‑2 and MMP‑9 expression.

In the present study, HPLC chromatogram of GRWE 
revealed characteristic peaks for GT (25.1, 25.5, 26.7, 27.0 and 

27.3 min) (Fig. 1), indicative of the presence of GT in GRWE. 
The GT‑rich Caesalpinia spinosa fraction is known to exert 
antitumor and anti‑metastatic effects in murine breast cancer 
models through the reduction of serum interleukin (IL)‑6 level 
and cell cycle arrest in the S phase (51,52). Moreover, GT inhib-
ited primary CRC tumors by suppressing the expression of 
nuclear factor-κB (NF‑κB)‑regulated inflammatory cytokines 
and proliferation of HT29 and HCT116 cells (53). GT present in 
GRWE was expected to exert an anti‑metastatic effect on CRC 
cells. Further studies are required to evaluate the potential of 
GT and other GRWE contents to inhibit metastatic abilities of 
CRC cells and colorectal metastasis in in vivo models.

To the best of our knowledge, this is the first study to 
demonstrate the anti‑metastatic potential of GRWE against 
metastatic CRC cells in vitro and in vivo. In summary, GRWE 
decreased the lung metastasis of CRC cells by inducing 
apoptosis and suppressing metastatic phenotypes, including 
EMT, migration, and invasion. Thus, GRWE may be used as 
a potential therapeutic agent for the treatment of colorectal 
metastasis.
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