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Abstract. Apoptosis is regarded as a therapeutic target because 
it is typically disturbed in human cancer. Silymarin from 
milk thistle (Silybum marianum) has been reported to exhibit 
anticancer properties via regulation of apoptosis as well as 
anti‑inflammatory, antioxidant and hepatoprotective effects. 
In the present study, the effects of silymarin on the inhibition 
of proliferation and apoptosis were examined in human gastric 
cancer cells. The viability of AGS human gastric cancer cells 
was assessed by MTT assay. The migration of AGS cells was 
investigated by wound healing assay. Silymarin was revealed 
to significantly decrease viability and migration of AGS cells 
in a concentration‑dependent manner. In addition, the number 
of apoptotic bodies and the rate of apoptosis were increased in 
a dose‑dependent manner as determined by DAPI staining and 
Annexin V/propidium iodide double staining. The changes in 
the expression of silymarin‑induced apoptosis proteins were 
investigated in human gastric cancer cells by western blotting 
analysis. Silymarin increased the expression of Bax, phos-
phorylated (p)‑JNK and p‑p38, and cleaved poly‑ADP ribose 
polymerase, and decreased the levels of Bcl‑2 and p‑ERK1/2 in 
a concentration‑dependent manner. The in vivo tumor growth 
inhibitory effect of silymarin was investigated. Silymarin 
(100 mg/kg) significantly decreased the AGS tumor volume 
and increased apoptosis, as assessed by the TUNEL assay, 
confirming its tumor‑inhibitory effect. Immunohistochemical 
staining revealed elevated expression of p‑JNK and p‑p38 
as well as reduced expression of p‑ERK1/2 associated with 
silymarin‑treatment. Silymarin was revealed to reduce tumor 
growth through inhibition of p‑ERK and activation of p‑p38 
and p‑JNK in human gastric cancer cells. These results 

indicated that silymarin has potential for development as a 
cancer therapeutic due to its growth inhibitory effects and 
induction of apoptosis in human gastric cancer cells.

Introduction

The frequency and mortality rate of cancer are increasing in 
South Korea (1‑3). Gastric cancer is the fourth most common 
type of cancer, and has the second highest mortality rate after 
lung cancer worldwide (4). Approximately 990,000 people are 
diagnosed with gastric cancer in the world every year, of which 
approximately 738,000 succumb to this disease. The incidence 
rate of gastric cancer is two to three times higher in men than in 
women, with the rates varying by country (5). North America 
and most regions in Africa exhibit the lowest incidence rates 
of gastric cancer, whereas East Asia, Eastern Europe, and 
South America have the highest rates (6). The mortality rate of 
gastric cancer is the highest among all types of cancer in South 
Korea, China, and other East Asian countries, and is rapidly 
increasing. Currently, surgery and chemotherapy are used to 
treat gastric cancer alternating various types of therapies to 
raise the effectiveness of treatment, however, the recurrence 
rates are high even after surgery and the survival rate is low, 
leading to poor prognosis. Therefore, new treatment methods 
are required to improve the prognosis of gastric cancer 
patients  (7‑9). Medications produced from various natural 
ingredients and resources are being increasingly used as 
new methods of treatment, and some studies have confirmed 
marked effects of some natural resources for anticancer treat-
ment and immunoregulation (10‑12).

Flavonoids are widely distributed in plants, such as fruits 
and vegetables, and have various structural properties. Many 
plants have long been consumed to regulate various internal 
biological activities (13,14). The roles of such natural products 
in cancer prevention and chemotherapy have been widely 
studied to examine their potential as anticancer agents medi-
ated through various effects, including antioxidation, inhibition 
of vascularization, induction of apoptosis and differentiation, 
and cell cycle arrest (15).

As a natural product acquired from the fruits and seeds 
of the milk thistle plant (Silybum marianum L.), silymarin is 
a compound that contains silibinin, isosoi slybin, silydianin, 
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and silychristin, which are flavonoids. For several decades, 
it has been used as a functional food in liver protection and 
in the treatment of chronic epilepsy (16,17). Recent studies 
have revealed that it alters the expression of proteins related 
to cell cycle regulation and apoptosis and thus controls the 
balance between cell viability and apoptosis and exhibits 
anti‑inflammatory, vascularization inhibitory, antioxidative, 
and anti‑metastasis effects (18‑20). It has also been reported 
to exhibit anticancer effects in liver  (21), colorectal  (22), 
breast (23), lung (24), and prostate cancer (25).

Apoptosis is an intracellular activity also known as 
programmed cell death or cellular suicide, which plays central 
roles in maintaining homeostasis by regulating the number 
of cells and removing dysfunctional and unnecessary cells 
that cannot recover from damage (26). Apoptosis is medi-
ated through two pathways: The extrinsic pathway mediated 
by death receptors, and the intrinsic pathway mediated by 
mitochondria. The extrinsic pathway works by activating 
caspase with death receptors located on the cell membrane 
that forms a complex with a death ligand (27,28). The intrinsic 
pathway refers to apoptosis completed through the release of 
apoptosis‑related inducers in mitochondria through changes 
in mitochondrial membrane permeability (MMP) (29). The 
Bcl‑2 family is a major protein type involved in the intrinsic 
pathway that regulates MMP according to changes in its 
expression. Among these proteins, Bax forms the apoptosome 
when its expression increases as a pro‑apoptotic protein and 
activates caspase‑3 to induce apoptosis. Bcl‑2 inhibits Bax 
as an anti‑apoptotic protein, and thus inhibits the induction 
of apoptosis (30). In addition, poly(ADP ribose) polymerase 
(PARP) is a regulator of apoptosis that plays an important role 
in DNA repair in the nucleus (31).

The protein kinase, mitogen‑activated protein kinases 
(MAPK), plays an important role in cell death, proliferation, 
and differentiation as a major signaling molecule that that 
delivers extracellular stimuli to the nucleus. MAPK is clas-
sified into extracellular signal‑regulated protein kinase 1/2 
(ERK1/2), c‑Jun N‑terminal kinase/stress‑activated protein 
kinase (JNK/SAPK), and p38. ERK1/2 mediates signal trans-
mission of growth hormone and thus plays important roles in 
cellular proliferation, differentiation, and cell viability. JNK 
and p38 are activated by stimuli, such as extracellular stress, 
and play essential roles in inflammation and cell death (32).

The present study was performed to examine the effects 
of the flavonoid, silymarin, on tumor growth inhibition and 
induction of apoptosis in AGS human gastric cancer cells, and 
to determine whether the induced apoptosis was mediated by 
the MAPK pathway to confirm its tumor growth inhibitory 
effects in vivo.

Materials and methods

Reagents. The AGS human gastric cancer cells used for this 
study were purchased from the Korea Cell Line Bank (Seoul, 
Korea). RPMI‑1640, used for cell culture, was purchased from 
Welgene (Gyeonsan, Korea), and fetal bovine serum (FBS) 
and streptomycin/penicillin were purchased from Gibco BRL; 
Thermo Fisher Scientific, Inc. Silymarin and general reagents 
used in this study were purchased from Sigma‑Aldrich; 
Merck KGaA. The primary antibodies (anti‑β‑actin, anti‑Bax, 

anti‑Bcl‑2, anti‑PARP, anti‑Erk1/2, anti‑phosphorylated 
(p)‑Erk1/2, anti‑JNK, anti‑p‑JNK, anti‑p38, anti‑p‑p38), and 
secondary antibody (anti‑rabbit IgG) were purchased from Cell 
Signaling Technology, Inc. Matrigel matrix was purchased 
from Corning, Inc.

Cell culture. AGS human gastric cancer cells were cultured 
in the incubator at 37˚C and 5% CO2 in RPMI‑1640 culture 
medium supplemented with 1% streptomycin/penicillin and 
5% FBS. When the cell density reached ~80% in 175‑cm2 
flask, the cells were washed with the phosphate‑buffered saline 
(PBS; pH 7.4) and treated with trypsin‑EDTA for subculture. 
The culture medium was replaced every ~2‑3 days.

Cell viability assay. An MTT assay was performed to inves-
tigate the effect of silymarin on proliferation of AGS human 
gastric cancer cells. AGS cells were seeded in 96‑well plate 
at a density of 2x104 cells/ml and cultured in the RPMI‑1640 
culture medium for ~24 h in an incubator at 37˚C and 5% 
CO2. The cells were then treated with silymarin at concen-
trations of 0, 20, 40, 60, 80, 100 and 120 µg/ml. After 24 h, 
MTT [3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium 
bromide] solution was added to the 96‑well plates containing 
AGS cells in a volume of 40 µl/well and cultured for 2 h. After 
removing the MTT solution, 100 µl/well of dimethyl sulfoxide 
(DMSO) was added to dissolve all formazan formed in the 
well, and the absorbance was measured at 595 nm with an 
ELISA‑reader (Bio‑Rad Laboratories Inc.). The percentage 
of viable cells was estimated in comparison to the untreated 
control cells.

Wound healing assay. AGS human gastric cancer cells were 
seeded in a 60‑mm dish and cultured for 24 h. A uniform 
wound was created by scratching cells with a sterile 1‑ml 
blue‑pipette tip. The culture medium was replaced with that 
containing silymarin at concentrations of 0, 40 and 80 µg/ml, 
followed by culture for 24 h. After 24 h, the wound healing 
rates of cells treated with silymarin at concentrations of 40 
and 80 µg/ml and those without silymarin were examined on 
images captured under a phase contrast microscope (x200) at 
0 and 24 h after wound incision.

DAPI staining. 4',6‑Diamidino‑2‑phenylindole (DAPI) 
staining was performed to examine the specific morphological 
changes in the nuclei with induction of apoptosis. AGS human 
gastric cancer cells were seeded in a 60‑dish at 1x105 cells/ml, 
stabilized for 24 h, treated with silymarin at 0, 40 and 80 µg/ml, 
and cultured in an incubator for 24 h. The cells were then 
washed twice with PBS and fixed with the 4% paraformal-
dehyde solution for 15 min. Subsequently, they were washed 
again with PBS, treated with 1:10 diluted DAPI solution (2 ml), 
and observed under a fluorescence microscope (Zeiss AG) at 
an x200 magnification in a dark room.

Flow cytometric analysis. Apoptosis was measured using an 
FITC‑Annexin V apoptosis detection kit (BD Pharmingen). 
For Annexin V‑propidium iodide (PI) staining, AGS human 
gastric cancer cells were treated with silymarin at concentra-
tions of 0, 40 and 80 µg/ml. Cells cultured for 24 h were washed 
with PBS, suspended in trypsin‑EDTA, and centrifuged 
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(260 x g, 5 min, 4˚C) to obtain the cell pellet. They were then 
washed twice with cold PBS and centrifuged to obtain the 
cell pellet. Next, they were suspended in 1X binding buffer 
at a concentration of 1x106  cells/ml. Fluorescein isothio-
cyanate (FITC)‑conjugated Annexin V and phycoerythrin 
(PE)‑conjugated PI were then added and reacted for 15 min 
followed by flow cytometry.

Western blot analysis. Western blot analysis was performed to 
determine the changes in protein expression associated with 
silymarin treatment. AGS human gastric cancer cells cultured 
in 175‑cm2 flasks in an incubator at 37˚C and 5% CO2 were 
treated with silymarin at concentrations of 0, 40 and 80 µg/ml 
and cultured for 24 h. Trypsin‑EDTA was added to the cells, 
which were then suspended and centrifuged (260 x g, 5 min, 
4˚C). Cell lysis buffer (Invitrogen; Thermo Fisher Scientific, 
Inc.) was added to the cell pellet, and allowed to react at 4˚C 
for 20 min. The supernatant obtained by centrifugation at 
15,000 x g for 5 min was used as the cell lysate. The concen-
tration of the extracted protein was determined by Bradford 
protein assay. Proteins were separated by 12% sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis (SDS‑PAGE) 
and transferred onto nitrocellulose membranes (Bio‑Rad 
Laboratories, Inc.). The membranes were blocked with 5% 
skim milk for 2 h, followed by the addition of the primary 
antibodies anti‑β‑actin (1:1,000; cat. no.  4967), anti‑Bax 
(1:1,000; cat. no. 2772), anti‑Bcl‑2 (1:1,000; cat. no. 2876), 
anti‑PARP (1:1,000; cat. no. 9542), anti‑Erk1/2 (1:1,000; cat. 
no. 9102), anti‑p‑Erk1/2 (1:1,000; cat. no. 9101), anti‑JNK 
(1:1,000; cat. no. 9252), anti‑p‑JNK (1:1,000; cat. no. 4668), 
anti‑p38 (1:1,000; cat. no. 9212), and anti‑p‑p38 (1:1,000; cat. 
no. 4631), and left overnight at 4˚C. Anti‑rabbit IgG (1:1,000; 
cat. no. 7074) (all from Cell Signaling Technology, Inc.) was 
then added and allowed to react for 2 h. The results were 
obtained using the ECL detection reagent (Pierce; Thermo 
Fisher Scientific, Inc.). The density of each band was measured 
using the ImageJ Launcher imaging program (version 1.48; 
provided by NCBI).

In  vivo xenograft tumor model. Ten BALB/c nude mice 
(Four‑week‑old, male, 20  g) were purchased from the 
Nara‑Biotec (Seoul, Korea). The mice were housed in isolated 
and ventilated cages (≤3 mice per cage). Mice were maintained 
under a 12‑h light/dark cycle, and housed under controlled 
temperature (23±3˚C) and humidity (40±10%) conditions. 
Mice were allowed access to laboratory pelleted food and 
water ad libitum. Cervical dislocation was used to sacrifice 
the mice. AGS human gastric cancer cells were cultured in an 
incubator at 37˚C and 5% CO2 in RPMI‑1640 culture medium 
containing 5% FBS. When the cell density reached approxi-
mately 80‑90%, they were transferred into 175‑cm2 flasks and 
suspended by addition of trypsin‑EDTA, followed by centrifu-
gation (260 x g, 5 min, 4˚C). They were then washed with PBS 
and centrifuged again (260 x g, 3 min, 4˚C) to obtain the cell 
pellet, which was divided into aliquots in culture medium at 
a concentration of 1x107 cells/ml. AGS cells were injected in 
a volume of 200 µl (1:1 Matrigel mixture) into the backs of 
male BALB/c nude mice. One week later, after tumors had 
formed, the mice were anesthetized with diethyl ether and 
the tumor tissue was extracted, cut into blocks ~1 mm3, and 

then reinjected into nude mice. Diethyl ether was provided as 
inhalant. They were grouped according to uniform tumor size. 
The injected group received oral administration of 100 mg/kg 
of silymarin diluted in ethanol five times per week, at the 
same time of day in each session, for 2 weeks. The control 
group received oral administration of a mixture of ethanol and 
distilled water according to the same schedule for 2 weeks. 
During the administration period, the general conditions of 
the mice were examined, and tumor size was measured twice 
a week with Vernier calipers (Mitutoyo Corporation) and 
calculated as follows: Size (mm3) = [0.5 x (length + width)]3. 
The animal experiments were conducted in accordance with 
the regulations of the Institutional Animal Care and Use 
Committee with the approval of the Ethics Committee in the 
Kongju National University.

TUNEL assay. TUNEL assays were performed to identify 
apoptotic cells using the Dead End Colorimetric TUNEL 
System (Promega Corportaion). Paraffin‑embedded tissue 
sections 5‑µm thick were deparaffinized with xylene, followed 
by rehydration using a graded series of 100, 95, 85, 70 and 50% 
ethanol. After washing with PBS, proteinase K was added to 
each slide and allowed to react at room temperature for 15 min. 
The equilibration buffer, biotinylated nucleotide mixture, and 
recombinant terminal deoxynucleotidyl transferase (rTdT) 
were mixed, added to each slide, and allowed to react at 
37˚C for 1 h. Then, 0.3% hydrogen peroxide (H2O2) in PBS 
was added and allowed to react for 5 min. Streptavidin‑HRP 
was added to each slide, on which 3,3'‑diaminobenzidine 
tetrahydrochloride (DAB) solution was reacted for 10 min and 
positive cells were observed under a light microscope (x200).

Immunohistochemistry. After examination of apoptotic 
cells by TUNEL assay, immunohistochemistry (IHC) 
was performed to investigate for target proteins related to 
apoptosis. Paraffin‑embedded tissue sections 5‑µm thick 
were deparaffinized with xylene, followed by rehydration 
using a graded series of 100, 90, 80 and 70% ethanol. After 
washing with PBS, intrinsic peroxidase was deactivated with 
0.3% H2O2. After washing with PBS, intrinsic biotin was 
deactivated with skim milk, and sections were reacted with 
the primary antibody. After washing, sections were reacted 
with the secondary antibody, and H2O2 was added to DAB 
to undergo reaction. Sections were then stained with methyl 
green, and the target proteins were observed under a light 
microscope (x200).

Histological examination. To investigate organ homogeneity 
by silymarin, test animals were sacrificed, and their livers and 
kidneys were extracted. Paraffin‑embedded tissue sections 
5‑µm thick were deparaffinized with xylene, and rehydrated 
with 100 and 95% ethanol. They were then stained with 
hematoxylin and eosin (H&E) and observed under a light 
microscope (x200) after hydration and transparency processes.

Statistical analysis. The results are expressed as the 
means ± standard deviation (SD). Differences between the 
mean values for the groups were assessed by a one‑way 
analysis of variance (ANOVA) and Dunnett's t‑tests. P<0.05 
was considered to indicate a statistically significant difference.
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Results

Effects of silymarin on the viability of AGS human gastric 
cancer cells. To evaluate its effects on the viability of AGS 
human gastric cancer cells, silymarin was applied at different 
concentrations and the results were examined by MTT assay. 
Cancer cells were divided into aliquots of 2x104 cells/ml in 
96‑well plates, cultured for 24 h, and treated with silymarin at 
0, 20, 40, 60, 80, 100 and 120 µg/ml for 24 h. The viability of 
AGS cells was 77.9% in the presence of 20 µg/ml silymarin, 
71.5% at 40 µg/ml, 59.8% at 60 µg/ml, 44.5% at 80 µg/ml, 
35.3% at 100 µg/ml and 33.9% at 120 µg/ml. These results 
indicated a significant concentration‑dependent inhibitory 
effect on the viability of AGS cells starting at 20 µg/ml (Fig. 1).

Effects of silymarin on the migration of AGS human gastric 
cancer cells. A wound healing assay was performed to 
examine the effects of silymarin on the migration of the AGS 
human gastric cancer cells. AGS gastric cancer cell cultures 
with a wound of a specific size were treated with silymarin 
at 0, 40 and 80 µg/ml, and cultured for 24 h. The effects of 
silymarin on cell migration were examined by comparing 
the degree of wound healing at specified intervals. Silymarin 
was revealed to inhibit the migration of the AGS cells in a 
concentration‑dependent manner (Fig. 2A). The numbers of 
cells present at various time‑points were counted. In compar-
ison with the control group, silymarin was confirmed to inhibit 
migration of AGS cells in a concentration‑dependent manner 
(59.4% at 40 µg/ml and 21.7% at 80 µg/ml) (Fig. 2B).

Morphological changes in AGS human gastric cancer cells 
induced by silymarin. The experiments outlined above confirmed 
the inhibitory effect of silymarin on the viability and migration 
of AGS human gastric cancer cells. To examine whether these 
effects were related to apoptosis, AGS cells were treated with sily-
marin at concentrations of 40 and 80 µg/ml. DAPI staining was 
then performed to examine morphological changes in the nucleus 
and the phenomenon of chromatin condensation by fluorescence 
microscopy (Fig. 3A). The proportion of cells exhibiting positive 
DAPI staining increased, while the cell count decreased. The 
growth of AGS cells was inhibited in a concentration‑dependent 
manner similar to the results of the MTT and wound healing 
assays. One hundred cells from five random fields at x200 
magnification under a fluorescence microscope were quantified 
to analyze the degree of apoptosis induction. The proportion of 
cells exhibiting chromatin and nuclear condensation as well as 
morphological changes associated with apoptosis increased in 
the silymarin‑treated group in a concentration‑dependent manner 
(2% at 0 µg/ml, 13% at 40 µg/ml and 42.2% at 80 µg/ml) in 
comparison with the controls (Fig. 3B).

Effects of silymarin on apoptosis in AGS human gastric cancer 
cells. DAPI staining indicated a close relationship between 
silymarin and apoptosis in reduction of AGS human gastric 
cancer cell viability and proliferation. To examine the degree 
of apoptosis induction, Annexin V/PI staining was applied to 
AGS cells treated with silymarin at concentrations of 0, 40 
and 80 µg/ml and cultured for 24 h, after which apoptotic cells 
were determined by flow cytometry (Fig. 4A). Comparison 
of the total ratio of early to late apoptosis cells indicated 

silymarin concentration‑dependent increases of 23.36% at 
0 µg/ml, 31.72% at 40 µg/ml and 52.13% at 80 µg/ml (Fig. 4B).

Effects of silymarin on apoptosis‑related proteins in 
AGS human gastric cancer cells. Western blotting was 
performed to examine the changes in the expression levels 
of apoptosis‑related proteins following treatment of AGS 
human gastric cancer cells with silymarin at concentrations 
of 0, 40 and 80 µg/ml (Fig. 5A). The results indicated concen-
tration‑dependent increases in the expression levels of the 
pro‑apoptotic proteins, Bax and cleaved PARP, while expres-
sion of the anti‑apoptotic protein, Bcl‑2, was decreased in AGS 
cells treated with silymarin at 40 and 80 µg/ml (Fig. 5B).

Effects of silymarin on the MAPK pathway in AGS human 
gastric cancer cells. Changes in proteins involved in the MAPK 
signaling pathway were examined in AGS human gastric cancer 
cells treated with silymarin at concentrations of 0, 40 and 
80 µg/ml for 24 h (Fig. 6A). The results indicated concentration‑ 
dependent decreases in the expression of p‑ERK1/2 and 
increases in the expression of p‑JNK and p‑p38 (Fig. 6B).

Effects of silymarin on tumor growth in vivo in an animal model. 
In an in vivo experiment with reference to the in vitro findings, 
xenografting was performed in 4‑week‑old male BALB/c nude 
mice to examine the effects of silymarin injection on AGS human 
gastric cancer cell‑derived tumors. The tumor size and body 
weight of the animals were measured twice per week. Silymarin 
was diluted in ethanol and orally administered five times per 
week at 0 or 100 mg/kg for 2 weeks. The control group received 
oral administration of ethanol and distilled water according to the 
same schedule for 2 weeks. The results indicated that the tumor 
size decreased in the silymarin injection group from 7 days 
after commencement of administration. The degree of decrease 
in tumor size was higher in the group administered 100 mg/kg 
silymarin (Fig. 7A). At 14 days, the 100 mg/kg silymarin injection 
group exhibited a 46.2% decrease in tumor size in comparison with 
the control group (Table І). The final tumor size was 1,230 mm3 
in the control group and 661 mm3 in the 100 mg/kg silymarin 

Figure 1. Effects of silymarin on the cell viability of AGS human gastric 
cancer cells. The results are revealed cell viability inhibitory effect of sily-
marin on AGS cells. Cell viability was measured by the MTT assay. The 
results are presented as the mean ± SD from three independent experiments 
performed in triplicate. Significance was determined by Dunnett's t‑test with 
*P<0.05 considered as statistically significant compared with non‑treated 
controls.
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group. At the end of the experimental period, the measured tumor 
weights were 1.14±0.17 g in the control group and 0.72±0.26 g in 
the 100 mg/kg silymarin group (Fig. 7B). The body weights of 
silymarin‑treated and control mice remained similar throughout 
the experimental period (Fig. 7C).

Effects of silymarin on apoptosis induction of gastric tumor 
tissue. The tumors formed by subcutaneous transplantation 
of AGS human gastric cancer cells into 4‑week‑old male 
BALB/c nude mice, as aforementioned, were extracted 
and examined by TUNEL assay to confirm the anticancer 

Figure 2. Effect of silymarin on the cell migration of AGS human gastric cancer cells. (A) AGS gastric cancer cells were treated with silymarin 0, 40 and 
80 µg/ml for 24 h, and cell migration was then measured by wound healing assays. (B) Width of the wound for any field of view was measured at 3‑4 different 
locations. Data represent the means ± SD of at least three replicates relative to the control (Dunnett's t‑test with *P<0.05).

Figure 3. Effects of silymarin on apoptotic cell in AGS human gastric cancer cells. (A) AGS cells were treated with silymarin for 24 h and apoptotic bodies 
stained with DAPI. The arrows indicate chromatin condensation in the AGS cells. Fragmentation of nuclear DNA was examined by a fluorescence microscope 
(x200). Arrows indicate apoptotic bodies, which represent DNA fragments produced during apoptosis. (B) AGS cells were treated with silymarin for 24 h and 
nuclear condensation was examined by DAPI staining. Graphs reveal quantification of DNA fragmentation and nuclear condensation. Each bar represents the 
mean ± SD calculated from five independent experiments. *P<0.05, statistically significant compared with untreated controls (Dunnett's t‑test).

Figure 4. Effect of silymarin on apoptosis in AGS human gastric cancer cells. (A) The apoptotic effects of silymarin at different concentrations were evaluated 
by Annexin V‑fluorescein and propidium iodide (PI) staining. AGS cells were treated with silymarin (0, 40, and 80 µg/ml) for 24 h followed by flow cytometry. 
The lower left quadrant includes viable cells, which were negative for Annexin V‑FITC binding (Annexin V−) and exclude PI (PI−); the lower right quadrant 
includes early apoptotic cells, which are positive for Annexin V‑FITC binding (Annexin V+) but PI−; the upper right quadrant includes late apoptotic cells, 
which are Annexin V+ and reveal PI uptake (PI+); and the upper left quadrant includes necrotic cells, which are Annexin V−/PI+. (B) Annexin V/PI staining was 
revealed alive cell/dead cell/early‑late apoptotic cell fluorescence intensity ratios.
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effect of silymarin in tumor tissue through the induction 
of apoptosis. AGS tumor tissue extracted from nude mice 
administered silymarin exhibited a significant increase in 
the proportion of TUNEL‑positive cells compared to those 
without silymarin administration (Fig. 7D). The proportion 
of apoptotic cells revealed a significant increase of 26% in 
the 100 mg/kg silymarin group compared to the controls 
(Fig. 7E).

Effects of silymarin on the MAPK pathway in AGS gastric 
tumor tissue. Silymarin was administered to xenografted 
nude mice, and immunohistochemistry was performed to 
examine p‑ERK1/2, p‑JNK, and p‑p38 expression (Fig. 8A). 
The group receiving 100 mg/kg silymarin exhibited a decrease 
in expression of p‑ERK1/2 and increases in the expression 
of p‑JNK and p‑p38 in comparison with the control group. 
Quantitative comparison of the expression of each protein 

Figure 5. Effects of silymarin on apoptosis‑related protein in AGS human gastric cancer cells. (A) AGS cells were treated with silymarin (0, 40 and 80 µg/ml) 
for 24 h and cells were harvested to assess protein levels of Bax, Bcl‑2, and PARP by western blotting. The blots were also probed with anti‑β‑actin antibody 
to confirm equal sample loading. (B) Each bar represents the mean ± SD calculated from three independent experiments. *P<0.05, statistically significant 
compared with untreated controls (Dunnett's t‑test).

Figure 6. Effect of silymarin on the activation of MAPK pathway in AGS human gastric cancer cells. (A) AGS cells were treated with silymarin (0, 40 and 
80 µg/ml) for 24 h. Cell lysates were prepared as described in Materials and methods, and analyzed by 12% SDS‑PAGE followed by western blotting. (B) Each 
bar represents the mean ± SD calculated from independent experiments. *P<0.05, statistically significant compared with the untreated controls (Dunnett's 
t‑test). MAPK, mitogen‑activated protein kinase.
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resulted in a decrease of p‑ERK1/2 from 34.4 to 8.6% in the 
silymarin‑treated group, compared with the control group. 
Conversely, p‑JNK increased from 6.2 to 31.4%, and p‑p38 
from 9 to 23.6% (Fig. 8B).

Toxicity evaluation of silymarin in liver and kidney tissues. 
After the experimental period, the nude mice with trans-
planted AGS tumors were sacrificed to investigate for organ 
toxicity caused by administration of silymarin. The liver 
and kidneys were stained with H&E and examined under an 
optical microscope (Fig. 9). The results indicated no histo-
pathological abnormalities in the silymarin injection group or 
the non‑injected control group.

Discussion

Infinite proliferation through acquisition of growth signaling 
and deviation of growth inhibition signals is one of the 
best‑known features of cancer cells  (33). To examine the 
viability and migration inhibitory effects in AGS human 
gastric cancer cells, an MTT assay was performed following 

silymarin treatment at concentrations of 0, 20, 40, 60, 80, 
100 and 120 µg/ml for 24 h, and a wound healing assay 
was performed following silymarin treatment at 0, 40 and 
80 µg/ml for 24 h. The results of the MTT assay revealed 
a concentration‑dependent decrease in cell viability 
starting at 20 µg/ml. In the wound healing assay, the groups 
treated with silymarin exhibited concentration‑dependent 
inhibition of cell migration in comparison with the 
control group. Ramakrishnan et al (34) also demonstrated 
concentration‑dependent inhibition of cancer cell viability 
beginning at a concentration of 50 µg/ml when liver cancer 
cells were treated with silymarin at concentrations of 50, 75, 
100 and 200 µg/ml for 24 h. Zhong et al (35) also treated 
leukemic cells with silymarin at 10, 50 and 100 µg/ml, and 
demonstrated a significant decrease in viability beginning 
at 50  µg/ml. Fan  et  al  (36) treated ovarian cancer cells 
with 25, 50, 100, 150 and 200 µg/ml silymarin and demon-
strated a concentration‑dependent decrease in viability 
from 50 µg/ml. Significant decreases in viability were also 
observed with silymarin treatment at 100 µg/ml for 24, 48 
and 72 h. Vaid et al (37) treated human melanoma cells with 

Table I. Tumor inhibition rate of mice implanted with AGS gastric cancer cells tumor‑treated with silymarin.

Silymarin (mg/kg)	 Pre‑experiment size (mm3)	 Post‑experiment size (mm3)	 Inhibition rateb (%)

AGS	
0a	 131.8	 1,230.7	
100	 125.5	 661.7	 46.2

aControl. bData are expressed as the percent relative to the control.

Figure 7. Effects of silymarin on AGS gastric cancer tumor xenograft growth and apoptosis in tumor tissues. Nude mice bearing AGS cells as xenograft 
models were treated with silymarin for 14 days, and (A) tumor volume, (B) tumor weight, and (C) body weight were determined. (D and E) Apoptosis was 
measured in tumor tissues by TUNEL assay. Slides were observed under an optical microscope (x200). Scale bar, 10 µm. *P<0.05, each value represents the 
mean ± standard error. Statistically significant compared with untreated controls (Dunnett's t‑test).
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10, 20 and 40 µg/ml silymarin and reported that the wound 
healing assay revealed significant inhibition of cell migra-
tion at concentrations of 20 and 40 µg/ml. These findings 

indicated that silymarin decreased the viability and inhibited 
the migration of AGS human gastric cancer cells in this 
study.

When apoptosis occurs, apoptotic bodies are observed 
accompanied by cell and nuclear condensation and division, 
as well as dissolution of chromosomal DNA (38,39). DAPI 
staining and flow cytometric analysis were conducted to 
confirm whether the viability decrease and inhibition of 
proliferation by silymarin in gastric cancer cells are caused 
by apoptosis. AGS cells were treated with silymarin at 0, 40 
and 80 µg/ml for 24 h, and then subjected to staining with 
DAPI to identify apoptotic cells. DAPI‑stained cells were 
counted to quantify the degree of apoptosis induction. The 
results indicated a dose‑dependent increase in the number 
of DAPI‑stained cells (2% at 0 µg/ml, 13% at 40 µg/ml 
and 42.2% at 80 µg/ml) in comparison with the control 
group. Fan et al (36) reported the occurrence of apoptosis 
in ovarian cancer cells following treatment with silymarin, 
while Katiyar et al  (40) reported a concentration‑dependent 
increase in apoptotic bodies with treatment of skin 
epidermal cancer cells with silymarin. The results of flow 
cytometric analysis confirmed the concentration‑dependent 
increase in apoptotic cells by silymarin treatment (23.26% 
at 0 µg/ml, 31.72% at 40 µg/ml and 52.13% at 80 µg/ml). 
Zhong et al (35) also performed flow cytometric analysis of 

Figure 9. Histological analysis of silymarin‑treated nude mice. The micro-
scopic pathology of the liver and kidney revealed no evidence of adverse 
systemic toxicity of silymarin treatment in the mice. Slides were observed 
under an optical microscope (x200). Scale bar, 10 µm.

Figure 8. Effects of silymarin on MAPK expression in AGS gastric cancer tumor xenografts. (A) Nude mice were administered silymarin (0, 100 mg/kg) for 
2 weeks and examined by immunohistochemistry using antibodies to p‑ERK, p‑JNK, and p‑p38. Tumor tissues were observed under an optical microscope 
and images were captured at an x200 magnification. Paraffin‑embedded tumor tissues were cut into sections 5‑µm thick. Scale bar, 10 µm. (B) Graphs reveal 
quantification of each protein (p‑ERK1/2, p‑JNK and p‑p38) with positive staining as determined by immunohistochemistry. Significance was determined by 
Dunnett's t‑test with *P<0.05 considered as statistically significant compared with non‑treated controls. MAPK, mitogen‑activated protein kinase.
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leukemic cells treated with silymarin at concentrations of 
10, 50 and 100 µg/ml, and revealed a concentration‑depen-
dent increase in the proportion of apoptotic cells (3.24, 
6.06, 17.92 and 67.83%, respectively). Vaid et al (41) treated 
melanoma cells with silymarin at concentrations of 0, 10, 
20, 30, 40 and 60 µg/ml and performed flow cytometric 
analysis to confirm the concentration‑dependent increase in 
the proportion of apoptotic cells. Therefore, the decreases 
in survival rate and cell proliferation of AGS human gastric 
cancer cells associated with silymarin treatment in the 
present study were determined to be due to the induction 
of apoptosis.

Apoptosis induction can be divided into the intrinsic 
pathway mediated by mitochondria and the extrinsic pathway 
mediated by death receptors (27,28). The Bcl‑2 family major 
proteins involved in the intrinsic pathway, among which 
Bax forms apoptosomes and activates caspase‑3 to induce 
apoptosis as a pro‑apoptotic protein when its expression 
level is increased. On the other hand, Bcl‑2 inhibits Bax as 
an anti‑apoptotic protein to inhibit the induction of apop-
tosis (30). PARP, which plays an important role in the DNA 
repair, also regulates apoptosis  (31). Therefore, western 
blotting analysis was performed to examine the changes in 
protein expression when apoptosis was induced by silymarin 
in AGS human gastric cancer cells. The results indicated 
concentration‑dependent increases in expression levels of the 
pro‑apoptosis proteins, cleaved PARP and Bax. By contrast, 
the expression level of the anti‑apoptosis protein, Bcl‑2, 
was decreased by silymarin in a concentration‑dependent 
manner. Katiyar et al (40) reported concentration‑dependent 
increases in the expression of Bax and cleaved PARP 
and a concentration‑dependent decrease in Bcl‑2 expres-
sion in skin epidermal cancer cells following treatment 
with silymarin. Fan et al  (36) also reported a concentra-
tion‑dependent increase in Bax expression and decrease in 
Bcl‑2 expression in silymarin‑treated ovarian cancer cells. 
Ramakrishnan et al (34) reported a concentration‑dependent 
increase in Bax expression following treatment of liver 
cancer cells with silymarin. These results indicated that 
silymarin altered the expression of apoptosis‑related proteins 
to induce apoptosis in AGS human gastric cancer cells in a 
concentration‑dependent manner.

As one of the protein kinase, mitogen‑activated protein 
kinases (MAPK) is a major signaling pathway involved in 
delivering extracellular stimuli to the nucleus. MAPK can be 
divided into ERK1/2, which plays an important role in regu-
lating cell proliferation, division, and viability, JNK/SAPK, 
and p38, which play essential roles in inflammation and cell 
death by reacting to various stimuli, such as extracellular 
stress (32). Therefore, silymarin‑treated AGS human gastric 
cancer cells were subjected to western blotting to investi-
gate the expression of ERK1/2, p38, and JNK, which are 
involved in MAPK signaling. Increases in the expression 
levels of p‑p38 and p‑JNK were observed, while p‑ERK1/2 
expression decreased in a concentration‑dependent manner 
in AGS cells treated with silymarin at 0, 40 and 80 µg/ml 
for 24 h. Yan et al (42) observed a concentration‑dependent 
decrease in p‑ERK1/2 expression in A431 human epidermal 
cancer cells treated with silymarin. Huang et al (43) reported 
the concentration‑dependent regulation of p‑p38 and p‑JNK 

expression in silymarin‑treated HeLa ovarian cancer cells. 
In summary, silymarin appears to inhibit the growth and 
proliferation of cells by regulating MAPK signaling and 
inducing apoptosis in vitro.

AGS cells were injected into nude mice, and silymarin 
was orally administered for 2 weeks at concentrations of 0 
and 100 mg/kg to examine its effects on the tumor xenograft. 
The tumor size began to vary in the silymarin injection group 
on day 7 after commencement of administration. On day 14, 
the tumor size was inhibited by 46.2% in the silymarin injec-
tion group in comparison with the control group. The tumor 
weights were 1.14 g in the control group and 0.72 g in the 
injection group, indicating the inhibition of tumor growth in 
the silymarin injection group. Won et al (44) orally adminis-
tered silymarin at the concentration of 200 mg/kg to animals 
with HSC‑4 oral cancer tumor xenografts five times a week 
for 5 weeks, and reported the inhibition of tumor growth in 
the silymarin injection group in comparison with the control. 
These findings suggest that silymarin also inhibited the growth 
of AGS human gastric cancer cells.

To examine whether the inhibition of tumor growth was 
mediated by apoptosis, the extracted tumors were subjected 
to TUNEL assay. The results indicated a 26% increase in 
TUNEL‑positive apoptotic cells in the 100 mg/kg silymarin 
injection group compared to the control group. Singh et al (45) 
also reported an increase in TUNEL‑positive apoptotic cells 
in skin cancer tumors extracted from mice treated with sily-
marin. Therefore, silymarin was suggested to inhibit tumor 
growth by inducing apoptosis in the AGS tumor xenografts in 
the present study.

ERK1/2 plays an important role in cell proliferation 
and division, while JNK and p38 are major factors involved 
in the MAPK signaling pathway, which is essential for cell 
death in response to extracellular stimuli  (32). Therefore, 
immunohistochemical analyses were performed to examine 
the expression of proteins involved in the MAPK signaling 
pathway in extracted tumor tissue in relation to silymarin treat-
ment. The results indicated decreased expression of p‑ERK1/2 
and increased p‑JNK and p‑p38 expression in the silymarin 
injection group (100  mg/kg) compared with the control 
group. These observations were consistent with the effects of 
silymarin on regulation of MAPK signaling pathway‑related 
factors, p‑ERK1/2, p‑JNK, and p‑p38 in vitro as determined 
by western blotting analyses.

Therefore, the present study indicated that silymarin 
is highly promising for the development of gastric cancer 
medications as it inhibits cell growth and tumor generation 
by inducing apoptosis in AGS human gastric cancer cells both 
in vitro and in vivo.
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