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Abstract. The incidence and mortality rates of gastric cancer 
rank among the highest five of all cancer types worldwide. 
The chemotherapeutic agent 5‑fluorouracil (5‑FU) is the gold 
standard for treating gastric cancer, but its efficacy is limited due 
to high rates of resistance. To improve the therapeutic efficacy of 
5‑FU and overcome its resistance, the synergistic effect of chrysin 
with 5‑FU was investigated and its mechanism was elucidated. 
Chrysin was co‑administered with 5‑FU in AGS cells and 
5‑FU‑resistant AGS cells (AGS/FR). Cytotoxicity was investi‑
gated using MTT assay, followed by calculating the combination 
index (CI). Several biomarkers were detected using western blot‑
ting analysis. Apoptosis and cell cycle distribution were measured 
by flow cytometry. The combination of chrysin and 5‑FU signifi‑
cantly increased cytotoxicity more than chrysin or 5‑FU alone. 
5‑FU induced apoptosis through p53‑p21 activity, while chrysin 
arrested the cell cycle in the G2/M phase. The combination of 
chrysin and 5‑FU showed an anticancer effect via S phase arrest. 
The results indicated that chrysin and 5‑FU exhibited anticancer 
properties via different pathways. Furthermore, the present study 
found that chrysin enhanced the chemotherapeutic effect of 5‑FU 
in AGS/FR cells. In the resistant cells, the combination of chrysin 
and 5‑FU improved the anticancer effect via G2/M phase arrest. 
These findings indicated that chrysin potentiated the chemothera‑
peutic effect of 5‑FU in gastric cancer AGS and AGS/FR cells via 
cell cycle arrest. Therefore, chrysin may be used to treat gastric 
cancers that have become resistant to 5‑FU. 

Introduction

Gastric cancer is the fifth most frequently diagnosed cancer type 
and the third leading cause of cancer‑associated mortality (1). 

To treat gastric cancer, surgery is effective but often restrictive. 
Therefore, chemotherapy is the main therapy for patients with 
advanced gastric cancer. Among them, 5‑fluorouracil (5‑FU) 
is one of the most commonly used chemotherapeutic agents 
for patients with gastric cancer. The anticancer mechanism 
of 5‑FU is via inhibition of thymidylate synthase, which 
is necessary for the synthesis of intracellular DNA, and the 
suppression of cell function by inhibiting RNA function 
and production  (2). However, numerous patients become 
resistant to chemotherapy, limiting the efficacy of commonly 
used anticancer drugs. The mechanisms of chemotherapy 
resistance include reducing intracellular drug accumulation, 
increasing drug efflux, increasing nucleotide repair activity 
and avoiding apoptosis (3). In particular, multidrug resistance 
protein (MDR) serves an important role in drug efflux, causing 
drug resistance (4,5). In gastric cancer, ~21% of patients show 
progressive resistance to 5‑FU (6). Therefore, a novel chemo‑
therapeutic agent for gastric cancer is required to overcome 
drug resistance.

Chrysin (5,7‑dihydroxyflavone) is a biologically active 
flavonoid derived from plants and natural products, including 
propolis  (7). Chrysin possesses anticancer effects through 
numerous mechanisms, including cell cycle arrest through 
inhibition of histone deacetylase  (8), autophagic cell 
death (9), suppression of the Jun N‑terminal kinase (JNK) 
pathway (10) and apoptosis (11). Furthermore, chrysin inhibits 
P‑glycoprotein (P‑gp), multidrug resistance‑related protein 
(MRP)‑2 and breast cancer resistance protein (BCRP). It acts 
as an MDR reversing agent in colon carcinoma cells (12) and 
breast cancer cells (13). These multiple functions of chrysin 
suggest that it may be effective in combination chemotherapy. 

Therefore, in the present study, the combined effect of 
chrysin and 5‑FU was investigated in gastric cancer AGS 
cells. Furthermore, the effect of chrysin was also investigated 
in 5‑FU‑resistant AGS (AGS/FR) cells.

Materials and methods

Cell culture. Human gastric cancer AGS cells were purchased 
from the Korean Cell Line Bank (no. 21739). AGS/FR cells 
were provided by The Catholic University of Korea. These 
cells were incubated with RPMI‑1640 medium (GenDEPOT), 
supplemented with 10% fetal bovine serum (GenDEPOT) and 
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1% penicillin/streptomycin (GenDEPOT). AGS/FR cells were 
cultured in medium containing 100 µM 5‑FU (Sigma‑Aldrich; 
Merck KGaA) to maintain resistance. 

Measurement of cell viability. AGS and AGS/FR cells were 
seeded onto 96‑well plates at 0.5‑1.0x104  cells/well and 
incubated for 24 h. Chrysin (Sigma‑Aldrich; Merck KGaA) 
and 5‑FU were diluted in 0.5% dimethyl sulfoxide (DMSO) 
solution (Sigma‑Aldrich; Merck KGaA) and the cells were 
treated for 24 or 48 h. For the cell viability assay, these cells 
were measured using an MTT assay  (14). In brief, MTT 
(Sigma‑Aldrich; Merck KGaA) was added to the media for 3 h, 
and then the media were removed. DMSO was added to the 
cells for 30 min. Absorbance was measured using a microplate 
reader (Infinite M200 PRO; TECAN) at 560 nm.

Calculation of Combination Index (CI). To evaluate the 
combined effect of chrysin and 5‑FU, the Chou‑Talalay 
method was used (15) and the CI value was calculated using 
the Calcusyn 2.0 program (Biosoft). The resulting CI value 
showed quantitation for the synergistic effect (CI <1), additive 
effect (CI = 1) or antagonism (CI >1).

Cell morphology. Cells were treated with 50 µM chrysin, 
25  µM 5‑FU, or a combination of chrysin and 5‑FU for 
24 h. Change of cells morphology was confirmed through an 
inverted microscope (magnification, x40) (Nikon ECLIPSE 
TS 100; Nikon Corporation).

Apoptosis staining. Cells were treated with 50 µM chrysin, 
25  µM 5‑FU, or a combination of chrysin and 5‑FU for 
24 h. To measure apoptosis, cells were washed with cold 
phosphate‑buffered saline (PBS) and resuspended. The 
staining solution of Annexin V‑FITC (BD Pharmingen) and 
propidium iodide (PI) was added to the cells and gently mixed. 
The cells were incubated at room temperature for 15 min in 
the dark. The cells were analyzed using a flow cytometer 
ACEA Novocyte 2000 (Agilent Technologies, Inc.). The data 
was analyzed using the NovoExpress® software version 1.2.5 
(Agilent Technologies, Inc.). 

Cell cycle analysis. Cells were treated with 50 µM chrysin, 
25 µM 5‑FU, or the combination of chrysin and 5‑FU for 
24 h. For cell cycle analysis  (16), the collected cells were 
washed with cold PBS. After centrifugation at room tempera‑
ture (244 x g for 2 min), the cell pellet was fixed with 70% 
ethanol overnight at ‑20˚C. The fixed cells were centrifuged 
at room temperature (244 x g for 2 min) and supernatant was 
removed. Cells were treated with PI solution and incubated 
for 30 min at room temperature. Stained cells were analyzed 
using a flow cytometer flow cytometer ACEA Novocyte 2000 
(Agilent Technologies, Inc.). The data was analyzed using the 
NovoExpress® software version 1.2.5 (Agilent Technologies, 
Inc.). 

Western blotting. Expression levels of cell death‑related 
proteins were determined by western blot analysis  (17). 
Cells were treated with chrysin (50  µM), 5‑FU (25  µM), 
or the combination of chrysin and 5‑FU for 24  h. Cells 
were lysed in RIPA buffer (GenDEPOT) with protease 

inhibitors (GenDEPOT) and phosphatase inhibitors (Roche, 
Basel). Protein concentration was measured using Pierce™ 
bicinchoninic acid protein assay kit (cat. no. 23225; Thermo 
Fisher Scientific, Inc.). The proteins (15 µg/lane) separated 
from cell lysates by 10‑15% SDS‑polyacrylamide gel 
electrophoresis were transferred onto polyvinylidene fluoride 
membranes (Merck Millipore). Membranes were blocked 
with 5% skimmed milk in tris‑buffered saline with 0.1% 
Tween 20 for 1 h at room temperature, and then incubated 
with primary antibodies against p53 (1:1,000; cat. no. 05‑224; 
Merck KGaA); p21WAF1/Cip1 (1:2,000; cat.  no.  05‑345; 
Merck KGaA); Bax (1:1,000; cat. no. 610982; BD Biosciences); 
Caspase 9 (1:1,000; cat. no. 9508; Cell Signaling Technology, 
Inc.); cleaved Caspase 9 (1:1,000; cat. no. 7237; Cell Signaling 
Technology, Inc.); Caspase 3 (1:1,000; cat.  no.  9665; Cell 
Signaling Technology, Inc.), cleaved Caspase 3 (1:1,000; 
cat. no. 9664; Cell Signaling Technology, Inc.), phospho‑Akt 
(1:1,000; cat.  no.  4060; Cell Signaling Technology, Inc.); 
Akt (1:1,000; cat. no. 9272; Cell Signaling Technology, Inc.); 
cyclin D1 (1:1,000; cat. no. 2978; Cell Signaling Technology, 
Inc.); CDK6 (1:1,000; cat. no. 3136; Cell Signaling Technology, 
Inc.), cdc2 (1:1,000; cat. no. 77055; Cell Signaling Technology, 
Inc.); cyclin B1 (1:1,000; cat.  no.  12231; Cell Signaling 
Technology, Inc.), MDR1 (1:1,000; cat. no. sc‑55510; Santa 
Cruz Biotechnology, Inc.) and β‑actin (1:5,000; cat. no. A 
5441; Sigma‑Aldrich; Merck KGaA) overnight at 4˚C. The next 
day, membranes were incubated with the following secondary 
antibodies for 3  h at room temperature: Goat anti‑mouse 
IgG (H + L)‑horseradish peroxidase (HRP)‑conjugated 
(1:3,000; cat. no. 1706516; BioRad Laboratories, Inc.) and 
goat anti‑rabbit IgG (H + L)‑HRP‑conjugated (1:3,000; 
cat. no. 1706515; BioRad Laboratories, Inc.). Proteins were 
detected by Chemi‑Doc (FluorChem E system; ProteinSimple) 
using enhanced chemiluminescent (ECL) solution [to use, mix 
solution A comprised of 250 mM luminol (Sigma‑Aldrich; 
Merck KGaA), 90  mM p‑Coumaric acid (Sigma‑Aldrich; 
Merck KGaA) and 1M Tris‑HCl (pH 8.5) (Duchefa Biochemie 
B.V) and B comprised of 1M Tris‑HCl (pH 8.5) (Duchefa 
Biochemie B.V) and H2O2 (DSP Inc.) in a 1:1 ratio] and 
analyzed using AlphaView software for FluoChem E system 
(version 3.4.0, Proteinsimple Inc.).

Statistical analysis. The data were analyzed using one‑way 
and two‑way analysis of variance, followed by Tukey's post hoc 
test to statistically analyze differences among multiple groups. 
The statistical analyses were performed using GraphPad 
Prism 7 (GraphPad Software Inc.). All data are shown as the 
mean ± standard deviation. P<0.05 was considered to indicate 
a statistically significant difference. 

Results

Synergistic effect of chrysin and 5‑FU in AGS and AGS/FR 
cells. The viability of AGS cells in response to chrysin, 5‑FU, 
or the combination of chrysin and 5‑FU were evaluated with 
increasing doses (Fig. 1A). Conditions 1, 2, 3 and 4 referred to 
chrysin doses of 40, 50, 60 and 80 µM, and 5‑FU doses of 20, 
25, 30 and 40 µM, respectively. The combination of chrysin and 
5‑FU significantly inhibited cell viability more than 5‑FU alone 
(Fig. 1A). In particular, conditions 1 and 2 for 5‑FU + chrysin 
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potentiated the inhibition of cell viability more than 5‑FU or 
chrysin alone. To calculate the combined effect, combina‑
tion index (CI) values for each condition were compared and 
exhibited an antagonistic (>1), addictive (=1) or synergistic (<1) 
effect. As shown in Fig. 1B, CI values of conditions 1, 2, 3 and 
4 were 0.371, 0.548, 1.030 and 1.614, respectively. These results 
suggested that the combined treatment serves a role in the inhi‑
bition of cell viability. Furthermore, addictive or synergistic 
effects of 24 h treatment similarly showed synergistic effects in 
the same conditions as 48 h treatment (Fig. S1). 

Furthermore, the effect of chrysin or the combination of 
chrysin and 5‑FU was investigated in 5‑FU‑resistant gastric 

cancer AGS/FR cells. Chrysin significantly inhibited cell 
viability in AGS/FR cells (Fig. 1C). In particular, the combina‑
tion of chrysin and 5‑FU for 48 h showed a synergistic effect 
in the inhibition of cell viability (Fig. 1D). For these experi‑
ments, conditions 1, 2, 3 and 4 referred to chrysin doses at 
20, 40, 50 and 60 µM, and 5‑FU doses at 6.25, 12.5, 25 and 
50 µM, respectively. Although AGS/FR cells remained viable 
following 5‑FU 100 µM treatment, the viability of the cells 
was significantly suppressed with the combination of chrysin 
and 5‑FU more than chrysin alone (Fig. 1D). Furthermore, 
CI values in conditions 2, 3, and 4 were 0.79, 0.64 and 0.62, 
indicating a synergistic effect at each of these doses (Fig. 1E). 

Figure 1. Synergistic effect of chrysin and 5‑FU in AGS and AGS/FR cells. AGS cells were treated with chrysin, 5‑FU or the combination of chrysin and 
5‑FU for 24 h. AGS/FR cells were treated with chrysin, 5‑FU or the combination of chrysin and 5‑FU for 24 and 48 h. Treated conditions 1, 2, 3 and 4 were 
as follows: (A and B) 40, 50, 60 and 80 µM for chrysin, and 20, 25, 30 and 40 µM for 5‑FU, respectively, in AGS cells; and (D and E) 20, 40, 50 and 60 µM for 
chrysin, and 6.25, 12.5, 25 and 50 µM for 5‑FU, respectively in AGS/FR cells. (A, C, D) Cell viability was measured by MTT assay. (A) Data are presented as 
the mean ± SD; *P<0.01; **P<0.001; #P<0.01; ##P<0.001 (two‑way ANOVA). (C) Data are presented as the mean ± SD; *P<0.001 (one‑way ANOVA). (D) Data are 
presented as the mean ± SD; *P<0.001; #P<0.05 (two‑way ANOVA). 5‑FU, 5‑fluorouracil; CI, combination index; Fa, fractional effect; SD, standard deviation; 
ANOVA, analysis of variance. 
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These results suggested that chrysin improved the cytotoxicity 
of 5‑FU in AGS and AGS/FR cells.

Apoptosis of AGS and AGS/FR cells following treatment with 
chrysin and 5‑FU. Common condition (condition 2 in AGS 
cells; condition 3 in AGS/FR cells) doses were used for further 
chrysin/5‑FU combination studies. Under these conditions, 
each cellular morphology is shown in Fig. 2A. 

To elucidate the mechanism of the synergistic anticancer 
effect shown in Fig. 1B and E, the cells were stained using 
annexin V‑PI solution and analyzed by flow cytometry. 
Chrysin and the combination of chrysin and 5‑FU caused more 
apoptosis than the control in AGS and AGS/FR cells; however, 
5‑FU caused more apoptosis only in AGS cells (Fig. 2B). Some 
cells in Fig. 2B were shown to be slightly spread, including 
control. This result is speculated to be caused by the solvent 
DMSO. Therefore, the expression levels of apoptosis‑related 

proteins were further investigated by western blotting. 
Semi‑quantitative analysis of these protein levels are shown 
in Fig. S2 (three repeats). In AGS cells, 5‑FU, chrysin and 
the combination of chrysin and 5‑FU increased p53 and p21; 
however, 5‑FU caused no change of these protein expression 
levels in AGS/FR cells (Fig. 2C). These results suggested that 
chrysin inhibited cell viability via a different pathway than 
that of 5‑FU. Therefore, the complementary mechanism of the 
combined treatment was investigated. 

Potentiated anticancer effect of chrysin occurs via G2/M 
phase arrest. As an increase in the p21 level induced by chrysin 
was observed in the western blot analysis, the cell cycle was 
further evaluated in AGS and AGS/FR cells.

Chrysin induced cell arrest in the G2/M phase, while 
5‑FU induced arrest in the G0/G1 phase in AGS cells. The 
combination of chrysin and 5‑FU showed cell cycle arrest 

Figure 2. Induction of apoptosis by chrysin and 5‑FU in AGS and AGS/FR cells. Cells were treated under common conditions (condition 2 in AGS cells; 
condition 3 in AGS/FR cells) for 24 h. (A) Cell morphology was observed using a microscope (magnification, x40). (B) Apoptosis was detected in AGS and 
AGS/FR cells by Annexin V and PI staining. (C) Protein expression levels were detected using western blotting. 5‑FU, 5‑fluorouracil; PI, propidium iodide. 
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in the S phase (Fig. 3A). However, chrysin (64.85%) and the 
combination of chrysin and 5‑FU (61.25%) accumulated cells 
in the G2/M phase more than control treatment (40.6%) in 
AGS/FR cells (Fig. 3B). Cell cycle‑related protein levels were 
measured by western blotting (Fig. 3C). The combination of 
chrysin and 5‑FU also decreased cyclin B1, cell cycle divi‑
sion cycle protein 2 (cdc2) and suppressed phosphorylated Akt 
(p‑Akt) expression in AGS cells. The combination of chrysin 
and 5‑FU showed no change in cdc2 expression, but CDK6 
levels increased with 5‑FU treatment in AGS cells. On the 
other hand, chrysin and the combination of chrysin and 5‑FU 
decreased cdc2 and cyclin B1 though downregulated p‑Akt 
expression and upregulated p21 expression in AGS/FR cells. 
These results indicated that chrysin potentiated the anticancer 
effect of 5‑FU via G2/M phase arrest (Fig. 3C).

Discussion

The results of the present study have indicated that the 
combination of chrysin and 5‑FU had synergistic anticancer 
effects and overcame 5‑FU resistance in vitro. These results 
confirm the findings of previous studies (18), which suggest 
that chrysin may be used as an anticancer agent for combined 
therapy. In one study, chrysin was co‑administered with cispl‑
atin in HepG2 liver cancer cells (19), with docetaxel in A549 
non‑small cell lung cancer cells  (18), and with metformin 
in breast cancer cells (20), showing synergistic effects in all 
cases. The present study found that chrysin showed synergy 
with 5‑FU, according to CI analysis. The combination of 
chrysin (50 µM) and 5‑FU (25 µM) showed significant inhibi‑
tion of cell viability, compared with that induced by chrysin 
or 5‑FU alone, in AGS/FR cells and AGS cells (Fig. 1). As 

was the case in a previous study (12,13), chrysin‑treated cells 
showed a decrease in the MDR1 level (Fig. S3). However, 
AGS/FR cells exhibited a higher MDR1 level than AGS cells, 
but this was not significant. The combined effect of chrysin 
and 5‑FU was difficult to understand as a mechanism by 
which chrysin inhibits the expression of MDR1 and then 
accumulates 5‑FU in AGS or AGS/FR cells. Therefore, the 
results of the present study suggest a mechanism in which the 
combination of chrysin and 5‑FU arrests the cell cycle. In a 
future study, it would be beneficial to evaluate the therapeutic 
efficacy of chrysin in an AGS/FR‑derived xenograft model as 
the results of the present study were obtained at the in vitro 
level. Nevertheless, the anticancer effects of chrysin observed 
in this study were consistent with those in other in vivo studies. 
Therefore, the application of chrysin with 5‑FU may be clini‑
cally implemented to treat patients with 5‑FU‑resistant gastric 
cancer.

The combination of chrysin and 5‑FU upregulated p21 
expression in AGS cells and AGS/FR cells (Fig. 2C). The 
cyclin‑dependent kinase inhibitor, p21 serves a key role in 
the cell cycle and is regulated by various stimuli, including 
p53 (21), and the PI3K/Akt pathway (22). Several studies have 
reported that chrysin also exerted anticancer effects through 
upregulating p21‑induced G1 phase arrest in A375 mela‑
noma cells (8) and G2 phase arrest in esophageal squamous 
carcinoma (23). In the present study, chrysin induced G2/M 
phase arrest and 5‑FU induced G0/G1 phase arrest in AGS 
cells. The combination of chrysin and 5‑FU caused cell accu‑
mulation in the S phase, suggesting a complementary effect 
of cell arrest by chrysin and 5‑FU (Fig. 3A). The S phase of 
the cell cycle inhibits cell growth though inhibition of DNA 
synthesis when stress‑induced DNA damage occurs  (24). 

Figure 3. Chrysin improves the anticancer effect of 5‑FU through cell cycle arrest. Cells were treated with 50 µM chrysin and 25 µM 5‑FU for 24 h. 
Cell distribution was analyzed by flow cytometry in (A) AGS cells and (B) AGS/FR cells. (C) Protein levels were detected using western blotting. 
5‑FU, 5‑fluorouracil. 
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These results correlated with S phase arrest through upregu‑
lated p53 and p21 expression (Fig. 2C). 

AGS/FR cells exhibited downregulated p‑Akt expression 
(Fig. 3C). Akt regulates cyclin‑dependent kinase inhibitor 
p21 and the cell cycle. Phosphorylated Akt promotes cell 
growth and angiogenesis. Kim  et  al  (25) reported that 
Akt signaling was overactivated in chemo‑resistant colon 
cancer cells, and that inhibition of Akt signaling may be 
a good pharmacological target (25). In the present study, 
the combination of chrysin and 5‑FU decreased p‑Akt 
expression and increased p21 expression in AGS/FR cells. 
Increased p21 inhibits the cyclin B1/cdc2 complex protein 
expression, with this complex regulating G2/M phase. 
Therefore, the results of the present study indicated that 
the combination of chrysin and 5‑FU induced G2/M phase 
arrest via inhibition of cdc2 and cyclin B1 by p21 upregula‑
tion in AGS/FR cells. 

As shown in Fig.  1C, AGS/FR cells were resistant to 
high doses of 5‑FU (100 µM). The present study found that 
co‑treatment of chrysin with 5‑FU caused similar effects to 
chrysin treatment alone. Nevertheless, the CI value of chrysin 
and 5‑FU was <1 at 48 h, suggesting synergy (Fig. 1E). It is 
possible that the combined effect of chrysin and 5‑FU occurs 
though chrysin‑induced cell arrest as previously described (8).

In conclusion, the combination of chrysin and 5‑FU 
in AGS cells enhanced inhibition of cell viability through 
S  phase arrest. Furthermore, the results of the present 
study suggested that chrysin improved 5‑FU resistance via 
G2/M phase arrest in AGS/FR cells. These results indicated 
that chrysin potentiates the anticancer effect of 5‑FU and 
may be utilized for the treatment of 5‑FU resistant gastric 
cancer. 
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