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Background: Zeaxanthin, a carotenoid commonly found in plants, has a variety of biolo-
gical functions including anti-cancer activity.

Purpose: This study aimed to investigate the potential mechanisms of zeaxanthin in human
gastric cancer cells.

Methods: CCK-8 assay was used to examine the cytotoxic effect of zeaxanthin on human
gastric cancer cells. Flow cytometry was used to analyse AGS cell cycle distribution and
apoptosis status. Western blot analysis was used to detect the expression levels of cycle-
related proteins (Cyclin A, Cyclin B1, CDK1/2, p21, and p27), apoptosis-related proteins
(Bcl-2, Bad, caspase-3, PARP), MAPK, AKT, STAT3, and NF-«B.

Results: CCK-8 assay showed that zeaxanthin has obvious cytotoxic effects on 12 types of
human gastric cancer cells, but no obvious toxic effect on normal cells. In addition, flow
cytometry and Western blotting results showed that zeaxanthin induces apoptosis by reducing
mitochondrial membrane potential; increasing Cytochrome C, Bax, cleaved-caspase-3 (cle-
cas-3), and cleaved-PARP (cle-PARP) expression levels; and decreasing Bcl-2, pro-caspase-3
(pro-cas-3), and pro-PARP expression levels. Additionally, zeaxanthin caused cell cycle
arrest at the G2/M phase by increasing the levels of p21 and p27 and reduced the levels of
AKT, Cyclin A, Cyclin B1, and Cyclin-dependent kinase 1/2 (CDK1/2). Furthermore, after
zeaxanthin treatment, the expression levels of reactive oxygen species (ROS), p-JNK, p-p38,
and I-kB increased, and the expression levels of p-ERK, p-AKT, STAT3, and NF-xB
decreased. However, the ROS scavenger N-acetylcysteine (NAC) and MAPK inhibitors
inhibited zeaxanthin-induced apoptosis, and under the action of zeaxanthin, MAPK regulated
NF-kB and STAT3, and reduced their protein expression levels.

Conclusion: Zeaxanthin has a potential effect against gastric cancer cells through the ROS-
mediated MAPK, AKT, NF-kB, and STAT3 signaling pathways, and it is expected to become
a new drug for the treatment of human gastric cancer.
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Introduction

Gastric cancer is a major health problem and one of the most common malignant
tumours of the digestive system.' Although the incidence of gastric cancer has been
declining for many years, it is the fifth highest among all cancers.” In addition,
gastric cancer has a high mortality rate worldwide and it is the third leading cause
of tumour death.’ As the early detection of gastric cancer is difficult, opportunities
for surgical resection are lost. For advanced gastric cancer, the choice of drugs
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largely determines their therapeutic effect.' Therefore, the
development of new and efficient drugs with low toxicity
and side effects are necessary.

Apoptosis is an orderly and programmed cell death
process,* which maintains the normal development of
organisms by removing unviable cells.” Mitochondria
play a key role in activating apoptosis in cells, and a
reduction in the mitochondrial membrane potential results
in the release of apoptotic factors.® For example, the
regulation of anti-apoptotic and pro-apoptotic members
of the Bcl-2 family leads to the release of cytochrome C
into the cytoplasm and the formation of apoptotic bodies
through caspase activation.*’ Caspase-3 is a downstream
executor of apoptosis and plays a key role in the apoptotic
process.® Pro-cas-3 is cleaved to produce active cle-cas-3,
and cle-cas-3 induces the cleavage of pro-PARP to pro-
duce cle-PARP, which causes apoptosis.”’

Cancer cell survival, differentiation, and movement are
associated with different intracellular signaling pathways,
such as the MAPK and AKT pathways. Mitogen-activated
protein kinase (MAPK) family members, including extra-
cellular signal-regulated protein kinase (ERK), c-Jun
N-terminal protein kinase (JNK), and p38 MAPK are
crucial for the maintenance of cells.'®!'" Activated JNK
and p38 MAPK induce apoptosis, and phosphorylated
ERK promotes cell survival.'> MAPKs cause apoptosis
through the down-regulation of NF-kB, which is an indu-
cible transcription factor and involved in cell survival, cell
adhesion, inflammation, differentiation, and growth.13
AKT is a serine/threonine protein kinase that can phos-
phorylate multiple proteins and plays an important role in
regulating cell survival.'* Studies have shown that the
AKT and MAPK signals pathways inhibit the STAT3 path-
way in melanoma-derived cell lines."?

Reactive oxygen species (ROS), including superoxide
anions, hydrogen peroxide, and hydroxyl radicals are gen-
erated in mitochondria and used as intermediates for signal
transmission.'® Production of ROS is one of the mechan-
isms used to kill tumour cells.'” Several studies have
shown that the accumulation of ROS can activate the
MAPK and AKT pathways, resulting in cell apoptosis.'”"'®

Zeaxanthin is an oxidized carotenoid,'® mainly found
in dark green vegetables, egg yolks, corn, and citrus
fruits.’® Zeaxanthin shows potential anti-inflammatory
and anticancer effects.”’ > Although some studies have
shown that zeaxanthin is effective against breast cancer,

bladder cancer, and uveal melanoma cells, its specific

mechanism and role in human gastric cancer have not
been explored.?*2°

Materials and Methods

Chemicals and Reagents

Zeaxanthin (Solarbio, Beijing, China) and 5-fluorouracil (5-
FU) (Med Chem Express, Princeton, NJ, USA) wa dissolved
in 100% dimethylsulfoxide (DMSO) to prepare a stock solu-
tion of 20 mM concentration, and stored at —20 °C. Other
chemicals used in the study were of analytical grade.

Cell Culture

Twelve types of human gastric cancer cells: AGS, KATO-3,
MKN-28, MKN-45, NCI-N87, YCC-1, YCC-6, YCC-16,
SUN-5, SUN-216, SUN-484, SUN-668, and normal lung
fibroblasts IMR-90 cells were purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA). L-02
normal liver cells, GES-1 normal gastric epithelial mucosal
cells, and the human embryonic kidney 293T cells were pur-
chased from Saiqi Biotech Co., Ltd. (Shanghai, China). Cells
were cultured at 37 °C and the carbon dioxide content was 5%.
All cells were cultured in DMEM or RPMI-1640 medium
supplemented with 10% Foetal Bovine Serum (FBS), penicil-
lin (100 U/mL) and streptomycin (100 pg/mL; Gibco).?’

Cell Viability Assay

Cells were seeded into 96-well plates at a density of 1x10*
cells/well at a temperature of 37 °C and a carbon dioxide
content of 5%. Zeaxanthin was added to the cells at con-
centrations of 1, 3, 10, 30, and 100 uM for 24 h, or they
were treated with zeaxanthin (17 puM, the I1Cs, value) for 3,
6, 12, 24, and 36 h. Ten micro-litres of Cell Counting Kit-
8 (CCK-8) reagent (Solarbio) was added and after 2 h, and
samples were examined using a microplate reader
(BioTek, Instruments Inc., Winooski, VT, USA). Optical
density (OD) values were recorded at 450 nm to determine
the percentage of viable cells. The percentage of cell
viability was calculated at 50% inhibitory concentration
(ICs0) using Graphpad Prism 5 software (GraphPad
Software, Inc., La Jolla, CA, USA).28 All experiments
and measurements were performed in triplicate.

Cell Apoptosis Analysis

The effect of zeaxanthin on AGS cells was analysed using
Annexin V-fluorescein isothiocyanate (FITC)/PI double stain-
ing and Hoechst 33324 (Beyotime Biotechnology Institute)
staining. Cells were seeded into 6-well plates at a density of
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1x10° cells/well for 24 h, and treated with 17 pM zeaxanthin
and 5-FU for 3, 6, 12, and 24 h. Cells were collected and
washed with 500 uLL PBS. A mitochondrial membrane poten-
tial assay kit (Solarbio) was used to detect mitochondrial
membrane potential. The treated cells were resuspended in
culture medium and JC-1, and maintained in a 37 °C water
bath for 20 min in the dark. Annexin V-fluorescein isothio-
cyanate (FITC)/PI (Beyotime Biotechnology Institute) was
used to detect apoptosis. Treated cells were resuspended in
195 pL Binding Buftfer, then 3 pL Annexin V-FITC was added
in the dark for 5 min, and finally 2 pLL PI was added in the dark
for 10 min. Hoechst 33324/PI was used for the cell double
staining experiments. After the drug-treated cells were washed
with PBS 2-3 times, 195 pL Binding Buffer, 3 uLL Hoechst
33324, and 2 puL PI were added for 5 min. Cells were analysed
using the EVOS FL Automated Cell Imaging System (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) and flow cyto-
metry (Beckman Coulter, Inc., Brea, CA, USA).*’

Cell Cycle Analysis

Cells were seeded into 6-well plates at a density of 1x10°
cells/well for 24 h, after treatment of AGS cells with 17
uM zeaxanthin for 3, 6, 12, and 24 h. Pre-cooled 70%
ethanol was used to fix the cells at —20 °C for 12 h,
followed by washing twice with 500 pL. PBS. The cells
were resuspended in 100 pL. RNase A at 37 °C for 30 min,
and then stained with 400 uL PI at 4 °C for 30 min in the
dark. The cells were then analysed by flow cytometry.**

Measurement of ROS Generation

Cells were seeded in 6-well plates (1x10° cells/well) and
incubated for 24 h in a cell culture incubator, followed by
treatment with 17 pM zeaxanthin for 3, 6, 12, and 24 h.
Intracellular ROS generation was detected using the oxi-
dation-sensitive fluorochrome probe DCFH-DA. The cells
were harvested and incubated with DCFH-DA at 37 °C for
30 min in the dark. In separate experiments, cells were
pre-treated with the ROS inhibitor NAC for 2 h and then
treated with zeaxanthin for 24 h. Intracellular ROS levels
were measured using the EVOS FL Automated Cell
Imaging System (Thermo Fisher Scientific, Inc.).”'

Western Blot Analysis

After culturing the cells for 24 h, the zeaxanthin group was
treated with zeaxanthin for 24 h, then harvested; the zeax-
anthin and inhibitor groups were treated with ERK
(FR180204), JNK (SP600125), p38 (SB203580) inhibitor,
or NAC for 2 h, treated with zeaxanthin for 24 h, and then

harvested; the inhibitor group was treated with FR180204,
SP600125, SB203580, or NAC for 24 h, then harvested.
Cells were lysed in lysis buffer for 30 min, and cell lysates
were centrifuged at 12,000 rpm for 30 min at 4 °C. Proteins
were dissolved in 10% or 12% sodium dodecyl sulphate
polyacrylamide gel electrophoresis, transferred to a nitrocel-
Iulose membrane, and blocked for 2 h in 5% skimmed milk at
room temperature. The membrane was washed and incubated
with primary antibody (Santa Cruz Biotechnology Co.,
Dallas, TX, USA) at 4 °C for 12 h. Protein measurements
were performed using an enhanced chemiluminescence kit
(Thermo Fisher Scientific, Inc.) and an Amersham Imager
600 (GE, Fairfield, Connecticut, United States).32

Statistical Analysis

All experiments were performed in triplicate, and the
obtained data were represented as means = standard
error. The data were analysed by one-way analysis of
variance followed by Tukey’s post hoc tests using SPSS
version 21.0 statistical software. Significance was deter-
mined at *p < 0.05, **p < 0.01, or ***p < 0.001.

Results
Zeaxanthin Inhibits the Proliferation of

Gastric Cancer Cells

As shown in Figure 1A, zeaxanthin significantly inhibited the
activity of gastric cancer cells in a concentration-dependent
manner compared with 5-FU. The ICs, values of zeaxanthin
and 5-FU were calculated and are shown in Figure 1B. In
addition, the results show that zeaxanthin significantly inhib-
ited the activity of gastric cancer cells in a time-dependent
manner compared with that by 5-FU. Figure 1C and D show
that zeaxanthin has lower toxicity in normal human cells than
that does 5-FU. Furthermore, it was found that zeaxanthin
showed the best inhibitory effects on AGS cells, with I1Cs
values of zeaxanthin and 5-FU on AGS cells were 17 uM and
23.34 uM, respectively. These results show that zeaxanthin
has good inhibitory effects on gastric cancer cells, and its
toxicity and side effects are lower than those of 5-FU.
Furthermore, AGS cells showed the most sensitivity in the
above experiments; therefore, they were selected for subse-
quent experiments.

Zeaxanthin Induces Apoptosis in AGS
Cells

As shown in Figure 2A, the fluorescence intensity of
Hoechst 33342 and PI gradually increased as the treatment
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Figure | Cytotoxic effect of zeaxanthin on human gastric cancer cells. (A) Twelve human gastric cancer cell lines were treated with zeaxanthin and 5-FU at doses of 1, 3, 10,
30, and 100 pM for 24 h, after which their cell viabilities were determined by CCK-8 assay. (B) 12 human gastric cancer cell lines were treated for 3, 6, 12, 24, and 36 h with
the ICsq value of zeaxanthin and 5-FU, after which their cell viabilities were determined by CCK-8 assay. (C) GES-1, L-02, IMR-90, and 239-T cells were treated with
zeaxanthin and 5-FU at doses of |, 3, 10, 30, and 100 uM for 24 h, after which their cell viabilities were determined by CCK-8 assay. (D) GES-1, L-02, IMR-90, and 239-T cells
were treated for 3, 6, 12, 24, and 36 h with the ICs, value of zeaxanthin and 5-FU, after which their cell viabilities were determined by CCK-8 assay. *p < 0.05, **p < 0.01,

**¥p < 0.001 vs the control group.

time increased. In addition, apoptosis of AGS cells under
zeaxanthin treatment was significantly greater than that in
the 5-FU group. Besides, early and late cell apoptosis were
also tested by flow cytometry. As shown in Figure 2B, the
apoptosis rates of zeaxanthin and 5-FU treated cells were
56.36% and 42.67% after 24 h of treatment, respectively.
As shown in Figure 2C, zeaxanthin significantly reduced
the mitochondrial membrane potential (MMP). In addition,
related apoptotic proteins were studied by Western blot
analysis. As shown in Figure 2D, the expression levels
of Bax, Cytochrome C, cle-cas-3, and cle-PARP increased,
while the expression levels of Bcl-2, pro-cas-3, and pro-
PARP proteins significantly decreased. The results indicate
that zeaxanthin could induce apoptosis through the mito-
chondrial pathway.

Zeaxanthin Activates MAPK Signaling
Pathways in AGS Cells

As shown in Figure 3, under zeaxanthin treatment, protein
expression levels of phosphorylated p38, JNK, and I-xB
increased as the treatment time increased, while protein
expression levels of phosphorylated ERK, STAT3, and
NF-kB decreased. As shown in Figure 4A, compared
with the untreated group, the protein expression levels of

p-ERK, p-STAT3, NF-kB, Bcl-2, and pro-cas-3 in the
zeaxanthin group were significantly reduced, while the
protein expression levels of I-kB and cle-cas-3 were sig-
nificantly increased. Compared with the zeaxanthin group,
the protein expression levels of p-ERK, p-STAT3, NF-kB,
and Bcl-2 in the zeaxanthin and FR180204 groups were
significantly reduced, while the protein expression levels
of I-xB, pro-cas-3, and cle-cas-3 were significantly
increased. Compared with the untreated group, the protein
expression levels of p-ERK, p-STAT3, NF-«B, Bcl-2,
I-xB, and pro-cas-3 in the FR180204 groups were signifi-
cantly reduced, while the protein expression level of cle-
cas-3 significantly increased. As shown in Figure 4B and
C, compared with the untreated group, the protein expres-
sion levels of p-JNK, p-p38, I-kB and cle-cas-3 in the
zeaxanthin group significantly increased, while the protein
expression levels of p-STAT3, NF-«xB, Bcl-2, and pro-cas-
3 significantly reduced. Compared with the zeaxanthin
group, the protein expression levels of p-JNK, I-xB, Bcl-
2, and cle-cas-3 in the zeaxanthin and SP600125 groups
significantly reduced, while the protein expression levels
of p-STAT3, NF-«B, and pro-cas-3 significantly increased.
Compared with the zeaxanthin group, the protein expres-
sion levels of p-p38, I-kB, Bcl-2, and cle-cas-3 in the
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Figure 2 Apoptotic effect of zeaxanthin on AGS cells. (A) AGS cells were treated with |7 uM zeaxanthin for 3, 6, 12, and 24 h and incubated with Hoechst 33342/PI. The
fluorescence intensities and morphological changes in cells were observed under a fluorescence microscope (original magnification, X200). (B) AGS cells were stained with
Annexin V-FITC/PI solution and analysed by flow cytometry. (C) AGS cells were stained with JC-| reagent and analysed by flow cytometry. (D) The protein expression levels
were measured by Western blot analysis following treatment of AGS cells with zeaxanthin; o-tubulin was used as an internal control. *p < 0.05, *p < 0.01, **p < 0.001 vs 0 h.
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Figure 3 Zeaxanthin induces AGS cell apoptosis through the MAPK, STAT3, and NF-«B signaling pathways. AGS cells were treated with zeaxanthin for 3, 6, 12, and 24 h.
The expression levels of p-ERK, p-JNK, p-p38, p-STAT3, NF-kB, and I-kB were analysed by Western blot; a-tubulin was used as an internal control. *p < 0.05, **p < 0.01,

#kp < 0,001 vs 0 h.

zeaxanthin and SB203580 groups significantly reduced,
while the protein expression levels of p-STAT3, NF-kB,
and pro-cas-3 significantly increased. Compared with the
untreated group, the protein expression levels of I-kB, Bcl-
2, and cle-cas-3 in the SP600125 group significantly
reduced, while the protein expression levels of p-JNK,
p-STAT3, NF-kB, and pro-cas-3 significantly increased.
Compared with the untreated group, the protein expression
levels of NF-«B, I-xB, Bcl-2, and cle-cas-3 in the
SB203580 group significantly reduced, while the protein
expression levels of p-p38, p-STAT3, and pro-cas-3 sig-
nificantly increased.

Zeaxanthin Induces ROS Generation in
AGS Cells

As shown in Figure 5A, under the action of zeaxanthin, the
GES-1 intracellular ROS level decreased from 49.43% to
32.03% as the treatment time increased. As shown in
Figure 5B, under the action of zeaxanthin, the AGS intra-
cellular ROS level increased from 50.78% to 78.63% as
the treatment time increased. As shown in Figure 5C,
under the action of zeaxanthin, the AGS intracellular
ROS level increased from 51.96% to 82.25% as concen-
tration increased. However, after the addition of NAC

(ROS inhibitor), the ROS content in the cells was sup-
pressed (Figure 5D). To further explore the role of ROS in
apoptosis, Western blot analysis was performed on the
cells after the addition of NAC. As shown in Figure 5E,
compared with the untreated group, the protein expression
levels of p-ERK, p-STAT3, NF-«B, pro-cas-3 and pro-
PARP in the zeaxanthin groups significantly reduced,
while the protein expression levels of p-p38, p-JNK,
I-xB, cle-cas-3, and cle-PARP significantly increased.

Zeaxanthin Induces Cell Cycle Arrest in
AGS Cells

As shown in Figure 6A, zeaxanthin arrested AGS cells at the
G2/M phase, and the cell distribution increased from 24.28%
to 37.00%. As shown in Figure 6B, the protein expression
levels of p-AKT, CDKI1/2, Cyclin A, and Cyclin Bl
decreased, while the protein expression levels of p21 and
p27 increased. To further explore the role of ROS in the cell
cycle, Western blot analysis was performed on the cells after
the addition of NAC. As shown in Figure 6C, Compared with
the untreated group, the protein expression levels of p-AKT,
CDK1/2, Cyclin A, and Cyclin B1 in the zeaxanthin group
significantly reduced, while the protein expression levels of
p21 and p27 significantly increased. Compared with the
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zeaxanthin group, the protein expression levels of p-AKT,
CDK1/2, Cyclin A, and Cyclin Bl in the zeaxanthin and
NAC groups significantly increased, while the protein
expression levels of p21 and p27 significantly reduced.

There was no significant difference in protein expression

levels between the untreated group and the NAC group.
Taken together, these results indicate that zeaxanthin regu-
lates MAPK, AKT, STAT3 and NF-KB signaling pathways
by mediating ROS levels in AGS cells, and induces G2/M
cell cycle arrest and apoptosis (Figure 7).
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0.01, ***p < 0.001 vs the NAC + zeaxanthin group.

Discussion
Zeaxanthin, a carotenoid, has potential anticancer effects.?’
The results of CCK-8 analysis show that zeaxanthin

effectively kills human gastric cancer cells and has low
toxicity in normal human cells compared with that of 5-
FU. Out of 12 human gastric cancer cell lines, AGS cells
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were the most sensitive to zeaxanthin, with an ICs, value of
17 uM. Based on the results of CCK-8 analysis, the signal
transduction pathways of zeaxanthin and the production of
ROS in human gastric cancer cells were further studied.

Previous studies have shown that the two main apoptotic
pathways of cells are the death receptor pathway and the
mitochondrial-related pathway.”® In the presence of high
concentrations of ROS, MMP decreases, cytochrome C is
released and transferred to the cytoplasm, related apoptotic
factors (such as Bax protein) are regulated, and the caspase
cascade is initiated.>*>® PARP is a DNA repair enzyme.
Under the action of caspase-3, PARP is cleaved and loses
its enzymatic activity, thereby accelerating cell instability.’’
The present study revealed that under the action of zeax-
anthin, the expression levels of cytochrome C protein and the
pro-apoptotic protein Bax increased, while the expression
levels of the anti-apoptotic protein Bcl-2 decreased. In addi-
tion, cle-cas-3 and cle-PARP protein expression levels
increased significantly after zeaxanthin treatment. These
results indicate that zeaxanthin promotes cell apoptosis
through the mitochondrial pathway.

The regulation of intracellular ROS is an important factor in
apoptosis. Increased intracellular ROS levels can induce apop-
tosis by regulating the MAPK pathway.** *° After consulting a
large amount of literature, we found that zeaxanthin can indeed
reduce the formation of ROS in normal cells, but it can also

induce the generation of ROS in cancer cells.*'* Therefore,
we detected the ROS content in human normal GES-1 cells and
human gastric cancer AGS cells after zeaxanthin. The results
show that zeaxanthin can effectively inhibit the level of ROS in
GES-1 cells and induce an increase in the level of ROS in AGS
cells. The inhibitory effect of zeaxanthin on ROS in normal
cells is consistent with other reports. Zeaxanthin induces the
production of ROS when it acts on gastric cancer cells, which is
contrary to the results of normal cells. This may be the result of
different signal pathways and will be studied in the future. In
addition, NAC inhibited the increase in reactive oxygen con-
tent, but when zeaxanthin and NAC acted upon AGS cells at
the same time, the intracellular reactive oxygen content
increased. MAPKSs, including ERK, JNK, and p38, are involved
in cell proliferation, differentiation, or apoptosis, depending on
cell type and stimulation.** Studies have shown that ROS
mediates apoptosis of human melanoma A375 cells through
the MAPK pathways.* In addition, our results revealed that the
protein expression levels of p-STAT3 and NF-kB changed after
the treatment of cells with FR180204, SP600125, and
SB203580 inhibitors. In other words, zeaxanthin can regulate
the MAPK, NF-kB, and STAT3 pathways by regulating intra-
cellular ROS, thereby inducing cell apoptosis.

Cancer cells proliferate after receiving mitotic signals. If
cells are blocked at a certain stage of the proliferation cycle,
their proliferation is inhibited. The cell cycle is divided as the
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GO/G1 phase, S phase, and G2/M phase. In the present study,
flow cytometry was used to investigate the cell blocking effect
of zeaxanthin in the G2/M phase of AGS cells. In a previous
study, it was found that astaxanthin, a carotenoid, induces G2/
M cell cycle arrest by downregulating the expression level of
Cyclin B1.* This is consistent with our results when further
verified by Western blot analysis. Studies have shown that p27
and p21 proteins significantly increase in a time-dependent
manner, while p-AKT, CDK1/2, Cyclin A, and Cyclin Bl
significantly decrease. With the addition of NAC inhibitors,
the increase in p27 and p21 protein expression levels and the
decrease of p-AKT, CDK1/2, Cyclin A, and CynlinB1 protein
expression levels was suppressed. This indicates that as the
ROS content increases, the AKT pathway blocks cells at the
G2/M phase and causes apoptosis under the regulation of ROS.

Conclusion

Zeaxanthin induces G2/M cell cycle arrest and induces apop-
tosis in AGS cells by up-regulating intracellular ROS levels,
and regulating the MAPK, AKT, STAT3, and NF-KB signaling
pathways. Zeaxanthin, a natural medicine, is expected to be
useful for the treatment of gastric cancer.
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