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Abstract

Background: Currently, the prognosis of patients with non-small cell lung cancer (NSCLC) remains dismal; hence, it
is critical to identify effective anti-NSCLC agents with limited side effects. This study aimed to evaluate the therapeutic
potential of flavonoid compound vitexin in human NSCLC cells and the underlying mechanisms.

Results: The experimental results indicated that vitexin reduced the viability of A549 cells in a dose-dependent
manner with nearly no toxicity against normal human bronchial epithelial 16HBE cells. Vitexin also dose-dependently
increased A549 cell apoptosis, accompanied by the decreased Bcl-2/Bax ratio and the increased expression of cleaved
caspase-3. Moreover, the in vivo anticancer activity of vitexin was further determined in nude mice bearing A549
cells. In addition, vitexin induced the release of cytochrome ¢ from the mitochondria to the cytosol and the loss of
mitochondrial membrane potential. Vitexin also significantly reduced the levels of p-PI3K, p-Akt and p-mTOR, and the
pro-apoptotic effect of vitexin on A549 cells was partly blocked by SC79, an Akt activator.

Conclusions: Accordingly, we believed that vitexin could be used as a potential therapeutic agent for the treatment

of NSCLC in the future.
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Introduction

Lung cancer is the leading cause of cancer-related mor-
tality in China [1]. There are two major types of lung
cancer: small cell lung cancer (SCLC) and non-small
cell lung cancer (NSCLC). NSCLC accounts for approxi-
mately 85% of all lung cancer cases [2]. The mechanisms
underlying the pathogenesis of NSCLC are complicated.
Conventional therapeutic options for NSCLC in clinics
include chemotherapy and surgery, but these methods
exert limited effects for patients with advanced NSCLC
[3]. Undoubtedly, it is of critical importance to identify
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novel therapeutic agents for the treatment of this fatal
malignancy.

Recently, natural products, especially plant-derived
compounds, have attracted the attention of many
researchers for their potential antitumor properties.
Among them, vitexin (apigenin-8-C-D-glucopyranoside;
Fig. 1a), a naturally-derived flavonoid compound found in
the traditional Chinese herb Crataegus pinnatifida (haw-
thorn) [4], has shown anti-tumor efficacy against a wide
variety of human cancers, including leukemia [5], hepa-
tocellular carcinoma [6] and glioblastoma [7]. Therefore,
the objectives of the present study were to characterize
the anti-NSCLC role of vitexin both in vitro and in vivo,
and to clarify the underlying molecular mechanisms.
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Fig. 1 Vitexin reduces viability in A549 cells. a The chemical structure of vitexin. b The viability of A549 cells following 48 h of vitexin treatment was
detected by MTT assay. ¢ The viability of 16HBE cells following 48 h of vitexin treatment was detected by MTT assay. d The cellular injury of A549
cells following 48 h of vitexin treatment was detected by LDH release assay. *P < 0.05 versus vehicle-treated cells

Materials and methods assay. In brief, cells were seeded into 96-well plates at
Cell culture and treatment a density of 5 x 10% cells per well. Following treatment
NSCLC cell line (A549) and normal human bronchial with different doses of vitexin for 48 h, 20 pul MTT
epithelial cell line (16HBE) were purchased from the (5 mg/ml; Sigma-Aldrich) was added to each well, and
Cell Bank of the Chinese Academy of Science (Shanghai, the cells were incubated for additional 4 h at 37 °C.
China). These cells were cultured in RPMI 1640 medium Formazan cyrstals that formed in living cells was dis-
(Invitrogen, Carlsbad, CA, USA) containing 10% fetal solved in 150 pl of DMSO, and the absorbance of the
bovine serum (FBS; Invitrogen), 100 U/ml penicillin and  plate was then read with a microplate reader (Dynex,
100 pg/ml streptomycin in a humidified atmosphere of  Chantilly, VA, USA) at 490 nm.
5% CO, in air.

After attaining 90% confluency in plates, cells were
treated with vehicle (0.1% DMSO) or vitexin (Sigma-  LDH release assay
Aldrich, St. Louis, MO, USA) at doses of 10, 20, and  Cell injury was determined based on lactate dehydroge-
40 puM for 48 h. To activate Akt, 1 h before vitexin expo- nase (LDH) leakage into the culture medium from cells
sure, the cells were pretreated with 5 uM of Akt activator,  using an LDH assay kit (Jiancheng, Nanjing, China) [8].

SC79 (Sigma-Aldrich). Following vitexin treatment for 48 h, 100 pl of working
solution was added to each well and the plate was incu-
MTT assay bated for additional 30 min. Then 50 pl stop solution

Cell viability was monitored by 3-(4,5-dimethylthiazol-  was added to each well, and the absorbance of all sam-
2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) ples was detected at 490 nm with a microplate reader.
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Cell apoptosis analysis

Cell apoptosis was determined using an Annexin
V-FITC/PI apoptosis detection kit (BestBio, Shanghai,
China). In brief, cells were harvested after 48 h of the
aforementioned treatment by trypsinization and then
double stained with Annexin V-FITC and propidium
iodide (PI) for 30 min in the dark. The samples were
then analyzed using a FACSCaliber flow cytometer (BD
Biosciences).

Measurement of mitochondrial membrane potential

The mitochondrial membrane potential (MMP) of cells
was determined by the classical JC-1 staining method [9].
Briefly, following vitexin treatment, cells were harvested,
washed with PBS twice and then incubated with 500 ul
JC-1 staining solution (5 pg/ml) for 20 min at 37 °C in
darkness. Next, the cells were suspended with trypsin,
and analyzed using a flow cytometer.

Western blot analysis

Total protein was extracted using radioimmunopre-
cipitation assay (RIPA) lysis buffer (Beyotime, Shanghai,
China). For detection of cytochrome c, the mitochondrial
and cytosolic fractions were prepared using the Mito-
chondria/Cytosol Fractionation kit (Abcam, Cambridge,
MA, USA). Equal amount of protein for each sample
was separated by SDS—polyacrylamide gels and then
electro-transferred to polyvinylidene fluoride (PVDF)
membranes (Millipore, Bedford, MA, USA). After being
blocked in 5% non-fat dried milk in PBS with Tween-
20, the membranes were incubated overnight at 4 °C
with specific primary antibodies against Bcl-2 (1:1000;
Abcam), Bax (1:1000; Abcam), caspase-3 (1:1000;
Abcam), cytochrome ¢ (1:1500; Abcam), p-PI3K (1:1000;
Cell Signaling Technology, Danvers, MA, USA), PI3K
(1:1000; Cell Signaling Technology), p-Akt (1:1000; Cell
Signaling Technology), Akt (1:1000; Cell Signaling Tech-
nology), p-mTOR (1:1000; Cell Signaling Technology),
mTOR (1:1000; Cell Signaling Technology), GAPDH
(1:500; Santa Cruz Biotechnology, Inc., Dallas, TX, USA)
and COX IV (1:1000; Abcam), followed by incubation
with HRP-conjugated secondary antibody at room tem-
perature for 1h. Then the proteins were detected using
an enhanced chemiluminescence kit (Amersham Bio-
sciences, Piscataway, NJ, USA). The results were normal-
ized to GAPDH or COX IV.

Tumor formation assay

Fifteen male athymic BALB/c nude mice aged 5-6 weeks
were purchased from Shanghai Laboratory Animals
Center (Shanghai, China) and maintained under SPF
conditions. 2x10° A549 cells were subcutaneously
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injected into a single side of the posterior flank of nude
mice. Tumor volume was measured using a caliper
every 3 days and calculated as follows: Tumor volume
(mm?) =length x width?/2. When the tumor size reached
approximately 100 mm?, the mice were randomized
into three groups (five mice/group). The mice in low
dose group and high dose group were treated daily for
4 weeks by intraperitoneal injection with 1 mg/kg and
2 mg/kg vitexin, respectively, and the mice in control
group received 0.1% DMSO. At the end of the study (Day
19), the tumors were excised and weighed. All animal
handling and procedures were approved by the Ethics
Committee of Affiliated Cancer Hospital of Zhengzhou
University (Zhengzhou, China). All necessary steps were
taken to minimize suffering of the mice.

Statistical analysis

All statistical analyses were performed using Graph-
Pad Prism 6.0 software (GraphPad Software Inc., La
Jolla, CA, USA). All experimental data are shown as the
mean =+ standard deviation (SD) and analyzed using one-
way analysis of variance (ANOVA) and Dunnett’s post
hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

Vitexin reduces viability in A549 cells

First, A549 cells were treated with different doses of
vitexin, and the inhibitory effect of vitexin on cell viability
was estimated by MTT assay. As demonstrated in Fig. 1b,
exposure of A549 cells to vitexin for 48 h led to a dose-
dependent reduction in cell viability. However, vitexin
exerts nearly no toxicity against normal human bronchial
epithelial 16HBE cells (Fig. 1c). In addition, we also found
that vitexin treatment remarkably increased the LDH
leakage of A549 cells (Fig. 1d).

Vitexin induces apoptosis in A549 cells

To determine whether vitexin exert a pro-apoptotic effect
on NSCLC cells, flow cytometry analysis via Annexin V/
PI staining was performed. As shown in Fig. 2a, vitexin
treatment dose-dependently increased the number of
Annexin V-positive A549 cells. Next, we investigated the
expression levels of several apoptosis-associated proteins
by western blot analysis, and the results indicated that
vitexin treatment led to the downregultion of Bcl-2/Bax
ratio and upregulation of cleaved caspase-3 in A549 cells
(Fig. 2b).

Vitexin inhibits NSCLC tumor growth in vivo

We also analyzed the anti-NSCLC potential of vitexin
in vivo. We confirmed that all mice developed xeno-
graft tumors at the injection sites, and as shown in
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Fig. 2 Vitexin induces apoptosis in A549 cells. a The apoptosis of A549 cells following 48 h of vitexin treatment was detected by Annexin V-FITC/
Pl double staining. b The expression levels of apoptotic-related proteins in A549 cells following 48 h of vitexin treatment were detected by western

blot analysis. *P < 0.05 versus vehicle-treated cells
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Fig. 3 Vitexin inhibits NSCLC tumor growth in vivo. a Tumor volume was measured every 3 days and the growth curves were plotted. b On Day 19,
the tumors were excised and weighted. ¢ The expression levels of apoptotic-related proteins in the tumor tissues were detected by western blot
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Fig. 3a, vitexin treatment led to significant inhibition of
NSCLC tumor growth. The average weight of tumors
was also significantly reduced following vitexin treat-
ment (Fig. 3b). Moreover, we found that Bcl-2 expression
was decreased, whereas the expression levels of Bax and
cleaved caspase-3 were increased in the tumor tissues of
vitexin-treated mice (Fig. 3c).

Vitexin induces mitochondrial dysfunction in A549 cells

It is well known that mitochondria play important roles
the regulation of cell apoptosis. The results of JC-1 stain-
ing indicated that vitexin exposure enhanced the loss
of MMP in A549 cells (Fig. 4a). We also observed that
vitexin exposure significantly reduced the levels of mito-
chondrial cytochrome c and increased the levels of cyto-
plasmic cytochrome c in A549 cells (Fig. 4b).

Vitexin inactivates PI3K/Akt/mTOR signaling

Targeting PI3K/Akt/mTOR signaling is a promising
approach for the treatment of NSCLC [10]. We further
investigated the effect of vitexin on PI3K/Akt/mTOR
signaling in NSCLC cells. The results of western blot
analysis demonstrated that vitexin treatment dose-
dependently reduced the levels of p-PI3K, p-Akt and
p-mTOR in A549 cells (Fig. 5a). Additionally, as demon-
strated in Fig. 5b, the apoptosis-inducing role of vitexin
in A549 cells was also significantly blocked by pretreat-
ment with 5 uM of Akt activator, SC79.

Discussion

Currently, chemotherapy remains the major therapeu-
tic option for NSCLC patients [11]; however, anticancer
agents often have harmful side effects. Major progress
has been made in identifying novel anti-NSCLC agents
with low toxicity. Vitexin possesses potential antitumor
activities against many human cancers. For example,
vitexin could inhibit esophageal cancer cell growth and
induce apoptosis [12]. In the present study, we found
that vitexin treatment reduced the viability of A549 cells
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in vitro, accompanied by an increase in LDH release due
to cell membrane damage. In addition, administration of
vitexin also inhibited the NSCLC tumor growth in vivo.
Hence, the anti-NSCLC potential of vitexin was clearly
indicated.

Apoptosis is an evolutionary conserved program of cell
death, and activation of apoptotic pathways is an impor-
tant anti-cancer strategy [13]. The Bcl-2 family proteins,
including pro-apoptotic Bax and anti-apoptotic Bcl-2,
play important roles in the regulation of apoptosis and
tumorigenesis [14]. Mitochondrion is an important orga-
nelle involved in cell death [15], and loss of MMP can
induce the release of pro-apoptotic molecules. Our find-
ings demonstrated that vitexin reduced the Bcl-2/Bax
ratio and caused the release of cytochrome ¢ from mito-
chondria to cytosol, which further led to the cleavage of
caspase-3, an executor caspase, in A549 cells. Therefore,
we considered that vitexin induces A549 cell apoptosis,
in part, through mitochondria-dependent pathway.

The PIBK/AKT/mTOR signaling is one of the most
important intracellular pathways, which serve a critical
regulatory role in a number of key cancerous behaviors
[16, 17]. Over-activation of this signaling is observed in
NSCLC and many others. Drugs that target PI3K/Akt/
mTOR signaling have the potential to induce apopto-
sis in NSCLC cells [18]. In this study, we observed that
treatment of A549 cells with vitexin reduced the levels of
p-PI3K, p-Akt and p-mTOR, and more importantly, pre-
treatment with Akt activator, SC79, effectively blocked
vitexin-induced A549 cell apoptosis. These results sug-
gested that vitexin induces apoptosis partly through sup-
pressing PI3K/Akt/mTOR signaling in A549 cells.

Conclusion

Taken together, by performing in vitro and in vivo
experiments, our study might be the first to show that
vitexin treatment impairs the viability and induces the
apoptosis of A549 cells partly through mitochondrial
pathway and PI3K/Akt/mTOR signaling. Although
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Fig. 4 Vitexin induces mitochondrial dysfunction in A549 cells. a The loss of MMP in A549 cells following 48 h of vitexin treatment was detected by
JC-1 staining. b The expression levels of cytochrome ¢ in the mitochondrial and cytosolic fractions of A549 cells following 48 h of vitexin treatment
were detected by western blot analysis. *P < 0.05 versus vehicle-treated cells
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more experiments are required, based on the findings
of our study, vitexin might be an innovatively effective
agent in the treatment of NSCLC.
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polyvinylidene fluoride; SD: standard deviation.
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