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Naringenin inhibits migration of lung cancer cells via the
inhibition of matrix metalloproteinases-2 and -9
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Abstract. Lung cancer is among the most common causes
of cancer-related mortality. It has a high mortality rate and
resistance to chemotherapy due to its high metastatic poten-
tial. Naringenin, a bioactive compound identified in several
fruits, displays anti-inflammatory and antitumor effects.
Furthermore, naringenin mitigates the migration of several
human cancer cell types. However, the effects of naringenin
on lung cancer remain unclear. The current study investigated
the mechanisms of naringenin on the migration of lung cancer
A549 cells. The results indicate that significant alteration in
A549 cell proliferation was observed in response to narin-
genin (0-300 yM) treatment for 24 and 48 h. Furthermore,
a dose-dependent migration inhibition of A549 in the pres-
ence of naringenin was observed by healing and transwell
migration assays. In addition, a zymography assay revealed
that naringenin exhibited a concentration-dependent inhibi-
tion of matrix metalloproteinase (MMP)-2 and -9 activities.
Furthermore, naringenin also inhibited the activities of AKT
in a dose-dependent manner. These observations indicated
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that naringenin inhibited the migration of lung cancer A549
cells through several mechanisms, including the inhibition of
AKT activities and reduction of MMP-2 and -9 activities.

Introduction

Chemoprevention is the administration of natural products
or synthetic compounds to inhibit tumorigenesis, trigger
apoptosis, or both, in tumor cells (1). However, natural chemo-
preventive agents, which include polyphenols, alkaloids,
carotenoids, and nitrogen compounds, have little or no toxicity
in normal cells (1). Flavonoids are compounds isolated from a
wide range of dietary foods, including vegetables, fruit, wine
and tea, and have received a attention due to their chemo-
preventive and chemotherapeutic activities (2). It has been
revealed that flavonoids may exhibit antitumor activity against
several human cancer types (2). For example, butein inhibits
the migration and invasion of bladder cancer cells by reducing
the expression of extracellular signal-regulated kinase 1/2 and
its activities (3). In addition, butein has been found to elevate
reactive oxygen species (ROS) levels and trigger apoptosis
in neuroblastoma (4) and breast cancer cells (5,6). Moreover,
shikonin induces apoptosis in osteosarcoma cells via the
generation of ROS (7). In addition, shikonin triggers necrosis
and apoptosis in gastric cancer cells (8). Furthermore, a bioac-
tive compound isolated from citrus called naringenin has been
revealed to trigger apoptosis and inhibit migration in cancer
cells (9). Treatment with naringenin resulted in apoptosis by
activation of the p38 mitogen-activated protein kinase and
caspase 3 pathway in cancer cells that expressed estrogen
receptor a or b (10). In addition, exposure to naringenin
disrupted the mitochondrial membrane potential, decreased
AKT activities, activated the caspase cascade and eventually
triggered apoptosis in HTP-1 human leukemia cells (11).
Similarly, naringenin caused mitochondrial dysfunction,
increased the Bax/Bcl-2 ratio and as a consequence induced
apoptosis in HepG2 hepatocellular cells (12). Co-treatment
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with naringenin enhanced the cytotoxic effects of tamoxifen in
breast cancer cells (13). Similarly, naringenin increased tumor
necrosis factor-related apoptosis-inducing ligand-induced
apoptosis by elevating death receptor 5 expression in A549
lung cancer cells (14).

Lung cancer is one of the leading causes of cancer-related
mortality worldwide (15). The high mortality rate of lung
cancer is due to diagnostic difficulties and a high potential to
metastasize (16). Thus, to improve the clinical outcome, novel
agents for the inhibition of metastasis in lung cancer cells
without affecting normal cells are urgently required. To the
best of our knowledge the present study is the first to reveal the
molecular mechanisms underlying the effects of naringenin on
the migration of A549 lung cancer cells.

Materials and methods

Materials. RPMI, fetal bovine serum (FBS), penicillin and
streptomycin were purchased from Invitrogen (Thermo Fisher
Scientific, Inc., Waltham, MA, USA). Chemicals including
naringenin, isopropanol, Triton X-100, polyacrylamide,
Coomassie brilliant blue gelatin and Giemsa were obtained
from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany).

Cell culture. Human A549 lung cancer cells were purchased
from American Type Culture Collection (Manassas, VA,
USA) and maintained in RPMI supplemented with 10% FBS,
100 U/ml penicillin and 100 pg/ml streptomycin. The cell line
was grown at 37°C under a humidified atmosphere with 5%
CO, to 80-90% confluence.

MTT assay. The A549 cells were seeded in 24-well plates at
a density of 2x10*/ml and were treated with 0, 25, 50, 100,
200 and 300 M naringenin for 24 and 48 h. Following
the treatment, the cells were incubated with fresh medium
containing 5.0 g/l MTT, and incubated at 37°C for an addi-
tional 2 h. After washing with PBS, the sediments were
dissolved in 1 ml isopropanol and the absorbance at 563 nm
was determined. The relative viability rate was determined
based on the absorbance at 563 nm of each sediment compared
with vehicle-treated groups.

Western blot analysis. Naringenin-treated A549 cells were
lysed in 150 ul RIPA lysis buffer (Thermo Fisher Scientific,
Inc.). The lysates were centrifuged at 14,000 x g for 10 min and
the supernatants were collected. A Bio-Rad Protein assay kit
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to
determine the protein concentration. A total of 50 ug protein
per lane was separated using 10% polyacrylamide gel elec-
trophoresis and transferred onto a nitrocellulose membrane
(Merck Millipore). The membrane was blocked with PBS
with 0.5% non-fat milk for 1 h at room temperature. After
washing with PBS containing 0.1% Tween-20 (PBST), the
membrane was incubated with phospho-AKT (1:500 dilution;
cat. no. sc-16646; Santa Cruz Biotechnology, Inc., Dallas,
TX, USA), total-AKT (1:500 dilution; cat. no. sc-8312; Santa
Cruz Biotechnology, Inc.) or B-actin (1:1,000 dilution; cat.
no. sc-47778; Santa Cruz Biotechnology, Inc.) primary anti-
bodies at 4°C overnight. The membrane was then washed with
PBST and reacted with horseradish peroxidase-conjugated
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secondary antibody (1:5,000 dilution; sc-2005; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) at room temperature
for 1 h. Following extensivel washing with PBST, the posi-
tive signal was determined by enhanced chemiluminescence
(GE Healthcare Life Sciences, Chalfont, UK) and [-actin
expression was used as an internal control. The results were
quantified using Fujifilm Multi Gauge version 3.0 software
(Fujifilm, Tokyo, Japan).

Wound healing assay. For the wound healing assays, cells
were seeded at a density of 1x10%ml. A wound was created
by scraping the cell monolayer with a sterilized tip. After
removing the detached cells, the cells were treated with the
indicated concentration of naringenin for 24 or 48 h. The
migrations were counted by detecting the cell numbers in the
cell-free regions. The value is represented the as mean + stan-
dard deviation of three independent experiments.

Gelatin zymography assay. Cells were incubated in
serum-free medium and treated with the indicated naringenin
concentration for 24 h. Conditional medium was obtained and
separated using 8% sodium dodecyl sulfate-polyacrylamide
gel containing 0.1% gelatin. The gel was washed with washing
buffer (2.5% Triton X-100) twice with gentle agitation at room
temperature for 30 min and incubated with reaction buffer
[40 mM Tris-HCI (pH 8.0), 10 mM CacCl,, 0.01% NaNj] for
12 h at 37°C. The gel was then stained with Coomassie bril-
liant blue R250. The degraded zones represented the matrix
metalloproteinase (MMP)-2 and -9 activities.

Migration assay. Cells were treated with different
concentrations of naringenin for 24 h and seeded at a density of
5x10°/ml in the upper chamber of the 48-well Boyden chamber
(Merck Millipore). The lower chamber contained 20% FBS.
Next, the chamber was incubated at 37°C for 24 h and the cells
that migrated to the lower surface of the membrane were fixed
in methanol for 10 min and stained with 10% Giemsa for 1 h.

Reverse transcription-polymerase chain reaction (RT-PCR).
AS549 cells were treated with various concentrations of
naringenin for 24 h. Total RNA was extracted using TRIzol
reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according
to the manufacturer's protocol. Total RNA (3 ug) was reverse
transcribed to first strand cDNA using a Script Reverse
Transcription System (Promega Corporation, Madison, WI,
USA). Primers (Protech Technology Corporation, Taipei,
Taiwan) for MMP-2 and -9 were designed as MMP-2 forward:
5'-CTCAGATCCGTGGTGAGATCT-3' and reverse: 5'-CTT
TGGTTCTCCAGCTTCAGG-3'. MMP-9 forward: 5-ATC
CAGTTTGGTGTCGCGGAGC-3' and reverse: 5'-GAAGGG
GAAGACGCACAGCT-3". PCR was performed in a 10 ml
reaction volume contained 0.5 units DreamTaq polymerase
(Thermo Fisher Scientific, Inc.), 1 ul reaction buffer (Thermo
Fisher Scientific, Inc.), 1 ul cDNA, 0.1 M forward and reverse
primer, 0.2 mM dNTP and 4.9 ul water. The PCR conditions
were the following: 35 cycles of denaturation at 94°C for 1 min,
annealing at 60°C for 1 min and polymerization at 72°C for
1 min. The PCR fragments were separated using a 2% agarose
gel and stained with ethidium bromide and [-actin was used
as an internal control.
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Figure 1. Effects of naringenin on the cell viability of lung A549 cells. A549
cells were treated with 0, 25, 50, 100, 200 and 300 M naringenin for 24 or
48 h. The cell viability was then measured using an MTT assay. Data are

presented as the mean + standard deviation obtained from at least three
independent experiments.

Statistical analysis.Dataare represented as the mean + standard
deviation of three independent experiments and were evalu-
ated by Student's t-test using SPSS 14.0 software (SPSS, Inc.,
Chicago, IL, USA). P<0.05 was used to indicate a statistically
significant difference.

Results

Naringenin has no effect on the proliferation of A549 lung
cancer cells. To address whether naringenin affected the prolif-
eration of lung cancer cells, we have treated A549 cells were
treated with different concentrations of naringenin. As shown
in Fig. 1, the cell viability was 100, 97.54+6.21, 99.36+4.95,
94.25+5.88, 96.13+3.60 and 90.39+11.06% in the presence
of 0, 25, 50, 100, 200 and 300 M naringenin for 24 h and
100, 101.26+2.77, 106.26+7.41, 99.70+4.77, 92.12+14.24 and
87.09+17.29% for 48 h, respectively. The results indicated that
naringenin did not influence the proliferation of lung cancer
A549 cells.

Naringenin reduces the migration of A549 lung cancer cells.
To investigate the effects of naringenin on the migration of
A549 cells, wound healing and Boyden chamber assays
were performed. Exposure to 100, 200 and 300 mM narin-
genin for 24 h slightly decreased the motility of A549 cells.
Furthermore, treatment with 200 and 300 M naringenin
for 48 h significantly inhibited the migration of A549 cells
and as a consequence reduced the cell number in the wound
zones compared with vehicle-treated group (Fig. 2). To further
confirm the inhibitory effects of migration of naringenin on
A549 cells, a Boyden chamber assay was conducted. As shown
in Fig. 3, in the presence of naringenin, the migration of A549
cells was significantly lower than in the vesicle-treated group.

Naringenin significantly inhibits MMP-2 and -9 activities.
Degradation of the extracellular matrix by MMPs is impor-
tant in cell migration, and in order to investigate whether
naringenin reduced the MMP-2 and -9 activities, two major
MMPs responsible for cancer migration were studied by
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Figure 2. Naringenin inhibited the cell mobility of A549 cells in a
dose-dependent manner. (A) For the wound healing assay, A549 monolayer
cells were scratched by pipette tips, followed by treatment with the indicated
concentration of naringenin for 24 and 48 h. The images were captured under
a phase contract microscope (magnification, x100). (B) Data are presented
as the mean + standard deviation obtained from at least three independent
experiments. The cell mobility of the control was set to 100%. "P<0.05 vs.
control group.

zymography. Naringenin significantly inhibited MMP-2
and -9 activities in proportion to the treated concentration
(Fig. 4A). To further investigate whether naringenin affected
the expression of MMP-2 and -9, RT-PCR was performed.
As shown in Fig. 4B, no overt alternation of MMP-2 and -9
expression was identified in the cells in response to narin-
genin treatment.

Naringenin inhibits AKT activities. A previous report has
shown that naringenin attenuated AKT activities in bladder
cancer cells. In order to test whether naringenin also inhibited
AKT activities, western blot analysis was performed. The
phosphorylation of the AKT/total AKT ratio was 90.7, 90.0,
81.0, 83.2 and 76.5% when exposed to 25, 50, 100, 200 and
300 #M naringenin compared to the vehicle-treated group
(Fig. 5). Furthermore, no evident alternation of nuclear factor
kappa B (NF-kB) was identified (data not shown).

Discussion

Lung cancer is of high prevalence and mortality worldwide.
Metastasis and drug resistance are the two major functions
contributing to poor survival and prognosis of lung cancer (16).
However, natural products such as naringenin have been shown
to exhibit antiproliferation effects. (12,14) In the present study,
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Figure 3. Naringenin reduced the migration of A549 cells. The cells were treated with different concentrations of naringenin as described in Materials and
methods. (A) Migrated cells were stained with Giemsa and images were captured under a phase contract microscope (magnification, x100). (B) Data are
represented as the mean + standard deviation obtained from at least three independent experiments. The migration of the control was set to 100%. "P<0.05 and
“P<0.001 vs. control group.

A Naringenin (uM)
100

& 2 2

Migration (%) of control
8

A Naringenin (uM)
0 25 50 100 200 300

MMP-9

MMP-2
% s £ 15,
° =
3 1.0 * é 1.04
E 2.5 % 0.54
‘E 0.0 T T T T T = 0.0
= 0 25 50 100 200 300 = 25 50 100 200 300

Naringenin (uM) Naringenin (pM)

B

Naringenin (M)

M 0 25 50 100 200 300

MMP-2

MMP-9

GADPH

Figure 4. Effect of naringenin on the MMP-2/MMP-9 activity and the expression of A549 cells. (A) A549 cells were treated with the indicated concentration
of naringenin for 24 h. Conditional mediums were collected and MMP-2 and -9 activities were determined by gelatin zymography analysis. Lower panel: Data
are presented as the mean + standard deviation obtained from at least three independent experiments. The activity of the control was set to 1. "P<0.05 and
“P<0.001 vs. control group (0 #M naringen). (B) RT-PCR analysis of MMP-2 and -9 expression. A549 cells were treated with naringenin for 24 h and the total
RNA was extracted. The expression of MMP-2 and -9 was detected using a PCR assay using a 100 bp marker (in lane M). MMP, matrix metalloproteinase;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; RT-PCR, reverse transcription-polymerase chain reaction.
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Figure 5. Naringenin attenuated AKT activities of A549 cells. (A) Total cell
lysates obtained from cells were treated with the indicated concentration of
naringenin for 48 h and were subjected to western blot analysis using the
antibody indicated. f-actin was included as an internal control. (B) Data
are presented as the mean + standard deviation obtained from at least three
independent experiments. The ratio of the control was set to 1. "P<0.05 and
“P<0.001 vs. control group. P, phospho; t, total.

the effects of naringenin on cell migration of lung cancer cells
were investigated. The results demonstrated that naringenin
diminished the activities of MMP-2 and -9, inhibited AKT
activity and as a consequence reduced the migration of lung
cancer cells.

During metastasis, tumor cells can secret enzymes,
predominantly MMPs, to degrade the extracellular cell matrix
and to facilitate cancer cell invasion into the blood or lymph
vessels and circulate to other sites (17). Prior results have
shown that elevated MMP-2 and -9 was observed in late stages
of cancer, which could be a prognostic factor in several human
cancers (17). Furthermore, prevention of lung cancer metas-
tasis by inhibition of MMP-2 and/or MMP-9 by bioactive
compounds isolated from plants and herbs has been previously
demonstrated (18,19). Extracts from Antrodia cinnamomea
displayed antimetastatic effects by the supersession of MMP-2
and -9 activities (18,19). Furthermore, fisetin and myricetin
inhibited the nuclear translocation of NF-kB, c-Fos and
c-Jun, decreased the expression and activities of MMP-2 and
urokinase-type plasminogen activator, and eventually attenu-
ated the migration and metastasis of lung A549 cells (20,21).
In line with these observations, naringenin was presently
shown to reduce the activities of MMP-2 and -9 as evidenced
by zymography analysis and then inhibited the migration of
lung A549 cells.

It is well known that the AKT pathway is involved in cell
proliferation and migration. Activation of AKT triggered
the translocation of NF-kB from the cytosol to the nucleus,
then enhanced the expression of MMP-9 (22). However,
it blocked the activities of AKT by wortmannin and also
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suppressed MMP-2 expression (23). Previous reports have
demonstrated that polyphenol isolated from vegetables and
fruits inhibited lung cancer migration through the reduction
of the AKT activity (24,25). Extracts from Ecklonia cava that
were enriched in polyphenol suppress the migration of lung
A549 cells via the downregulation of AKT and MMP-2 activi-
ties (25). In addition, licochalcone A attenuated the migration
of lung A549 cells by the downregulation of the AKT activity
and suppression of the MMP-1 and -3 expression (24). In the
present study, treatment with naringenin reduced the phos-
phorylation of AKT in a dose-dependent manner. In line with
the present observations, Liao ef al (26) demonstrated that
naringenin attenuated the migration of bladder cancer cells via
the inhibition of AKT activities. Overall, naringenin reduced
the activity of AKT and subsequently inhibited the migration
of lung A549 cells.

In summary, the observations of the present study provided
the first evidence that naringenin inhibits lung cancer migration
via the suppression of AKT activity and the downregulation of
MMP-2 and -9.
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