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Ellagic acid promotes A549 cell apoptosis via regulating
the phosphoinositide 3-kinase/protein kinase B pathway
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Abstract. The present study aimed to evaluate the anti-cancer
effect of ellagic acid in human non-small cell lung cancer
(NSCLC) A549 cells and to reveal the potential underlying
mechanism. The effects of ellagic acid on the cell prolif-
eration of A549 cells were determined by MTT assay. Cell
cycle and apoptosis were measured with flow cytometry and
Annexin V-propidium iodide staining. Western blotting was
used to measure the expression levels of the phosphatidylino-
sitol 3-kinase (PI3K)/protein kinas B (Akt) signaling pathway
and apoptosis-associated proteins. It was demonstrated that
ellagic acid exerted an inhibitory effect in the proliferation
of human NSCLC A549 cells. Flow cytometry demonstrated
that G1 phase retention and apoptosis rates were significantly
increased after treatment with ellagic acid. Further investi-
gation revealed that ellagic acid treatment diminished the
phosphorylation of PI3K and Akt and regulated the expression
of apoptosis-associated proteins in A549 cells. In conclusion,
the present results indicated that ellagic acid suppresses cell
proliferation, arrests cell cycle and induces apoptosis in human
NSCLC A549 cells by inhibiting the PI3K/Akt signaling
pathway.

Introduction

According to GLOBOCAN statistics in 2012, lung cancer is
the most diagnosed cancer worldwide (1). As the leading cause
of cancer death, lung cancer accounted for 1.6 million deaths in
2012.Lung cancer includes small cell lung cancer and non-small
cell lung cancer (NSCLC), and the latter accounts for 80-85%
of total lung cancer (2). Although improvements have made in
the diagnosis and treatment of NSCLC in previous decades,
the 5-year survival rate of patients remains <15% (3). In addi-
tion, many current treatments of NSCLC have various adverse
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effects including and easily induce drug-resistance (4,5). For
example, coexisting myasthenia gravis, myositis, and polyneu-
ropathy induced by ipilimumab and nivolumab were exhibited
in a patient with non-small-cell lung cancer (6). Consequently,
exploring new therapeutic agents from Traditional Chinese
Medicine has gained increasing attention.

Dietary polyphenols constitute a large amount of secondary
metabolites and have been widely identified as chemopreven-
tive or anti-cancer agents (7). It has also been documented that
dietary polyphenols exert various biological activities, such
as anti-inflammatory, immunomodulatory and anti-tumor
properties (8-10). Ellagic acid [2,3,7,8-tetrahydroxy-chromeno
(5,4,3-cde) hromene-5,10-dione], a natural polyphenolic
compound, is widely found in grapes, pomegranates, nuts,
strawberries and green tea (11). Accumulating evidence
has suggested an anti-tumor activity of ellagic acid due to
its ability to prevent tumor growth (12,13), inhibit prolif-
eration (14), arrest cell cycle (15), induce apoptosis (16) and
suppress cell metastasis and angiogenesis (13). Furthermore,
previous studies have elucidated that ellagic acid treatment
significantly ameliorated obstructive jaundice-induced lung
damage (17) and acute lung injury (18), which suggests the
pulmonary protective effect of ellagic acid. Despite these
biological activities of ellagic acid, the effects of ellagic acid
on human NSCLC A549 cells remain unclear.

Therefore, the objective of the present study was to inves-
tigate whether ellagic acid could inhibit human NSCLC A549
cells, and to reveal the potential underlying mechanism. It was
demonstrated that ellagic acid may suppress cell proliferation,
arrest cell cycle and induce apoptosis in human NSCLC A549
cells via the suppression of the phosphoinositide 3-kinase
(PI3K)/protein kinase B (Akt) signaling pathway. The present
findings provide evidence that ellagic acid may be developed
as a potential therapy for the treatment of lung cancer.

Materials and methods

Chemicals and reagents. Ellagic acid, dimethylsulfoxide
(DMSO), propidium iodide (PI) and MTT were purchased
from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany).
RPMI-1640 medium, fetal bovine serum (FBS), penicillin and
streptomycin were purchased from Invitrogen; Thermo Fisher
Scientific, Inc. (Waltham, MA, USA). The Annexin V-FITC
Apoptosis Detection kit and Cell cycle detection kit were
obtained from BD Biosciences (Franklin Lakes, NJ, USA).
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Antibodies against phosphorylated (p)-PI3K, PI3K, p-Akt,
Akt, cyclin D1, p21, B cell lymphoma-2 (Bcl-2), Bcl-2 associ-
ated X protein (Bax) and cleaved-Caspase-3 were obtained
from Cell Signaling Technology, Inc. (Danvers, MA, USA).
Anti-GAPDH antibodies were purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA).

Cell culture. The NSCLC line A549 was obtained from
the Shanghai Cell Bank of Chinese Academy of Sciences
(Shanghai, China). A549 cells were maintained in Dulbecco's
modified Eagle's medium (Invitrogen; Thermo Fisher
Scientific, Inc.), supplemented with 10% FBS, 100 U/ml peni-
cillin, and 100 pg/ml streptomycin in a humidified incubator
under 5% CO, at 37°C.

MTT assay. The effect of ellagic acid on the viability of human
NSCLC A549 cells was measured by MTT assay. A total of
1x10* cells/well were cultured in 96-well plates and stimulated
with various concentrations of (5, 10 and 20 M) of ellagic
acid for 48 h at 37°C. Then, the medium was removed, MTT
(100 ul) was added and incubated at 37°C for additional 4 h.
Then 150 ml DMSO was added, and the absorbance was read
at 570 nm with a micro-plate reader (Thermo Fisher Scientific,
Inc.).

Cell cycle assay. To detect the effect of ellagic acid in the cell
cycle, a PI cell cycle analysis kit was used. In brief, human
NSCLC A549 cells (5x10° cells per well) were cultured in
6-well plates and stimulated with various concentrations of
(5, 10 and 20 uM) of ellagic acid for 48 h at 37°C. Cells were
then fixed in 70% ethanol at -20°C for 1 h, and 2 mg/ml RNaseA
and 50 mg/ml PI were added and incubated for 45 min at 37°C.
Stained cells were analyzed using the Guava easyCyte SHT
flow cytometry system (EMD Millipore, Billerica, MA, USA).

Cell apoptosis assay. Huaman NSCLC A549 cells were treated
with various concentrations of ellagic acid (5, 10 and 20 xM) for
48 h at 37°C. Cell apoptosis was assessed using flow cytometry
with staining of the cells using an Annexin V/propidium iodide
(PI) kit (cat. no. 556547, BD Biosciences, Franklin Lakes, NJ,
USA). Cells were incubated with Annexin V-FITC (5 pl) and
PI (5 ul) at room temperature for 30 min in the dark. Then
a flow cytometer (Cytomics FC 500 MPL; Beckman Coulter,
Inc., Brea, CA, USA) was used to measure the apoptosis rates
by detecting the relative amount of Annexin V-FITC positive
and PI negative cells.

Western blotting. After A549 cells were treated with 5, 10,
or 20 uM ellagic acid for 48 h at 37°C, total proteins were
extracted from the A549 cells with radio immunoprecipita-
tion assay lysis buffer (Pierce; Thermo Fisher Scientific,
Inc.). Protein samples were then quantified with a BCA
Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc.).
Protein (25 pg/pore) were separated by 10% SDS-PAGE,
transferred to polyvinylidene difluoride membranes. The
membrane was then blocked overnight with skimmed milk at
4°C. and incubated with antibodies against p-PI3K (1:1,000;
cat. no. 4228), PI3K (1:1,000; cat. no. 4257), p-Akt (1:1,000;
4060), Akt (1:1,000; cat. no. 4685), cyclin D1 (1:1,000; cat.
no. 2978), p21 (1:1,000; cat. no. 2947), Bax (1:1,000; cat.
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Figure 1. MTT assay following ellagic acid treatment. Cell viability was
reduced by ellagic acid treatment in a dose-dependent manner compared
with the control group. Data are presented as the mean + standard devia-
tion (n=3). "P<0.05, “P<0.01, "“P<0.001 vs. control. EAL, low concentration
(5 uM) ellagic acid, EAM, middle concentration (10 M) ellagic acid; EAH,
high concentration (20 xM) ellagic acid.

no. 5023), Bcl-2 (1:1,000; cat. no. 15071), cleaved-caspase-3
(1:1,000; cat. no. 9661) and GAPDH (1:2,000, cat. no. 5174).
After washing with PBST, the membrane was incubated with
horseradish peroxidase-conjugated secondary antibodies
(1:1,000; cat. no. ab191866 and ab218695; Abcam, Cambridge,
UK) and visualized with an enhanced chemiluminescence kit
(Thermo). GAPDH acted as an internal control, and quantified
using the Bio-Rad GS-700 imaging densitometer (Bio-Rad
Laboratories, Inc., Hercules, CA, USA).

Statistical analysis. Data are presented as the means + standard
deviation. The differences between control and treatment
groups were analyzed using one-way analysis of variance
followed by Dunnett's test. P<0.05 was considered to indicate
a statistically significant difference.

Results

Treatment of ellagic acid inhibits cell viability in A549 cells.
Initially, the effects of ellagic acid on viability of A549 cells
were measured by MTT assay. As presented in Fig. 1, the
viability rates were significantly reduced by ellagic acid treat-
ment in a dose-dependent manner, compared with the control
group (5 uM, P<0.05; 10 uM, P<0.01, 20 uM; P<0.001). These
results indicate that ellagic acid significantly inhibited the
viability of human NSCLC A549 cells.

Treatment of ellagic acid induces apoptosis in A549 cells.
The cell cycle between different groups was measured with
PI cell cycle analysis kit, and the relative proportion of A549
cells in the G1 phase was calculated. Fig. 2 demonstrated
that in the control group, the number of cells in G1 phase
were low, whereas, after treatment with ellagic acid for 48 h,
the rates of cells in G1 phase were significantly increased
(P<0.05). Annexin V and PI double staining results in Fig. 3
demonstrated that the ellagic acid-treated groups exhibited
a significantly increased apoptosis rate in comparison with
controls (P<0.01). These observations indicate that the inhibi-
tory effect of ellagic acid on human NSCLC A549 cells may
be due to increased apoptosis.
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Figure 2. Cell cycle in A549 cells. In the control group, the proportion of cells in the G1 phase was low. After treatment with ellagic acid for 48 h, the proportion
of cells in Gl the phase increased significantly compared to control group. Data are presented as the mean + standard deviation (n=3). “P<0.01, "“P<0.001 vs.
control. EAL, low concentration (5 M) ellagic acid; EAM, middle concentration (10 xM) ellagic acid; EAH, high concentration (20 uM) ellagic acid.

Control

EAL

4 {ar a2 4 J01
278% 3.48% 0.651%

az
17.1%

1]
o

PI

Eg .
%é T
%240
o2 *
23
2520
:
3L
o > & >
's) "
ooo‘é g &F &

AnnexinV-FITC

Figure 3. Apoptosis rate in A549 cells. Annexin V and PI double staining results revealed that ellagic acid-treated groups exhibited a significant increase in
apoptosis rate in comparison with controls. Data are presented as the mean + standard deviation (n=3). “P<0.01, ““P<0.001 vs. control. PI, propidium iodide;
EAL, low concentration (5 uM) ellagic acid; EAM, middle concentration (10 M) ellagic acid; EAH, high concentration (20 xM) ellagic acid.

Treatment of ellagic acid suppresses the PI3K/Akt signaling
pathway in A549 cells. The effects of ellagic acid treatment on
the PI3K/Akt signaling pathway in A549 cells were detected
by western blotting. Fig. 4 indicates that, compared with the
control group, the phosphorylation of PI3K and Akt were
significantly downregulated by the treatment of ellagic acid

in a dose-dependent manner (5 uM, P<0.05; 10 uM, P<0.01,
20 uM; P<0.001).

Treatment of ellagic acid regulates apoptosis regulator
protein expression in A549 cells. Finally, the effect of ellagic
acid on expression of apoptosis-related protein in A549 cells
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Figure 4. PI3K/Akt signaling pathway was inhibited in A549. Compared with the control group, the phosphorylation of both (A) PI3K and (B) Akt were
downregulated by the treatment of ellagic acid in a dose-dependent manner. Data are presented as the mean + standard deviation (n=3). "P<0.05, “'P<0.01,
“"P<0.001 vs. control. PI3K, phosphoinositide 3-kinase; Akt, protein kinase B; p, phosphorylated; EAL, low concentration (5 M) ellagic acid; EAM, middle
concentration (10 xM) ellagic acid; EAH, high concentration (20 uM) ellagic acid.

was detected. As presented in Fig. 5, compared with the
control group, ellagic acid stimulation (5, 10 and 20 xM) for
48 h significantly increased p21, Bax and cleaved caspase-3
protein expression in a dose-dependent manner in A549 cells
(5 uM, P<0.05; 10 uM, P<0.01, 20 uM; P<0.001). Conversely,
cyclin DI and Bcl-2 protein levels were significantly down-
regulated after the treatment of ellagic acid (5 M, P<0.05;
10 uM, P<0.01; 20 uM, P<0.001).

Discussion

In the present study, the inhibitory influence of ellagic acid
on the viability of NSCLC A549 cells was investigated. The
data demonstrated that stimulation with ellagic acid for 48 h
significantly inhibited cell viability in a dose-dependent
manner. Additionally, ellagic acid significantly induced cell
apoptosis in human NSCLC A549 cells in a dose-dependent
manner. Ho et al (19) have previously reported that ellagic acid
may inhibit viability and promote apoptosis in human bladder
cancer cells.

Increasing evidence has demonstrated that the PI3K/Akt
signaling pathway is associated with a large number of patho-
physiological processes including cell viability, cell cycle
progression, survival, apoptosis and metastasis (20,21). The
aberrant activation of the PI3K/Akt signaling pathway has
also been observed in NSCLC cell lines and NSCLCs, and
has been demonstrated to serve a key role in the initiation and
development of this cancer (22,23). In addition, it has previ-
ously been reported that ellagic acid may inhibit viability and
induce apoptosis via the Akt signaling pathway in HCT-15
colon adenocarcinoma cells (24). These findings suggest that
the PI3K/Akt signaling pathway is a novel potential target of
NSCLC therapy. In accordance with these studies, the present
study demonstrated that the phosphorylation of PI3K and
Akt were significant lower in ellagic acid-treated groups than
the control group, identifying the inhibitory effect of ellagic
acid on the PI3K/Akt signaling pathway in A549 cells. These

findings suggest that ellagic acid inhibits the cell viability and
promotes cell apoptosis in A549 cells via the suppression of
PI3K/Akt signaling pathway. As the present findings indicated,
after the treatment of ellagic acid for 48 h, the proportion of
cells in G1 phase increased significantly in ellagic acid-treated
groups, and ellagic acid-treated groups exhibited a signifi-
cant increase in apoptosis rate in comparison with controls,
suggesting that ellagic acid may accelerate cell apoptosis in a
dose-dependent manner. Western blot analysis revealed that
the phosphorylation of PI3K and Akt were downregulated
by the treatment of ellagic acid, indicating that PI3K and
Akt signaling pathway was inhibited. p21, Bax and cleaved
Caspase-3 protein expression were increased with ellagic acid
treatment in a dose-dependent manner, consistent with the
results of apoptosis rate increase. Conversely, cyclin D1 and
Bcl-2 protein levels were downregulated after treatment with
ellagic acid, further indicating that ellagic acid promotes cell
apoptosis at the protein level.

Ellagic acid antitumor activity was initially suggested after
the observation that aromatase, a key enzyme in breast cancer
development which converts androgens to estrogens, is inhib-
ited by polyphenols derived from fresh pomegranate juice (25).
Akt, the serine/threonine kinase downstream effector of
PI3K, causes tumor cell survival and inhibition of apoptosis,
induces viability and cell growth, and stimulates angiogenesis
by phosphorylating numerous downstream targets in the
presence of different apoptotic stimuli (26). These previous
findings suggest that increased constitutive phosphorylation
of Akt is associated with decreased apoptosis, whereas Akt
inhibition increased apoptosis. Therefore, the Akt signaling
pathway is becoming a promising target for cancer chemopre-
vention and therapy (27). The aim of the present study was
to address the cytotoxic effects of ellagic acid on A549 cells.
PI3K activates the downstream target Akt to mediate several
biological effects. Upon activation, Akt inactivates several
downstream targets including Bcl-2 family members and
caspase-3, thereby blocking apoptosis (28). Alternatively, the
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Figure 5. (A) Apoptosis-associated protein expression. Compared with the control group, p21, Bax and cleaved caspase-3 protein expression was increased
in a dose-dependent manner following treatment. Conversely, cyclin DI and Bcl-2 protein levels were downregulated after the treatment with ellagic acid.
(B-F) Quantitation of Western blot signal intensities. Data are presented as the mean =+ standard deviation (n=3). "P<0.05, “P<0.01, ““P<0.001 vs. control. Bcl-2,
B cell lymphoma 2; Bax, Bcl-2 associated X protein; EAL, low concentration (5 M) ellagic acid; EAM, middle concentration (10uM) ellagic acid; EAH, high

concentration (20 xM) ellagic acid.

inhibition of phosphorylated Akt increases the expression of
proapoptotic Bax, a fact that favors progress of the apoptotic
process. Bcl-2 and its helpers compete with Bax and other
proapoptotic proteins to regulate the release of cytochrome c
from mitochondria, which in turn activates initiator caspases
including caspase-3 (29). The present findings suggest that in
A549 cells, ellagic acid blocks PI3K phosphorylation, thus
decreasing Akt phosphorylation, therefore the PI3K/Akt
signaling pathway was blocked. This trigged cell apoptosis as
evidenced by increased p21, Bax and cleaved caspase-3 protein
levels, and decreased Bcl-2 and cyclin D1 levels.

In conclusion, the results of the present study demonstrated
the inhibition of human NSCLC cell viability and induction of

apoptosis by ellagic acid treatment. The findings demonstrated
that ellagic acid decreased PI3K and AKT phosphorylation,
and promoted A549 cell apoptosis. The apoptotic induction
capacity of ellagic acid may be attributed to its effect to regu-
late the apoptosis-related proteins Bax, Bcl-2, and caspase-3
through downregulating the PI3K/Akt pathway. The present
study revealed that the mechanism by which ellagic acid
exhibits its growth inhibitory effect on human NSCLC in vitro
is by inhibiting cell viability and inducing apoptosis. Further
studies are required to understand the different molecular
mechanisms of action of ellagic acid, which will help provide
useful information for its possible application in cancer preven-
tion, and perhaps novel therapies for cancer and other diseases.
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