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Ferulic acid inhibits proliferation
and promotes apoptosis via blockage
of PI3K/Akt pathway in osteosarcoma cell
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Abstract: Ferulic acid, a ubiquitous phenolic acid abundant in corn, wheat and flax, has potent anti-tumor effect in
various cancer cell lines. However, the anti-tumor effect of ferulic acid on osteosarcoma remains unclear. Therefore,
we conduct current study to examine the effect of ferulic acid on osteosarcoma cells and explore the underlying
mechanisms. In present study, ferulic acid inhibited proliferation and induced apoptosis in both 143B and MG63 0s-
teosarcoma cells dose-dependently, indicated by MTT assay and Annexin V-FITC apoptosis detection. Additionally, fe-
rulic acid induced GO/G1 phase arrest and down-regulated the expression of cell cycle-related protein, CDK 2, CDK
4, CDK 6, confirmed by flow cytometry assay and western blotting. Moreover, ferulic acid upregulated Bax, down-
regulated Bcl-2, and subsequently enhanced caspase-3 activity. More importantly, ferulic acid dose-dependently
inhibited PI3K/Akt activation. Using adenoviruses expressing active Akt, the anti-proliferation and pro-apoptosis of
ferulic acid were reverted. Our results demonstrated that ferulic acid might inhibit proliferation and induce apoptosis
via inhibiting PI3K/Akt pathway in osteosarcoma cells. Ferulic acid is a novel therapeutic agent for osteosarcoma.
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Introduction

Osteosarcoma is the most frequent primary
malignant bone tumor, approximately 20% of
all primary sarcomas in bone, which predomi-
nantly occurs in childhood and adolescence [1].
Since 1980s, the survival of osteosarcoma has
been improved due to the application of inten-
sive multi-agent chemotherapy coupled with
advanced surgery [2]. However, despite advanc-
es in surgery and multi-agent chemotherapy,
the survival rate of localized osteosarcoma
remains in the plateau over the past decades,
what is more, the osteosarcoma with metasta-
ses maintains to be dismal with a poor survival
rate of 10-20% [3]. The plateau might partially
attribute to lack of better therapeutic agents,
for some types of osteosarcoma are low res-
ponse and/or chemotherapy resistance to the

currently used agents [4]. Additionally, the ag-
ents used today have been confirmed to be
associated with acute and long-term toxicities,
including hearing lose, hypomagnesemia, car-
diomyopathy, encephalopathy and hemorrhagic
cystitis [2, 5]. In view of current situation, stag-
nation state of osteosarcoma survival rate,
poor outcome of patients with low response
and/or chemotherapy resistance and side-eff-
ect of current chemotherapeutic agents, the
developments of novel therapeutic agents for
osteosarcoma treatment are desperately ne-
eded.

Ferulic acid (4-hydroxy-3-methoxycinnamic ac-
id, Figure 1), a ubiquitous phenolic acid, is
abundant in corn, wheat and flax [6]. Due to its
superior antioxidant, features of long residue
time in blood and easy absorption, ferulic acid
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has been widely used in health food and nutri-
tion restoratives [7]. It is also reported that
ferulic acid benefited diabetic via alleviating
oxidative stress and lowering blood glucose lev-
els [8]. Additionally, accumulating studies dem-
onstrate that ferulic acid possesses a neuro-
protective effect against cerebral ischemic
injury-induced disease [9-11] and attenuates
ischemia/reperfusion-induced cell apoptosis
[12, 13]. Recent years, emerging studies find a
chemopreventive effect of ferulic acid in 7,12-
dimethylbenz(a)anthracene (DMBA) induced
carcinogenesis in rats [14-16]. Based on above,
ferulic acid can be a promising agent for the
treatment of cancer. Though, a promising agent
against carcinogenesis, the anti-tumor effect of
ferulic acid on osteosarcoma remains unac-
knowledged. We, therefore, conduct current
study to verify the anti-tumor effect of ferulic
acid on osteosarcoma and explore the underly-
ing mechanisms by using human osteosarco-
ma cells.
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Figure 1. Effect of ferulic acid on prolifera-
tion of human osteosarcoma cells. 143B
and MG63 osteosarcoma cells were treat-
ed with ferulic acid at indicated concentra-
tion. A. Chemical structure of ferulic acid. B
and C. The proliferation was measured by
MTT 24, 48, and 72 h after treatment. Each
value is mean + S.D. *P<0.05, **P<0.01.

Materials and methods
Chemical and reagents
Ferulicacid (C, H,,0,, MW:194.19, purity>98%)
was purchased from Nanjing Debiochem Co.
Ltd. (Nanjing, China). Bicinchoninic acid (BCA)
protein assay kit and was obtained from Pierce
(Rockford, IL, USA). RPMI 1640 medium and
FBS (fetal bovine serum) were obtained from
HyClone Laboratories (Logan, UT, USA). Mo-
noclonal antibodies anti- actin, anti-Bax, anti-
Bcl-2, anti-p-Akt, anti-CDK2, anti-CDK4, anti-
CDK6, and anti-p-Rb were purchased from
Abcam (Cambridge, UK), LY294002 (inhibitor of
PI3K), Dimethyl sulfoxide (DMSO), propidium
iodide (Pl), and MTT were obtained from Sig-
ma Chemical Co. (St. Louis, MO, USA). All other
chemicals and solvents obtained from local
area were of the highest analytical grade av-
ailable.
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Cell culture and treatment

Osteosarcoma cells 143B and MG63 were
obtained from American Type Culture Collection
(ATCC, Rockville, MD), and cultured in RPMI-
1640 supplemented with 10% FBS and 1%
penicillin/streptomycin. All cells were routinely
incubated in an atmosphere of 5% CO, at 37°C.
All cell experiments were done using cells in
exponential cell growth. Incubated for twenty-
four hours after seeding, cells were treated
with culture medium containing various con-
centrations of Ferulic acid (30, 100, 150 uM,
respectively).

MTT assay for proliferation assay

MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl-
tetrazolium bromide) Assay was performed to
evaluate the proliferation of osteosarcoma
cells. MTT assay is a rapid and sensitive proce-
dure for accessing cellular toxicity of com-
pounds in-vitro. Cells were seeded into 96-well
plates at a concentration of 103/ml and plates
were sealed and cultured for 24 hours before
treatment of Ferulic acid. Cells were incubated
for various times after treatment. Following
incubation, 20 ul of MTT was added to each
well, and the cells were incubated for an addi-
tional four hours. Subsequently, media was
carefully discarded and 100 pl of dimethyl sulf-
oxide were added to dissolve the formazan
crystals, then the 96-well plates were put on a
horizontal oscillator for ten minutes. The absor-
bance values were measured with the plate
reader at a wavelength of 570 nm and a refer-
ence wavelength of 620 nm. Each experiment
was conducted in triplicate, and the data are
presented as mean values.

Flow cytometry assay y for cell cycle analysis

Cell cycle analysis was performed by detecting
DNA content with propidium iodide (PI) staining.
Briefly, the cells were incubated for 48 h before
treating with different concentrations of ferulic
acid for 24 h. At the end of treatment, cells
were harvested, washed twice with ice-cold
PBS and fixed with 70% ethanol overnight at
4°C. Cells were washed twice with ice-cold
PBS, resuspended in 1 ml PBS containing 50
pg propidium iodide, 200 pug RNase A and 0.1%
Triton X-100, and incubated for 30 min at 37°C
in the dark. The cell-cycle profiles were deter-
mined by flow cytometry and data were ana-
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lyzed using Cell Quest Software (BD Biosci-
ences, San Jose, CA).

Flow cytometry assay of apoptosis

For apoptosis analysis, Annexin V-FITC/propidi-
um iodide (PI) staining using an Annexin V-FITC
apoptosis detection kit (KeyGEN Biotech, Nan-
jing, China) was performed by flow cytometry
according to the manufacturer’'s guidelines.
Briefly, after 48 h of Ferulic acid treatment, the
cells were washed with cold phosphate buff-
ered saline (PBS) twice, incubated with Annexin
V-FITC/PI at room temperature (RT) for 5 min in
the dark. The fluorescence of the cells was
detected by the flow cytometry using a FITC
signal detector (FL1) and a PI signal detector
(FL2). According to the method, Annexin V-FITC
(-)/PI (-) indicates survived cells, Annexin V-FITC
(+)/PI (-) indicates cells of apoptosis in the early
stage, and Annexin V-FITC (+)/PI (+) indicates
cells of apoptosis or necrosis in the late stage.
Each experiment was performed in triplicate
and reproducible results were achieved.

Caspases activities assay

The activity of caspase-3 was detected in vitro
using the caspase 3 colorimetric assay kit
(KeyGEN, Nanjing, China) according to the man-
ufacturer’s instructions. In short, following the
treatment, the collected cells were lysed and
centrifuged at 12000 x g for 15 minutes at
4°C. The supernatant were collected and the
protein concentrations were measured by the
Bradford method. Then supernatant containing
50 pg of total protein were incubated with 5 pl
caspase substrate in the 100 ul reaction buffer
at 37°C for 4 h in the dark. Fluorescence inten-
sity of the caspase substrate was determined
by a microplate reader at 405 nm, and the cas-
pase activity was calculated as a percentage of
OD in Ferulic acid treatment cells relative to the
control that were not treated with the Ferulic
acid.

Immunostaining

Osteosarcoma cells were incubated with ferulic
acid in 12-well plates at a density of 1.2 x 10°
cells/well. Next, cells were washed with PBS
twice and fixed with PBS containing 4% parafor-
maldehyde for 15 min at RT. Subsequently,
cells were blocked with 5% bovine serum albu-
min for 2 h and washed with PBS. Next, cells
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Figure 2. Effect of ferulic acid on GO/G1 phase arrest in osteosarcoma cells. 143B and MG63 osteosarcoma cells
were treated with PBS or ferulic acid (30, 100, and 150 uM, respectively) for 24 h. The cells were collected and
stained with propidium iodide (PI) for cycle analysis by flow cytometry. The DNA contents and the percentages of cell
population in G1, S, and G2-M phases of the cell cycle in 143B (A and B) and MG63 (C and D) were shown. Each

value is mean = S.D. *P<0.05, **P<0.01.

were incubated with rabbit anti-human rabbit
anti-human p-AKT monoclonal antibody over-
night at 4°C. The cells were then washed with
PBS and incubated with 100 ul FITC-conjugated
anti-rabbit 1gG (1:100) in the dark for 1 h.

Protein isolation and western blot

Cells were washed with PBS and lysed in cell
lysis buffer. The lysate was centrifuged at
12000 g at 4°C for 10 min. The supernatant
was collected and protein concentration was
determined by BCA method. 40ug total protein
from each treated cell group was fractionated
on 10% polyacrylamide-sodium dodecyl sulfate
(SDS) gel and then transferred to polyvinylidene
fluoride membranes. The membranes were
blocked with 5% (w/v) fat-free milk in Tris-
buffered saline (TBS) containing 0.05% Tween-
20, followed by incubation with a primary poly-
clonal anti-body at 4°C overnight. Then after
washing with TBST for three times, the mem-
branes were incubated with horseradish perox-
idase-conjugated secondary antibodies. Anti-
body binding was visualized using enhanced
ECL chemiluminescence system and short
exposure of the membrane to X-ray films
(Kodak, Japan).

Adenovirus infection

Recombinant adenoviruses overexpressing of
active AKT was used according to procedure
described previous [17]. Additionally, the ex-
pression of transgene also expressed RFP as a
marker for monitoring transfection efficiency.
An analogous adenovirus expressing only RFP
(Ad-RFP) was used as a control, and expression
efficiency was determined by real-time PCR,
western blotting, and functional assays of
PI3K/Akt signaling pathway.

Animal experiments

The severe combined immunodeficiency (SCID)
hairless mice were obtained from the Labo-
ratory Animal Center, Chongging Medical Uni-
versity and randomly divided into two groups
(Control group and Ferulic acid group). The mice
were injected subcutaneously with MG63 cells

972

(2 x 10°) in Matrigel on the right rear flanks.
Body weights were monitored weekly as an indi-
cator of overall health. After 1 week, the mice
were perorally (p.o.) gavaged with either 100 pl
water control (Control group) or 100 mg/kg
weight ferulic acid (Ferulic acid group). The ani-
mals were gavaged daily for the duration of the
experiment. Tumor diameter was measured
every week, and tumor volumes were calculat-
ed with the formula: tumor volume (mm?3) = 0.5
x length (mm) x width? (mm?2). At the end of 3
weeks of gavage treatment, the mice were
euthanized via CO, asphyxiation. Tumors were
then removed, weighed, and sent for immuno-
histochemistry (IHC) analysis. All the animal
studies were approved by the Animal Ethics
Committee of Chongging Medical University.

Immunohistochemistry

Briefly, sections from xenografted mouse tis-
sues, fixed in 10% formalin were deparaffinized
and rehydrated in xylene and a graded series of
ethanol and blocked in 2% goat serum/PBS for
30 min. After incubation with specific primary
antibody overnight and HRP-conjugated sec-
ondary antibody for 2 h, slides were counter-
stained with hematoxylin and immunoreactive
complexes were detected using DAB or AEC
(Dako Corp., CA). Sections were visualized on
microscope and images captured with a cam-
era attached to computer.

Statistical analysis

The results were expressed as the means +
standard deviation (SD), either Student’s t-test
or one-way ANOVA by Prism GraphPad 4 soft-
ware (GraphPad Software, Inc.) was used to
achieve data analyses. A two-tailed P value of
less than 0.05 was considered significant diff-
erence.

Results

Ferulic acid inhibited the proliferation of osteo-
sarcoma cells

To measure the effect of ferulic acid on cell
viability, osteosarcoma cells lines, 143B and

Am J Transl Res 2016;8(2):968-980
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Figure 3. Effect of ferulic acid on apoptosis in osteosarcoma cells. 143B and MG63 osteosarcoma cells were treated
with PBS or ferulic acid (30, 100, and 150 uM, respectively) for 48 h. Cells were harvested and measured for
apoptosis and caspase 3 activity. A. The apoptotic cells were determined by annexin V-FITC/PI staining using flow
cytometry. B. The percentage of osteosarcoma cells apoptosis was shown in statistical analysis. C. The caspase 3
activity was measured by a microplate reader. Each value is mean + S.D. *P<0.05, **P<0.01.
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Figure 4. Effect of ferulic acid on cell cycle-related
and apoptosis-related proteins expression in o0s-
teosarcoma cells. MG63 osteosarcoma cells were
treated with PBS or ferulic acid (30, 100, and 150
UM, respectively) for 48 h. Cell lysate was harvested,
the expression of Bcl2, Bax, CDK2, CDK4, CDK6 and
p-Rb was determined by Western blotting. GAPDH
was used as an internal control.

MG63, were exposed to a series of concentra-
tions (10, 30, 100, 150 uM) of ferulic acid for
24,48, and 72 h, and subsequently MTT assay
was used to examine the cell viability. Ferulic
acid treatment could significant attenuate the
cell viability, with a dose-dependent manner, by
comparison of control in both osteosarcoma
cell lines (Figure 1B and 1C). The IC50 values
at 48 h for ferulic acid were 59.88 uM in 143B
and 66.47 uM in MG63.

Ferulic acid induced GO/G1 phase arrest in
osteosarcoma cells

To determine whether the cell-growth suppres-
sive effect of ferulic acid attributed to inhibited
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proliferation, the cell cycle distribution was
detected by flow cytometric analysis after treat-
ment. Flow cytometric analysis showed that
ferulic acid treatment significantly increased
percentage of cells at the GO/G1 phase but
decreased percentage of cells at the S and
G2/M phase in a dose-dependent manner
(Figure 2A and 2C). The alteration of cell cycle
distribution maintained consistent in all the
two osteosarcoma cells (Figure 2B and 2D).

Ferulic acid induced apoptosis in osteosar-
coma cells

In order to distinguish the repressive cell via-
bility from inhibitory proliferation or increased
apoptosis, flow cytometry with Annexin V-FITC/
Pl staining was used to measure the apoptosis
of 143B and MG63 after treatment. In both
osteosarcoma cell lines, we found that apopto-
sis were profoundly augmented in the groups
treated with ferulic acid when compared with
controls (Figure 3A and 3B). Additionally, dose-
dependent effects were found among the treat-
ment groups.

Consistent with the flow cytometry results that
ferulic acid could induce apoptosis in osteosar-
coma cells; caspase-3 activity assay found that
ferulic acid can evidently and dose-dependent-
ly induce activation of caspase-3 in two osteo-
sarcoma cells (Figure 3C).

Ferulic acid regulated cell cycle-related and
apoptosis-related proteins expression

Since CDK4 and CDK6 are identified to be
involved in the early G1, whereas CDK2 is nec-
essary to complete the G1 phase and initiate
the S phase, the CDK4, CDK6 and CDK2 pro-
tein levels were examined using western blot-
ting. As shown in Figure 4, ferulic acid could
dose-dependently down-regulate the CDK4,
CDK6 and CDK2 protein levels in osteosarco-
ma cells. Therefore, the results reveal that
inhibitory effect of ferulic acid on osteosarco-
ma cell proliferation results from GO/G1 phase
arrest through down-regulation of CDK4, CDK6
and CDK2.

Am J Transl Res 2016;8(2):968-980



Anticancer effect of ferulic acid in human osteosarcoma cell

Control

Ferulicacid
(100 pm)

Cell proliferation (%)

Merged

Ferulic acid (uM)

D 60- %%k

Apoptosis (%)

Figure 5. Effect of ferulic acid on PI3BK/AKT signal activation in osteosarcoma cells. MG63 osteosarcoma cells were
treated with PBS or ferulic acid (30, 100, and 150 uM, respectively), p-AKT was evaluated by immunostaining (A)
and western blotting (B). In a separate experiment, MG63 osteosarcoma cells were treated with LY294002 (20 uM)
or ferulic (150 uM) with transfection of Ad-GFP or Ad-AKT, the proliferation (C) and apoptosis (D) were measured,

each value is mean £ S.D, *P<0.05, **P<0.01.

The Bcl-2 protein family plays an important role
in apoptosis, and the ratio of active anti- and
pro-apoptotic Bcl-2 family controls apoptosis of
cell. To verify the potential role of Bcl-2 family
proteins in the apoptosis induce by ferulic acid.
The effect of ferulic acid on the expression of
Bcl-2 and Bax in osteosarcoma cells was exam-
ined using immunostaining. As shown in Figure
4, ferulic acid profoundly and dose-dependent-
ly increased Bax and reduced Bcl-2 in all the
osteosarcoma cell lines.

PI3K/Akt pathway mediated the anti-tumor ef-
fect of ferulic acid in human osteosarcoma

To determine whether PI3K/Akt pathway in-
volves in the anti-tumor effect of ferulic acid,
IF and WB were used to examine the protein
level of activated Akt (p-Akt) in human osteo-
sarcoma cells. Treatment of ferulic acid obvi-
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ously decreased p-Akt in MG63 cells with a
dose-dependent manner, as presented in
Figure bA and 5B.

To further determine the effect of inhibition of
PI3K/Akt pathway for anti-tumor effect of feru-
lic acid, cells were treated with LY294002, a
specific inhibitor of PI3K. As shown in Figure 5C
and 5D, the anti-tumor effect of LY294002 also
existed, which is similar to ferulic acid. Addi-
tionally, overexpression of active Akt by adeno-
virus system reversed the anti-tumor effect of
ferulic acid, abrogating the inhibition of cell pro-
liferation and promotion of cell apoptosis (Fig-
ure 5C and 5D).

Ferulic acid exhibited antitumor activity in vivo

MG63 xenograft model was employed to evalu-
ate the antitumor potential of ferulic acid in

Am J Trans| Res 2016;8(2):968-980
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vivo. As shown in Figure 6A and 6B, smaller
tumor volumes and lower tumor weights were
observed in ferulic acid-treated mice as com-
pared with control mice. Significantly decreased
proliferation (Ki-67 staining) and p-AKT were
detected in the tumor specimens of ferulic
acid-treated mice (Figure 6C).

Discussion

Osteosarcoma is the most common type of
malignant bone tumor. Owing to the application
of neoadjuvant chemotherapy, the survival of
osteosarcoma has been improved. However,
the survival rate of osteosarcoma reached a
plateau by current drugs, which, in addition,
have been reported to be associated with acute
and long-term toxicities. Hence, new therapeu-
tic agents are desperately needed for the im-
provement of osteosarcoma survival and pro-
gnosis.

In past decades, increasing evidences demon-
strated that ferulic acid might act as an anti-
tumor agent in various human cancers. It has
been confirmed that ferulic acid inhibited
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Figure 6. In vivo antitumor effect
of ferulic acid in MG63 osteosar-
coma nude mice model. Tumor
volume (A) and weight (B) were
measured in control and Feru-
lic acid groups. (C) Ki-67 and p-
AKT staining were evaluated by
IHC (original magnification, x
200). Each value is mean + S.D.
*P<0.05, **P<0.01.

DMBA-induced cancers, including breast and
skin cancer via its antigenotoxic, antioxidant
potential and modulatory effect on phase Il
detoxification cascade, buccal cancer via de-
creasing expression of PCNA and cyclin D1 [15,
18]. Additionally, ferulic acid was also reported
as an inhibitor of in 12-O-tetradecanoylphorbol-
13-acetate-induced tumor promotion in mouse
skin [19]. Moreover, ferulic acid could enhance
radiation effects by decreasing antioxidant sta-
tus and increasing intracellular reactive oxygen
species, lipid peroxidation and DNA damage in
HelLa and ME-80 the cell lines [20]. More impor-
tantly, ferulic acid had been proved to initiate
apoptosis in non-small cell lung cancer cells
through modulation of p53, Bax, caspase-3
and GADD45 [21] and inhibit proliferation in
colon cancer cell Caco-2 by regulating S phase-
related genes expression of CEP2, CETN3, and
RABGAP1 [22]. Consistent with previous stud-
ies, in present study, we proved the anti-tumor
effect of ferulic acid on osteosarcoma cell. We
observed that ferulic acid could dose-depend-
ently inhibit the cell proliferation and indu-
ce cell apoptosis in human 143B and MG63

Am J Transl Res 2016;8(2):968-980
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osteosarcoma cells. Additionally, we confirmed
that PIBK/Akt pathway, cell cycle related pro-
teins, and apoptosis related proteins were
related to the anti-tumor effect of ferulic acid.

The PI3K/Akt pathway is crucial to cell growth
and survival. Aberration of PI3K/Akt pathway is
a very common mechanism for many human
cancers including osteosarcoma, since it can
mediate survival pathway and apoptosis path-
way [23, 24]. PI3K/Akt pathway has been
shown to be activated in osteosarcoma cell
lines. A previous study demonstrated that
blockade of PI3K/Akt pathway by bone morpho-
genetic protein (BMP-9) exerted inhibitory eff-
ect on the growth of osteosarcoma cells [25].
Additionally, a growing number of studies re-
vealed that inhibition of PI3K/Akt pathway,
using a cyclooxygease-2 inhibitor, oxymatrine,
dipsacus asperoides polysaccharide, grifolin,
could induce apoptosis of human osteosarco-
ma cells [23, 26-28]. In our study, we found
that ferulic acid could inhibit the growth and
enhance apoptosis of osteosarcoma cells. As
expected, we also observed ferulic acid exhib-
ited an inhibition of PI3K/Akt pathway, indicat-
ed by downregulation of p-Akt. The findings
suggested that ferulic acid obstructed growth
and enhanced apoptosis of osteosarcoma cell
through inhibiting the PI3K/Akt pathway.

Cyclin-dependent kinases (CDKs) play an im-
portant role in cell cycle of eukaryotes. CDK4
and CDK®6 are involved in early G1, and CDK2 is
necessary to complete G1 and initiate S phase.
CDK4/6-cyclin D and CDK2-cyclin E complexes,
activated CDKs, could phosphorylate retino-
blastoma protein family, Rb [29, 30]. Sub-
sequently, the hyperphosphorylated Rb release
the transcription factors of E2F family, allowing
them to initiate the G1/S phase progression.
Alterations of proteins involved in cell cycle con-
trol have been confirmed to be associated with
the pathogenesis in many human cancers,
including osteosarcoma [31-33]. Our results
revealed that ferulic acid could decrease the
protein level of CDK2, CDK4 and CDK®, indicat-
ing that the anti-proliferation via decreasing
CDK2, CDK4 and CDKG6. Previous published
studies had shown that amplified PI3K/Akt
pathway could inactivate P53 through MDM2
but activate NF-KB, beta-catenin and mTOR
via protein phosphorylate [33], resulted in en-
hanced cell proliferation. Additionally, inacti-
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vated NF-KB, beta-catenin and mTOR result in
downregulation of CDKs [34-37]. Consistent
with previous studies, our results showed that
obstruction of PI3K/Akt pathway by ferulic acid
or LY294002 was associated with decreased
CDK2, CDK4 and CDK6, while over activation of
PI3K/Akt pathway by adenovirus system abro-
gated the reduction of CDK2, CDK4 and CDK6
induced by ferulic acid, suggesting that ferulic
acid down-regulated CDK2, CDK4 and CDK6
via inhibiting PI3K/Akt pathway.

Bcl-2 family proteins affect apoptosis through
alteration of permeability of mitochondrial
outer membrane (MOM) following homo- or het-
ero-association [38]. A pro-apoptotic Bcl-2 fam-
ily protein Bax promotes apoptosis by the
release of cytochrome ¢ from mitochondria and
downstream activation of caspase, while Bcl-2,
an anti-apoptotic Bcl-2 family protein, restrains
cell apoptosis via withstanding the pro-apoptot-
ic effects of Bax and blocking the release of
cytochrome ¢ [38, 39]. Therefore, in some
extent, the Bax/Bcl-2 ratio affects activation of
effective cleaved caspase 3 and controls the
cell apoptosis. By immunostaining, we found
that ferulic acid upregulated the expression of
Bax and downregulated Bcl-2 in a dose-depen-
dent manner, and consequently enhanced the
activation of caspase 3 to promote apoptosis.
It demonstrated that the apoptosis of osteosar-
coma cell was due to the increased Bax/Bcl-2
ratio induced by ferulic acid. PI3K/Akt pathway
possesses an anti-apoptotic effect by phos-
phorylating and inactivating pro-apoptotic pro-
tein Bad [40]. Phosphorylated Bad dissociates
Bcl-2 and Bcl-XL from Bcl-XL-Bad and Bcl-2-Bad
heterodimers [41], which results in cell survival
through leaving more Bcl-2 and Bcl-XL activat-
ed and Bax inactivated by binding with Bcl-2
and Bcl-XL. Namely, Bad competes with Bax for
integration with Bcl-2 or Bcl-XL and this could
increase Bax/Bcl-2 ratio to promote cell apop-
tosis. In addition, PI3K/Akt pathway could in-
crease the transcription of Bcl-2 and suppress
the Bax translocation to mitochondria to avoid
cell apoptosis [42, 43]. Coincident with our
study, the results revealed that downregulation
of Bcl-2 and upregulation of Bax was associat-
ed with inhibition of PI3K/Akt pathway by ferulic
acid, on the contrary, over activation of PI3K/
Akt pathway by adenovirus system abrogate
downregulation of Bcl-2 and upregulation of
Bax induced by ferulic acid. It suggests that
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ferulic acid downregulates of Bcl-2 and upregu-
lates of Bax through obstructing PI3K/Akt pa-
thway.

In conclusion, we can conclude that ferulic acid
inhibits proliferation of osteosarcoma cells
(143B, MG63) downregulation of CDK2, CDK4
and CDK6, and induces apoptosis via down-
regulation of Bcl-2 and upregulation of Bax.
Moreover, the modulation of CDK2, CDK4,
CDK®, Bcl-2 and Bax attributes to inhibition of
PI3K/Akt pathway. Our finding suggests that
ferulic acid inhibits proliferation of osteosarco-
ma cells and induces apoptosis via inhibiting
PI3K/Akt pathway and might be new therapeu-
tic agents for osteosarcoma.

Acknowledgements

This study was supported by the National
Natural Science Foundation of China (NO.
81472475).

Disclosure of conflict of interest
None.

Address correspondence to: Ge Kuang, Chongging
Key Laboratory of Biochemistry and Molecular Ph-
armacology, Chongging Medical University, Chong-
qing 400016, China. E-mail: 1356152014@qq.com

References

[1]  Mirabello L, Troisi RJ and Savage SA. Osteo-
sarcoma incidence and survival rates from
1973 to 2004: data from the Surveillance,
Epidemiology, and End Results Program. Can-
cer 2009; 115: 1531-1543.

[2] Marina N, Gebhardt M, Teot L and Gorlick R.
Biology and therapeutic advances for pediatric
osteosarcoma. Oncologist 2004; 9: 422-441.

[3] Allison DC, Carney SC, Ahlmann ER, Hendifar
A, Chawla S, Fedenko A, Angeles C and
Menendez LR. A meta-analysis of osteosar-
coma outcomes in the modern medical era.
Sarcoma 2012; 2012: 704872.

[4] Bakhshi S and Radhakrishnan V. Prognostic
markers in osteosarcoma. Expert Rev Anti-
cancer Ther 2010; 10: 271-287.

[5] Brade WP, Herdrich K, Kachel-Fischer U and
Araujo CE. Dosing and side-effects of ifos-
famide plus mesna. J Cancer Res Clin Oncol
1991; 117 Suppl 4: S164-186.

[6] Buranov AU and Mazza G. Extraction and puri-
fication of ferulic acid from flax shives, wheat
and corn bran by alkaline hydrolysis and pres-

978

(7]

(8]

(9]

(10]

(11]

[12]

[13]

(14]

[15]

[16]

[17]

surised solvents. Food Chemistry 2009; 115:
1542-1548.

Tee-Ngam P, Nunant N, Rattanarat P, Siangproh
W and Chailapakul O. Simple and rapid deter-
mination of ferulic Acid levels in food and cos-
metic samples using paper-based platforms.
Sensors (Basel) 2013; 13: 13039-13053.
Balasubashini MS, Rukkumani R, Viswanathan
P and Menon VP. Ferulic acid alleviates lipid
peroxidation in diabetic rats. Phytother Res
2004; 18: 310-314.

Koh PO. Ferulic acid prevents the cerebral
ischemic injury-induced decreases of astrocyt-
ic phosphoprotein PEA-15 and its two phos-
phorylated forms. Neurosci Lett 2012; 511:
101-105.

Koh PO. Ferulic acid attenuates the injury-in-
duced decrease of protein phosphatase 2A
subunit B in ischemic brain injury. PLoS One
2013; 8: eb4217.

Sung JH, Kim MO and Koh PO. Ferulic acid at-
tenuates the focal cerebral ischemic injury-in-
duced decrease in parvalbumin expression.
Neurosci Lett 2012; 516: 146-150.

Cheng CY, Su SY, Tang NY, Ho TY, Lo WY and
Hsieh CL. Ferulic acid inhibits nitric oxide-in-
duced apoptosis by enhancing GABA(B1) re-
ceptor expression in transient focal cerebral
ischemia in rats. Acta Pharmacol Sin 2010; 31:
889-899.

Kim HY and Lee SM. Ferulic acid attenua-
tes ischemia/reperfusion-induced hepatocyte
apoptosis via inhibition of JNK activation. Eur J
Pharm Sci 2012; 45: 708-715.

Balakrishnan S, Manoharan S, Alias LM and
Nirmal MR. Effect of curcumin and ferulic acid
on modulation of expression pattern of p53
and bcl-2 proteins in 7,12-dimethylbenz[a]an-
thracene-induced hamster buccal pouch carci-
nogenesis. Indian J Biochem Biophys 2010;
47 7-12.

Baskaran N, Manoharan S, Balakrishnan S
and Pugalendhi P. Chemopreventive potential
of ferulic acid in 7,12-dimethylbenz[alanth-
racene-induced mammary carcinogenesis in
Sprague-Dawley rats. Eur J Pharmacol 2010;
637: 22-29.

Prabhakar MM, Vasudevan K, Karthikeyan S,
Baskaran N, Silvan S and Manoharan S. Anti-
cell proliferative efficacy of ferulic acid again-
st 7, 12-dimethylbenz(a) anthracene induced
hamster buccal pouch carcinogenesis. Asian
Pac J Cancer Prev 2012; 13: 5207-5211.

Luo J, Deng ZL, Luo X, Tang N, Song WX, Chen
J, Sharff KA, Luu HH, Haydon RC, Kinzler KW,
Vogelstein B and He TC. A protocol for rapid
generation of recombinant adenoviruses using
the AdEasy system. Nat Protoc 2007; 2: 1236-
1247.

Am J Transl Res 2016;8(2):968-980


mailto:1356152014@qq.com

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

979

Anticancer effect of ferulic acid in human osteosarcoma cell

Alias LM, Manoharan S, Vellaichamy L,
Balakrishnan S and Ramachandran CR. Pro-
tective effect of ferulic acid on 7,12-dime-
thylbenz[a]anthracene-induced skin carcino-
genesis in Swiss albino mice. Exp Toxicol
Pathol 2009; 61: 205-214.

Huang MT, Smart RC, Wong CQ and Conney
AH. Inhibitory effect of curcumin, chlorogenic
acid, caffeic acid, and ferulic acid on tumor
promotion in mouse skin by 12-O-tetradeca-
noylphorbol-13-acetate. Cancer Res 1988; 48:
5941-5946.

Karthikeyan S, Kanimozhi G, Prasad NR and
Mahalakshmi R. Radiosensitizing effect of fe-
rulic acid on human cervical carcinoma cells in
vitro. Toxicol In Vitro 2011; 25: 1366-1375.
Bandugula VR and N RP. 2-Deoxy-D-glucose
and ferulic acid modulates radiation response
signaling in non-small cell lung cancer cells.
Tumour Biol 2013; 34: 251-259.

Janicke B, Hegardt C, Krogh M, Onning G,
Akesson B, Cirenajwis HM and Oredsson SM.
The antiproliferative effect of dietary fiber phe-
nolic compounds ferulic acid and p-coumaric
acid on the cell cycle of Caco-2 cells. Nutr
Cancer 2011; 63: 611-622.

Chen J, Yao D, Yuan H, Zhang S, Tian J, Guo W,
Liang W, Li H and Zhang Y. Dipsacus asperoi-
des polysaccharide induces apoptosis in 0s-
teosarcoma cells by modulating the PI3K/Akt
pathway. Carbohydr Polym 2013; 95: 780-
784.

Hennessy BT, Smith DL, Ram PT, Lu Y and Mills
GB. Exploiting the PI3BK/AKT pathway for can-
cer drug discovery. Nat Rev Drug Discov 2005;
4:988-1004.

Li B, Yang Y, Jiang S, Ni B, Chen K and Jiang L.
Adenovirus-mediated overexpression of BMP-9
inhibits human osteosarcoma cell growth and
migration through downregulation of the PI3K/
AKT pathway. Int J Oncol 2012; 41: 1809-
1819.

Jin S, Pang RP, Shen JN, Huang G, Wang J and
Zhou JG. Grifolin induces apoptosis via inhi-
bition of PI3BK/AKT signalling pathway in hu-
man osteosarcoma cells. Apoptosis 2007; 12:
1317-1326.

Liu B, Shi ZL, Feng J and Tao HM. Celecoxib, a
cyclooxygenase-2 inhibitor, induces apoptosis
in human osteosarcoma cell line MG-63 via
down-regulation of PI3K/Akt. Cell Biol Int
2008; 32: 494-501.

Zhangy, Sun S, Chen J, Ren P, Hu Y, Cao Z, Sun
H and Ding Y. Oxymatrine induces mitochon-
dria dependent apoptosis in human osteosar-
coma MNNG/HOS cells through inhibition of
PI3K/Akt pathway. Tumour Biol 2014; 35:
1619-25.

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

(37]

[38]

[39]

[40]

Seo BR, Lee KW, Ha J, Park HJ, Choi JW and
Lee KT. Saucernetin-7 isolated from Saururus
chinensis inhibits proliferation of human pro-
myelocytic HL-60 leukemia cells via GO/G1
phase arrest and induction of differentiation.
Carcinogenesis 2004; 25: 1387-1394.

Yu JT, Foster RG and Dean DC. Transcriptional
repression by RB-E2F and regulation of an-
chorage-independent survival. Mol Cell Biol
2001; 21: 3325-3335.

Lopez-Guerrero JA, Lopez-Gines C, Pellin A,
Carda C and Llombart-Bosch A. Deregulation
of the G1 to S-phase cell cycle checkpoint is
involved in the pathogenesis of human osteo-
sarcoma. Diagn Mol Pathol 2004; 13: 81-91.
Wunder JS, Eppert K, Burrow SR, Gokgoz N,
Bell RS and Andrulis IL. Co-amplification and
overexpression of CDK4, SAS and MDM2 oc-
curs frequently in human parosteal osteosar-
comas. Oncogene 1999; 18: 783-788.
Malumbres M and Barbacid M. Cell cycle,
CDKs and cancer: a changing paradigm. Nat
Rev Cancer 2009; 9: 153-166.

He L, Lu N, Dai Q, ZhaoY, Zhao L, Wang H, Li Z,
You Q and Guo Q. Wogonin induced G1 cell cy-
cle arrest by regulating Wnt/beta-catenin sig-
naling pathway and inactivating CDKS8 in hu-
man colorectal cancer carcinoma cells. Toxi-
cology 2013; 312: 36-47.

Gao N, Flynn DC, Zhang Z, Zhong XS, Walker V,
Liu KJ, Shi X and Jiang BH. G1 cell cycle pro-
gression and the expression of G1 cyclins are
regulated by PI3K/AKT/mTOR/p70S6K1 sig-
naling in human ovarian cancer cells. Am J
Physiol Cell Physiol 2004; 287: C281-291.
Zhang T, Yu H, Dong G, Cai L and Bai Y.
Chamaejasmine arrests cell cycle, induces
apoptosis and inhibits nuclear NF-kappaB
translocation in the human breast cancer cell
line MDA-MB-231. Molecules 2013; 18: 845-
858.

Chen L, Ruan Y, Wang X, Min L, Shen Z, Sun 'Y
and Qin X. BAY 11-7082, a nuclear factor-kap-
paB inhibitor, induces apoptosis and S phase
arrest in gastric cancer cells. J Gastroenterol
2013;

Vaux DL and Korsmeyer SJ. Cell death in devel-
opment. Cell 1999; 96: 245-254.

Ackler S, Mitten MJ, Foster K, Oleksijew A,
Refici M, Tahir SK, Xiao Y, Tse C, Frost DJ, Fesik
SW, Rosenberg SH, EImore SW and Shoemaker
AR. The Bcl-2 inhibitor ABT-263 enhances the
response of multiple chemotherapeutic regi-
mens in hematologic tumors in vivo. Cancer
Chemother Pharmacol 2010; 66: 869-880.
Datta SR, Dudek H, Tao X, Masters S, Fu H,
Gotoh Y and Greenberg ME. Akt phosphoryla-
tion of BAD couples survival signals to the cell-

Am J Transl Res 2016;8(2):968-980



[41]

[42]

980

Anticancer effect of ferulic acid in human osteosarcoma cell

intrinsic death machinery. Cell 1997; 91: 231-
241.

Yang E, Zha J, Jockel J, Boise LH, Thompson CB
and Korsmeyer SJ. Bad, a heterodimeric part-
ner for Bcl-XL and Bcl-2, displaces Bax and
promotes cell death. Cell 1995; 80: 285-291.
Pugazhenthi S, Nesterova A, Sable C,
Heidenreich KA, Boxer LM, Heasley LE and
Reusch JE. Akt/protein kinase B up-regulates
Bcl-2 expression through cAMP-response ele-
ment-binding protein. J Biol Chem 2000; 275:
10761-10766.

[43] Tsuruta F, Masuyama N and Gotoh Y. The phos-

phatidylinositol 3-kinase (PI3K)-Akt pathway
suppresses Bax translocation to mitochondria.
J Biol Chem 2002; 277: 14040-14047.

Am J Transl Res 2016;8(2):968-980



