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Zoledronic acid modulates human osteosarcoma cells proliferation via GSK-3f
activation
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Zoledronate is clinically used for preventing skeletal complications of osteoporosis and specific types of cancer associ-
ated with bone metastasis. Zoledronate inhibits osteoclast development and induces osteoclast apoptosis, thereby reducing
bone lysis. Zoledronic acid (ZOL) plays a key role in treating osteosarcoma (OS) and improving the prognosis of patients
with OS; however, its mechanism remains unclear. The effect of zoledronic acid on osteosarcoma cells was examined, and
MTT was performed to determine the effect of ZOL on osteosarcoma cell proliferation. Cells were treated with 0, 25, 50,
100 or 200 uM ZOL for 24 h, 48 h and 72 h. p-AKT/AKT and p-GSK-3B/GSK-3p expression levels were checked by western
blotting. Further study compared 100 uM ZOL alone for 48 h, Li,CO; (ImM) alone and ZOL (100 uM) plus Li,CO; (1 mM)
with no treatment (control). The effects of GSK-3p on ZOL-induced apoptosis among these groups were characterized by
flow cytometry, MTT assay, transmission electron microscopy (TEM) and western blot. In this study, we found that the
proliferation of MG-63 cells was significantly decreased after treatment with 25, 50, 100 or 200 uM ZOL for 48 and 72 h
compared to untreated control cells. The expression levels of p-AKT/AKT and p-GSK-3p/GSK-3f in MG-63 cells and U-2
OS cells were inhibited by ZOL in both a dose- and time-dependent manner. Significant decreases in the expression of
Cyclin D1, B-Catenin, and c-Myc were observed in the groups that underwent ZOL treatment. Additionally, compared to
ZOL (100 uM) treatment alone, co-treatment with ZOL (100 uM) and Li,CO; (1 mM) rescued cell proliferation and restored
a significant percentage of apoptotic cells. Our study suggests that the specific mechanism by which ZOL affects apoptosis

of osteosarcoma cells is through the AKT/GSK-3p/B-Catenin signaling pathway.
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Osteosarcoma (OS) is a primary bone-derived tumor
that mostly develops among children or adolescents and
approximately 20% of patients are diagnosed with metas-
tases. Data from the American Cancer Society show that the
five-year survival rate of patients with OS after chemotherapy
is approximately 70%, while the five-year survival rate of
patients with tumor metastases is greatly reduced to approxi-
mately 20% (http://www.cancer.org/cancer/osteosarcoma).
Thus, effective treatments that control OS tumor growth and
tumor cell proliferation are needed.

Zoledronic acid (ZOL) is a third-generation bisphospho-
nate (BP). Zoledronate inhibits osteoclast development and
induces osteoclast apoptosis, thereby reducing bone lysis.
In vitro experimental results show that ZOL can inhibit OS
cell proliferation by inducing apoptosis or blocking angio-
genesis [1-3]. Moreover, many studies have shown that ZOL
exerts antiproliferative and proapoptotic effects on a variety

of cancer cells [4, 5] and has the potential to be an effective
treatment against cancer.

The Wnt signaling pathway is involved in the differen-
tiation and reprogramming of bone marrow stromal cells,
which affect the differentiation of osteoblasts and osteoclasts
and regulate bone repair. This pathway also plays a key role
in the growth, regeneration and remodeling of bone. Canon-
ical pathway that is induced by Wnt signaling pathway is the
B-Catenin-dependent pathway. Wnt proteins bind to Frizzled
(Fzd) and low-density lipoprotein receptor related protein
5/6 (LRP-5/6) to induce the accumulation of B-Catenin in
nucleus to form complexes that mediate the transcriptional
induction of target genes and regulate a diverse array of
biological processes [6, 7]. In the absence of Wnt ligands,
cytoplasmic 3-Catenin is phosphorylated through a complex
containing GSK-3B/APC/Axin and then is degraded. Wnt
pathway activation is observed in both human primary
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OS cells and established OS cell lines [8]. As previously
described, OS metastasis incidence and cancer-free survival
are related to LRP5 expression [9].

The PI3K/AKT pathway is another key signaling pathway
involved in the pathogenesis of OS. The PI3K/AKT pathway
is known to regulate OS cell proliferation, invasion, metas-
tasis and angiogenesis. In an in vivo genome-wide screen,
analysis of pooled shRNAs shows that mTOR and PI3K are
required for OS tumor cell proliferation and survival [10]. In
addition, AKT pathway activation is present in all OS-related
cell lines [11].

ZOL plays a role in treating OS and improving the
prognosis of patients with OS; however, its mechanism
remains unclear. Studies have shown that ZOL downregu-
lates the mRNA expression of Wnt pathway members, such
as Wnt5a, FZD5 and DKK]1, in bone and in prostate cancer
cells (PC3) [12]. ZOL is reported to inhibit the growth of the
breast cancer cell lines MCF-7 and MDA-MB-231 through
inhibiting the AKT-mTOR pathway [13]. In the human
colon cancer cell line HCT116, the ZOL derivative M, IDP
inhibits cell proliferation by increasing the expression of
PTEN, which inhibits the PI3K/AKT/mTOR pathway [14].
The abovementioned results suggest that ZOL can regulate
OS cell migration, proliferation and apoptosis by regulating
the Wnt and PI3K/AKT/mTOR pathways. GSK-3f is an
important downstream molecule of the PI3K/AKT pathway,
and its activation is regulated by this pathway. Therefore,
ZOL can induce apoptosis in the mouse macrophage cell line
RAW264.7 by activating GSK-3p [15].

We chose MG-63 cells which have been extensively
studied and U-2 OS cells which have the most obvious effect
of zoledronic acid as the research objects. Our study suggests
that ZOL possesses antiproliferative and cytotoxic activi-
ties by inducing apoptosis in the human osteosarcoma cell
lines MG-63 and U-2 OS. The inhibition of the PI3K/AKT
pathway caused by ZOL treatment could activate GSK-3p,
which would result in downregulation of the Wnt/f-Catenin
pathway to inhibit OS cell proliferation. This chain of events
eventually results in OS cell apoptosis and shows great poten-
tial in OS tumor treatment.

Materials and methods

Cell culture. The human osteosarcoma cell lines MG-63
and U-2 OS were purchased from the Cells Resource Center
of the Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences (Shanghai; China). Cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; HyClone,
UT, USA) supplemented with 10% (v/v) fetal bovine serum
(FBS; Gibco Life Technologies, Carlsbad, CA, USA) and 1%
(v/v) penicillin-streptomycin (HyClone) at 37 °C in a humid-
ified atmosphere containing 5% CO,.

Cell proliferation assay. The MTT assay was performed
to determine the effect of ZOL on the proliferation of MG63
cells. Briefly, cells were seeded in a 96-well culture plate at a

density of 10 x 10° cells per well and then treated with 25, 50,
100 or 200 pM of ZOL for 24, 48 and 72 h. After drug treat-
ment, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide (MTT; Sigma, St. Louis, MO, USA) was added at a
final concentration of 0.5 mg/ml, and cells were incubated
for two hours at 37°C in the dark. The resulting formazan
product was dissolved in dimethyl sulfoxide (DMSO; Sigma),
and the optical density (OD) values were measured using a
microplate reader (SpectraMax 250; Molecular Devices, CA,
USA) at a wavelength of 490 nm.

Flow cytometry assay of cell apoptosis. After cells
underwent a 48 h preincubation with ZOL or Li,CO;, they
were washed with ice-cold PBS, trypsinized, and then
resuspended in 1x binding buffer [10 mM HEPES/NaOH
(pH7.4), 140 mM NaCl and 2.5 mM CaCl,] at 1 x 10° cells/ml.
Aliquots (100 pl) of the cell suspension were mixed with 5 ul
of annexin V/fluorescein isothiocyanate (FITC) (BD Biosci-
ences, NJ, USA) and 10 pl of propidium iodide (PI) stock
solution (50 pg/ml in PBS). The mixture was gently vortexed
and incubated at room temperature for 15 min in the dark.
After incubation, 400 ul of 1x binding buffer was added to
each sample and the samples were analyzed on a FACScan™
flow cytometer (BD Biosciences). A minimum of 10000 cells
was counted for each sample and data were analyzed using
CellQuest™ software (BD Biosciences).

Transmission electron microscopy (TEM). Treated
MG-63 cells were fixed with 0.15 M sodium cacodylate
buffer containing 2 mM CaCl, and 2% glutaraldehyde. Then,
the cell suspension was incubated for 30 min in 1% osmium
tetraoxide and 60 min in 1% uranyl acetate. The specimens
were dehydrated in increasing concentrations of ethanol,
embedded in epoxypropane and polymerized at 60°C for
48 h. Ultrathin sections were prepared and examined under
a HITACHI H-7650 transmission electron microscope
(HITACH]I, Tokyo, Japan).

Western blot analysis. Cells were scraped off 6 cm dishes
and suspended in RIPA lysis buffer (50 mM Tris-HCI,
150mM NaCl, 0.25% (v/v) sodium deoxycholate, 1% (v/v)
Triton X-100, pH7.4) on ice. After the cell lysate was centri-
fuged (13000 x g) at 4°C for 15 min, the protein concentra-
tion was determined by the Bio-Rad protein assay (Bio-Rad,
Hercules, CA, USA). Protein lysates (50 g) were separated in
12% (v/v) sodium dodecyl sulfate (SDS)-polyacrylamide gels
and then transferred to a 0.22 um polyvinylidene fluoride
membrane (Millipore, Bedford, MA, USA). The membrane
was blocked with 5% (w/v) milk in 1x TBST buffer (10 mM
Tris-base, 150 mM NaCl, 0.05% (v/v) Tween 20; pH7.4) for
one hour at room temperature. Primary antibodies targeting
AKT, p-AKT, GSK-3B, p-GSK-3pB(Ser9), c-Myc, p-Catenin,
B-actin, and Cyclin D1 (Cell Signaling Technology, MA, USA)
were then incubated with the membranes at 4°C overnight.
Membranes were washed with 1x TBST three times and then
incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies for two hours at room temperature.
Following additional TBST washes, visualization of the
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protein bands was carried out using an enhanced chemilu-
minescence kit (ECL; Thermo Fisher Scientific, MA, USA).

Statistical analysis. All experiments were repeated at
least three times with independent treatments, each of
which showed no significantly different results. The data
were analyzed by Student’s t-test or one-way ANOVA with
Bonferroni test using the SPSS statistical software package.
All results are expressed as the mean + SEM. For all analyses,
a two-sided p-value of less than 0.05 was deemed statistically
significant.

Results

Effect of different doses of ZOL on MG-63 cell prolif-
eration. The antiproliferative activity of ZOL on MG-63
cells was assessed through photomicrographs and the MTT
assay. As shown in Figure 1, the proliferation of MG-63 cells
was inhibited by ZOL in both a dose- and time-dependent
manner. The proliferation of MG-63 cells significantly
decreased when treated with 25, 50, 100 or 200 pM of ZOL
for 48 and 72 h compared to the untreated controls (p<0.01).

The results suggested the high inhibitory potency and the
sustained inhibitory effect of ZOL on MG-63 cells.

Effect of ZOL on the AKT/GSK-3p pathway in MG-63
and U-2 OS cells. Because ZOL demonstrated antiprolifera-
tive and antimigration activities towards MG-63 cells, we next
examined the underlying inhibitory effect of ZOL. As previ-
ously described, the AKT/GSK-3f pathway plays a central
role in cell survival and apoptosis. We evaluated the levels
of phosphorylated AKT and phosphorylated GSK-3f, which
represent the AKT and GSK-3p activation state, respectively,
by western blot analysis. As shown in Figure 2, the ratio of
p-AKT/AKT and p-GSK-33/GSK-3f expression in MG-63
cells was reduced by ZOL in both a dose- and time-depen-
dent manner (p<0.01 and p<0.05, respectively). As shown
in Figure 3, we obtained similar results with U-2 OS cells
(p<0.01 and p<.05, respectively). The ratio of p-AKT/AKT
and p-GSK-3B/GSK-3B expression significantly decreased
in the presence of higher concentrations of ZOL. These
results suggest that ZOL inhibited PI3K/AKT which in turn
activated GSK-3p, is related to the ZOL-induced cytotoxic
effects.
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Figure 1. Effects of different doses of ZOL on MG-63 cell proliferation as evaluated by photomicrographs (A) and the MTT assay (B). Data are pre-
sented as the mean + SEM of 3 determinations, **: p<0.01 and *: p<0.05 vs. CON group.
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Figure 2. Effects of different doses and durations of ZOL treatment on AKT phosphorylation (A), (B) and GSK-3p phosphorylation (A), (C) in MG-63
cells. Data are presented as the mean + SEM of 3 experiments, **: p<0.01 and *: p<0.05 vs. the CON group.

Effect of ZOL on the Wnt/p-Catenin pathway in MG-63
and U-2 OS cells. To investigate whether ZOL-induced
inactivation of the AKT/GSK-3p pathway also inhibits the
Wnt/B-Catenin pathway, we examined the expression of
Cyclin D1, B-Catenin, and c-Myc in MG-63 and U-2 OS cells.
The Wnt/B-Catenin pathway is known to be closely associ-
ated with the migration and apoptosis of OS [16]. In the
absence of Wnt ligands, cytoplasmic p-Catenin is phosphor-
ylated through a complex containing GSK-3p/APC/Axin,
after which it is degraded. To demonstrate the role of GSK-3
in the effect of ZOL on the Wnt/B-Catenin pathway, in our
study we used Li,CO; (ImM), a GSK-3P inhibitor for the

Wnt/B-Catenin pathway. As shown in Figures 4 and 5, signif-
icant decreases were observed in Cyclin D1, p-Catenin and
c-Myc expression among the MG-63 and U-2 OS cells that
underwent ZOL treatment (p<0.01 and p<0.05, respectively).
ZOL-induced inhibition of the Wnt/B-Catenin pathway was
restored by pretreatment with Li,CO; (1 mM). These results
suggested that ZOL inhibits the Wnt/B-Catenin pathway and
that GSK-3p mediates ZOL-induced inhibition of the Wnt/f-
Catenin pathway.

Effect of GSK-3p on ZOL-induced MG63 and U-2 OS
cells proliferation and apoptosis. To determine whether
GSK-3p could mediate the antiproliferative activity of ZOL,



770

S.LLJ.J. LI

A ZOL 25 uM
c - Ed =1 ZOL 50 uM
§ 1.0 E= ZOL 100 uM
p-AKT | & - .. w60 @ B ZOL 200 pM
4
AKT - = - | % 0.8 i d
-;-:3 0.6 NE
p-GSK-3B-| - 46 g / .
o 0.4 /
GSK-3L | s e e s [~ 46 2 %
©
CON25 50 100 200 2 0.2 7
ZOL(uM) 00 %
p-AKT/AKT p-GSK-3B/GSK-3B
C=ICON
1.2+ B ZOL 100 pM
B 1.0
i 24 48 72
Time (h) % 0.8- .
pAKT . || o [ 5 e
0.6 -a
<
AKT"I- - “ --”»--—I—GO a
CON 100pM CON 100uM CON 100pM 0.4
0.2-
0.0
Time (h) 24 48 72
CJCON
C B ZOL 100pM
1.0
(X
: ? 0.8
Time (h) 24 48 72 X "
o
p-GSK-3p-{ - -l - - "d-- |-4s 2 oo
GSK-3[3-|- - || - = |-- |-4s 5, od
CON 100pM CON 100uM CON 100pM g
0.24
0.0
Time (h) 24 48 72

Figure 3. Effects of different doses and durations of ZOL administration on AKT phosphorylation (A), (B) and GSK-3p phosphorylation (A), (C) in U-2
OS cells. Data are presented as the mean + SEM of 3 determinations, **: p<0.01 and *: p<0.05 vs CON group.

we assessed the effect of Li,CO; on MG-63 cell prolifera-
tion. As shown in Figure 6C, compared to ZOL treatment
alone, co-treatment with ZOL and Li,CO; partially rescued
cell proliferation. We further investigated the effects of
GSK-3p on ZOL-induced apoptosis by flow cytometry using
annexin V-FITC/PI staining. As shown in Figures 6A, B
and Figures 7A, B, the apoptotic rate of cells treated with
ZOL was significantly higher than that of untreated cells or
cells treated with Li,CO;. Furthermore, co-treatment with
Li,CO; restored the apoptotic rate of ZOL-treated cells. As
shown in Figure 8, the untreated cells or cells treated with
Li,CO; presented an integrated unclear membrane, relatively

homogeneous chromatin and extensive membrane inter-
digitations and microvilli. Following treatment with ZOL,
MG-63 cells were characterized by condensation into dense
granules or blocks, migration of nuclear chromatin, and the
formation of apoptotic bodies and numerous vacuoles in
the cytoplasm; furthermore, membrane microvilli were also
observed. MG-63 cells pretreated with Li,CO; presented an
appearance similar to that of cells treated with ZOL alone.
Concurrently, there were a number of membrane microvilli
visible. These results suggest that ZOL modulates the prolif-
eration and apoptosis of MG-63 and U-2 OS cells via GSK-3
activation.
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Figure 4. Effects of ZOL and Li,CO; administration on the protein expression levels of p-Catenin, c-Myc and Cyclin D1 in MG-63 cells. Data are pre-
sented as the mean + SEM of 3 separate experiments, **: p<0.01 and *: p<0.05 vs. the CON group.
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sented as the mean + SEM of 3 separate experiments, **: p<0.01 and *: p<0.05 vs. the CON group.



772 S.LLJ.J. LI
A Control . zoL A Control ] zoL
K b0 B A R I g 00 10! 02 10° 10t T100 0! 102 100 104
100 10 100 10! 102 108 10%
. ZOL+Li2CO3 " Li2CO3 < ZOL+Li2CO3
o4 o4 =3 E
°9|o° 10t o ‘m“ 102 10° 104 i 10t " 10*
B
#
——
B . e
80 ! * ' ' 704 *
_ ™ * i o
05 604 2 50
0 501 2 40
§ 40- ;3. 304
Q 39l
o 204
2- 20 10
104 0
0 CON ZOL  Li2COs ZOL(100 uM)+
CON ZOL  Li2COs3 ZOL(100 puM)+ (100 pM) (1 mM) Li2CO3(1 mM)
(100 uM) (1 mM) Li2CO3(1 mM)
C . Figure 7. Effects of ZOL and Li,CO; administration on U-2 OS cell apop-
—_—— tosis as evaluated by flow cytometry. Data are presented as the mean +
100+ SEM of 3 separate experiments, #: p<0.05 indicates the difference be-
T 80 . tween the Li,CO, group and the ZOL+ Li,CO; group vs the difference be-
SE tween the CON group and the ZOL group, *: p<0.05 indicates the differ-
S 601 ol ence between the CON group vs the ZOL group, or the difference between
g w0 Li,CO; vs the ZOL+ Li,CO; group.
£
E 20
CON  ZOL Li2COs ZOL(100 pM)+

(100 uM) (1 mM) Li2CO3(1 mM)

Figure 6. Effects of ZOL and Li,CO, administration on MG-63 cell apop-
tosis as evaluated by flow cytometry (A), (B) and on cell proliferation us-
ing the MTT assay (C). Data are presented as the mean + SEM of 3 sepa-
rate experiments, #: p<0.05 indicates the difference between the Li,CO,
group and the ZOL+ Li,CO; group vs. the difference between the CON
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Discussion

This study suggested that the effects of zoledronic acid
(ZOL) on osteosarcoma (OS) cell lines are associated with
AKT/GSK-3p and Wnt/B-Catenin signaling. Our study found
that ZOL induced apoptosis and inhibited the proliferation of
the OS cell lines MG-63 and U-2 OS. The molecular mecha-
nism behind the induce apoptosis response induced by ZOL
is that activated AKT regulates the activity of downstream

target protein by activation or inhibition. As an impor-
tant substrate of AKT, the activity of GSK-3f is negatively
regulated by AKT. AKT inhibits glycogen synthesis by inhib-
iting GSK-3p phosphoglycogen synthase 1. In our experi-
ment, the expression of AKT and GSK-3( decreased after
ZOL treatment of osteosarcoma cells, indicating that the
change of AKT resulted in the decrease of GSK-3( protein
expression and the increase of GSK-3 activity. In osteosar-
coma cells, the degradation complex of p-Catenin (Axin/
APC/GSK-3pB) can inhibit the activity of GSK-3p, thereby
inhibiting the ubiquitination degradation of p-Catenin
after phosphorylation, resulting in the stable accumulation
of B-Catenin in the cytoplasm, increasing the expression of
B-Catenin in the nucleus, binding with transcription factor
LEF/TCE initiating the transcription of target genes and
increasing the expression of Cyclin D1 and c-Myc. It leads
to the proliferation of osteosarcoma cells. However, when
ZOL acts on osteosarcoma cells, GSK-3f activity increases
which reduces the aggregation of B-Catenin nucleus and
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Figure 8. Effects of ZOL and Li,CO; on MG-63 cell organelles as assessed with images obtained through an H-7650 electron microscope.

inhibits the transcription of target genes, thus reducing the
expression of Cyclin D1 and c-Myc. When GSK-3p inhibitor
Li,CO; was applied, the expression of B-Catenin, Cyclin D1
and c-Myc increased partially which confirmed the above-
mentioned mechanism. The AKT/GSK-3f pathway and the
Wnt/B-Catenin pathway play important roles in the treat-
ment effect of ZOL.

OS is one of the most common malignant tumors
occurring during adolescence, with an incidence of 1-3
per 1 million people and a peak incidence at 18 years. The
tumor develops rapidly, and the rate of malignancy is high;
moreover, lung metastasis may occur during the early stage
of this disease. The current treatments are mainly chemo-
therapy and surgery. The chemotherapy regimens for OS
include high dosages of methotrexate (HD-MTX), doxoru-
bicin (ADM)), cisplatin (CDP) and ifosfamide (IFO).

ZOL is a third-generation nitrogen-containing bisphos-
phonate (N-BP), and it is a promising alternative treatment
to OS. N-BP is a stable synthetic analog of endogenous
pyrophosphate (PPi). N-BPs induce osteoclast apoptosis by
inhibiting the mevalonate pathway enzymes, particularly
farnesyl diphosphate synthase (FDP). ZOL is the most effec-
tive drug in clinical practice. It is one of the absorption inhib-
itors for the treatment of osteoporosis and other osteoclast-
mediated bone diseases, such as primary bone tumors. ZOL
directly affects the proliferation and survival of OS tumor
cells in vitro, which makes ZOL a potential treatment for
OS, tumor cells and the bone microenvironment with high
efficacy.

As we all know, MG-63 cell line is the most widely studied
osteosarcoma cell line. In addition, the literature investigated
the inhibitory effects of zoledronate on cell viability, motility,
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migration and invasion of 4 osteosarcoma cell lines (Saos2,
MG-63, HOS and U-2 OS) by affecting cell morphology,
epithelial-mesenchymal transition (EMT) and cytoskeletal
organization as well as induction of E-cadherin and reduc-
tion of N-cadherin with activation of transcription factors
Slug and Twist. Taken together, zoledronate seemed to be
the most potent in U-2 OS cells [17]. So, we chose MG-63
and U-2 OS as the model cell line for study. In this study,
the results showed the effects of ZOL, including antiprolif-
erative and proapoptotic, in the OS cell lines MG-63 and U-2
OS. We also identified that ZOL induced antiproliferative
and proapoptotic activities by inhibiting the AKT/GSK-3
pathway, thereby decreasing Wnt pathway activation.

ZOL is used as a first-line agent in the conventional treat-
ment to attenuate the development of skeletal metastases
[18]. Mechanistically, the capacity of ZOL to impede malig-
nant colonization of bones by cancer cells is attributed by its
ability to reduce primary tumor growth and migration [19].
However, the role of ZOL in suppressing cancer cell dissemi-
nation remains controversial. In this study, we provide a
scientific rationale to support the clinical application of ZOL
in OS by evaluating the effects of ZOL treatments on OS cell
survival and apoptosis, inhibition/activation of the AKT/
GSK-3p and Wnt signaling pathways.

The activation of the PI3K/AKT/GSK-3B pathway is
thought to play a key role in cell death inhibition and cell
cycle progression [20]. AKT has been shown to encourage
G1/S cell cycle progression by inactivation of GSK-3f [21].
Moreover, M,IDP, a ZOL derivative, inhibits the PI3K/AKT
pathway, thereby increasing GSK-3( phosphorylation, which
might be involved in the antitumor effects of M,IDP [14].
After treatment with ZOL, MG-63 cell proliferation was
inhibited in both a dose- and time-dependent manner. The
expression levels of p-AKT/AKT and p-GSK-33/GSK-3p in
MG-63 cells was also inhibited by ZOL in both a dose- and
time-dependent manner, suggesting that the antiprolifera-
tive effect of ZOL might be caused by inhibition of the AKT
pathway. In support of this conclusion, we observed similar
results in U-2 OS cells.

The Wnt family has crucial functions in the regulation of
cell proliferation, survival and migration [22]. This family
has also been implicated in bone malignancies, osteo-
genic sarcoma or osteosarcoma. Wnt ligands and secreted
Wnt inhibitors are expressed in human tumors and tumor
cell lines. Knockdown of Wnt-related proteins, such as
Secreted frizzled-related protein 2 (sFRP2) [23], Wnt inhib-
itory factor 1 (WIF1) [24], and Dickkopf-3 (Dkk3) [25],
mitigates the metastatic and invasive phenotype. In the
canonical Wnt pathway, Wnt causes an accumulation of the
downstream target f-Catenin, which in the absence of Wnt
ligands, is phosphorylated through a complex containing
GSK-3B/APC/Axin and is then degraded. Our results
suggested that ZOL treatment downregulated the expres-
sion of Wnt pathway-related proteins, such as p-Catenin,
Cyclin D1 and c-Myc; however, inhibition of GSK-3p

activation restored the expression levels of these proteins in
MG-63 and U-2 OS cells. The results indicated that GSK-33
mediates ZOL-induced inhibition of the Wnt/B-Catenin
pathway. Furthermore, our results showed that treatment
with a GSK-3p inhibitor rescued the apoptosis and inhibi-
tion of cell proliferation induced by ZOL, which suggested
that inhibiting the Wnt/p-Catenin pathway via GSK-3
activation might be involved in the antiproliferative and
cytotoxic activities of ZOL.

In summary, our work demonstrated that ZOL possesses
antiproliferative and cytotoxic activities in the human osteo-
sarcoma cell lines MG-63 and U-2 OS by inducing apoptosis.
Inhibition of the PI3K/AKT pathway could activate GSK-3
and downregulate the Wnt/p-Catenin pathway which might
be closely involved in these effects. These results provide a
better understanding of the antitumor effects and the under-
lying mechanisms of ZOL.
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