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Abstract

To examine the antitumor effects of gallic acid (GA) on osteosarcoma, two human osteosarcoma cell lines U-2OS
and MNNG/HOS were treated by GA and subjected to cell proliferation and apoptosis assays. In addition,
MNNG/HOS xenograft tumors were established in nude BALB/c mice to evaluate the anticancer capacity of
GA in vivo. The results showed that GA inhibited the proliferation and induced the apoptosis of osteosarcoma
cells, accompanied by the upregulation of p-38 activation and the downregulation of c-Jun N-terminal kinase
( JNK) and extracellular signal regulated kinase (ERK1/2) activation. Additionally, p38 MAPK inhibitor abro-
gated GA-induced growth inhibition of osteosarcoma cells, whereas JNK or ERK1/2 inhibitors sensitized os-
teosarcoma cells to GA-induced growth inhibition. In vivo studies further showed that GA administration
decreased xenograft tumor growth in a dose-dependent manner. Immunohistochemistry analysis demonstrated
the downregulation of PCNA and CD31 expression and upregulation of apoptosis in MNNG/HOS tumor
tissues following GA treatment. This study demonstrates the antitumor efficacy of GA for osteosarcoma that is
mediated by the modulation of cell proliferation, apoptosis, and angiogenesis. Our findings suggest that GA
could be a potent agent for osteosarcoma intervention.
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Introduction

Osteosarcoma, the most common type of malignant bone
tumor, occurs predominantly in adolescents and young

adults. Osteosarcoma is characterized by frequent metastasis
and strong resistance to chemotherapy.1 This is attributed to a
range of matrix elements and growth factors present in the
bone microenvironment that establish a vicious crosstalk be-
tween cancer and normal bone cells.2 One potential strategy
to overcome chemoresistance of osteosarcoma is to induce
apoptosis.3

Apoptosis is a form of cell death coordinated by a network
of genes and is a key target in the development of new an-
ticancer therapies. Apoptosis can be activated through at
least two signaling pathways: caspase dependent and cas-

pase independent.4 The mitogen-activated protein kinases
(MAPKs) are a large family of serine/threonine kinases,
which currently include four known MAPKs: the extracel-
lular signal regulated kinase (ERK1/2), the c-Jun N-terminal
kinase ( JNK), p38, and the big mitogen-activated protein
kinase 1 (BMK1).5 The functions of MAPK signaling in can-
cer development are complex, and this is consistent with the
wide range of cellular responses that they regulate.6 It is
known that activated MAPK signaling might promote cell
growth or induce cell death in different situations.7,8 Several
studies have suggested that p38, JNK, and ERK1/2 cascades
have a critical role in regulating cytotoxic drug-induced
apoptosis in osteosarcoma.9,10

Gallic acid (3,4,5-trihydroxybenzoic acid, GA), a major
active component of Chinese gall, is widely distributed in
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various natural products, and exhibits a wide variety of bi-
ological effects, including antibacterial,11 antioxidant,12,13

antifungal and antimalarial,14 and antiherpetic action.15 In
addition, the antiviral capacity of GA is related to its anti-
oxidant activity.16 Recently, the antitumor activity of GA has
attracted more attention because GA has been shown to be
an excellent free radical scavenger and an inducer of differ-
entiation and programmed cell death in a number of tumor
cell lines.8,17–20 Moreover, the in vitro antitumor activity of
GA against osteosarcoma has been reported by Liao et al.21

However, in the present study, we aimed to examine the
biological effects of GA on osteosarcoma cells in vitro and
in vivo and investigate the underlying mechanism. Our re-
sults demonstrated that GA reduced osteosarcoma cell via-
bility through inducing apoptosis in vitro and in vivo, and this
is attributed to the activation of the p38 signal pathway and
the inactivation of the JNK and ERK1/2 MAPK signaling
pathways.

Materials and Methods

Cell cultures

The human osteosarcoma cell lines U-2OS (HTB-96TM;
ATCC) and MNNG/HOS (CRL-1547TM; ATCC) were ob-
tained from the Cell Bank of Shanghai Institute of Bio-
chemistry and Cell Biology, Chinese Academy of Sciences,
where they were tested and authenticated. These proce-
dures include cross species checks, DNA authentication, and
quarantine. Cell lines used in the present study were in
culture for < 6 months. U-2OS were cultured in McCoy’s 5a
medium supplemented with 10% fetal calf serum (FCS) and
1% penicillin/streptomycin. MNNG/HOS were cultured in
Eagle’s minimum essential medium supplemented with 10%
FCS and 1% penicillin/streptomycin. All the cells were cul-
tured at 37�C in a humidified atmosphere (5% CO2, 95% air).

MTT and BrdU incorporation assay

The MTT assay was employed to examine the viability of
human osteosarcoma cells treated with GA. GA was pur-
chased from Sigma-Aldrich and dissolved in dimethyl sulf-
oxide (DMSO) as 100 mM stock solution. Briefly, cells were
seeded in 96-well plates at 4–8 · 103 cells/well in 200 lL
medium and cultured for 12 hours to allow attachment.
Then, the cells were treated with DMSO (1/1000 diluted in
the medium) or various concentrations of GA (0–100 lM) for
different periods of time (0–72 hours). Four hours before the
end of each incubation period, MTT solution (5 mg/mL in
20 lL PBS; Sigma-Aldrich) was added to each well and in-
cubated for 4 hours at 37�C. The growth medium was then
removed and replaced with formazan dissolved in DMSO
(150 lL/well). An MR7000 microplate reader (Dynatech) was
used to measure the absorbance of each well at 570 nm and
IC50 values were calculated using the probit model.

Cell proliferation was measured using a cell proliferation
enzyme-linked immunosorbent assay (ELISA) kit (Roche
Applied Science). After treatment with GA, cells were incu-
bated with 20 lL BrdU labeling solution per well for 4 hours
and then dried and fixed, and detected using anti-BrdU mAb
according to the manufacturer’s instructions. Finally, the
absorbance of the samples was measured by a microplate
reader at 450 nm.

P38 MAPK inhibitor SB203580 (Cell Signaling), Jun N-
terminal kinase ( JNK) inhibitor SP600125 (Merck), and ERK
inhibitor PD98059 (Sigma-Aldrich) were dissolved in DMSO
immediately before use. Cells were pretreated with SB203580
(20 lM for 30 minutes), SP600125 (20 lM for 30 minutes), or
PD98059 (30 lM for 30 minutes) before GA was added in
the medium. Cells were tested by BrdU incorporation after
incubation for 24 hours. The control group was treated with
vehicles. The inhibitory rate of cellular proliferation was
calculated as [1–A570(test)/A570(control)] · 100%. Data re-
presented the mean of six replicates, each performed in
triplicate.

Hoechst staining

Hoechst staining was employed to evaluate the apoptosis
of human osteosarcoma cells treated with GA. Briefly, the
cells were exposed to GA for 24 hours and then stained with
Hoechst 33258 (5–10 lg/mL; Sigma-Aldrich) for 10 minutes.
After being washed with phosphate-buffered saline (PBS),
they were observed under a fluorescence BX51 microscope
(Olympus). Hoechst 33258 freely permeates cell membranes
and stains nuclear DNA as blue. Apoptotic cells were
identified by the presence of condensed or fragmented
nuclei stained either blue or red, depending on apoptotic
stage.

Annexin V-FITC/PI double staining

Annexin V-FITC/PI double staining was employed to
quantify the apoptosis of human osteosarcoma cells treated
with GA. Briefly, cells were seeded in six-well plates at
2 · 105 cells/well and exposed to GA (0–75 lM) for 24 hours.
The cells were then stained using annexin V-FITC/PI double-
fluorescence apoptosis detection kit (Biouniquer Technology)
following the manufacturer’s instruction. Samples were an-
alyzed using an FACSCalibur flow cytometer within 1 hour
after the staining.

Real-time quantitative RT-polymerase chain reaction
analysis

Total RNA was isolated from the cells using Trizol (In-
vitrogen) according to the manufacturer’s instructions. cDNA
was generated from total RNA (2 lg) by using 1 ll primer mix
[including oligo(dT)18 and random primers], 25 units RNase
inhibitor, 2 lL dNTPs (10 mM), and a Moloney Murine Leu-
kemia Virus reverse transcriptase cDNA synthesis kit (Pro-
mega). Quantitative real-time polymerase chain reaction
(PCR) was performed using Applied Biosystems 7500 Real-
Time PCR System and SYBR� Premix Ex Taq� kit (Perfect
Real Time) (TaKaRa). The cycle threshold (CT) values for each
gene were corrected using the mean CT value. Real-time PCR
data were quantified using the DCT method with the formula:
n = 100 · 2 - (DCT targeted gene -DCT 18s rRNA). The primers used
were 18 seconds rRNA: forward 5¢GACTCAACACGGGA
AACCTCAC3¢ and reverse 5¢CCAGACAAATCGCTCCAC
CAAC3¢; ERK1/2: forward 5¢ GCTTTTCCCCAAGTCAGA
CTCCAA3¢, reverse 5¢ CTCATCCGTCGGGTCATAGTACT3¢;
JNK: forward 5¢CCATCATCATCGTCGTCTGTCAATG3¢ and
reverse 5¢CTGCTTCTAGACTGCTGTCTGTATC3¢; p-38: for-
ward 5¢CCTTCAGGAGAATCTACACGCATGT3¢ and re-
verse 5¢ TGGAGAGTGCAGTAGCCAGAAGA3¢.

702 LIANG ET AL.



Caspase enzyme activity assay

To examine whether the apoptotic effects induced by GA
were associated with caspase enzyme activation or not, the
activities of initiator caspase (caspase-8 and -9) and effector
caspase (caspase-3) were investigated. A total of 0.8 · 104

cells were seeded per well on a 96-well plate. After 24 hours
of incubation, different concentrations (0–75 lM) of GA were
added in different groups. Then, caspase-3, -8, and -9 en-
zyme activity was measured using the caspase-Glo ratio
colorimetric analysis kit (Promega). The absorbance values
were determined at 405 nm wave length. The assays were
performed in triplicate using various sample dilutions.

Immunoblotting

Briefly, cells were washed twice with ice-cold PBS; re-
suspended in 200 lL ice-cold solubilizing buffer containing
300 mM NaCl, 50 mM Tris-HCl (pH 7.6), 0.5% Triton X-100,
2 mM phenyl-methanesulfonyl fluoride (PMSF), 2 lL/mL
aprotinin, and 2 lL/mL leupeptin; and incubated at 4�C for
1 hour. Lysates were collected after centrifuging at 13,000 rpm
for 20 minutes at 4�C. Protein levels were quantified using a
BCA protein assay kit (Pierce) according to the manufactur-
er’s instruction. Equivalent amounts of protein were sepa-
rated by 8%–12% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis and transferred to polyvinylidene fluo-
ride membranes. The membranes were blocked in PBS
containing 5% nonfat dry milk (w/v), and then incubated
overnight at 4�C with antibodies against ERK1/2, phosphor-
ERK1/2 (p- ERK1/2), p38, phosphor-p38 (p-p38), JNK, and
phosphor-JNK (p-JNK) (Cell Signaling Technology) at the
recommended dilutions. The membranes were then incu-
bated with HRP-conjugated goat anti-mouse secondary
antibodies (Cell Signaling Technology) at room temperature
for 1 hour, and developed using the enhanced chemilumi-
nescence reagents (Cell Signaling Technology) and exposed
to X-ray film.

Xenograft model

Female BALB/c (nu/nu) mice (weight 16–18 g) were ob-
tained from the Shanghai Pharmaceutical Institute of Acad-
emy of Science (Shanghai), and maintained under specific
pathogen-free conditions and supplied with sterile food and
water ad libitum. Approximately 5 · 106 MNNG/HOS cells
were injected subcutaneously into the right axillary fossa of
each nude mouse under aseptic conditions as described
previously.22 The next day (day 1) mice were randomly di-
vided into three groups (n = 6) and fed plain drinking water
(control), or 0.3% and 1% GA w/v in drinking water. Diet
and water consumption as well as animal body weight were
monitored regularly throughout the study. Once xenograft
started growing, their sizes were measured in two dimen-
sions using digital vernier calipers. The tumor volume was
calculated by the following formula: 0.5 · a · b2, where ‘‘a’’
was the largest dimension and ‘‘b’’ was the perpendicular
diameter. Lethal toxicity was defined as any death in treated
animals occurring before the first death in the control group.
Mortality was monitored daily. At the end of the study pe-
riod, tumors were excised and fixed in 10% formalin for
immunohistochemical analysis. The animal studies were
approved by the Ethics Committee of Zhejiang University

Medical College and the principles of laboratory animal care
were followed in all animal experiments.

Immunostaining

Formaldehyde-fixed, paraffin-embedded tissue blocks
were prepared from xenograft tissue and cut into serial
sections (3 lm), which were then mounted on glass slides
and dried at 60�C for 2 hours. Tissue sections were depar-
affinized in xylene, rehydrated, and then immersed in PBS.
To block endogenous peroxidase activity, the slides were
treated with 3% H2O2 for 15 minutes, washed with PBS three
times (3 minutes each), and immersed in boiling 0.01 M
sodium citrate buffer (pH 6.0) for 10 minutes. Next, sections
were incubated with goat serum for 30 minutes at room
temperature and then with mouse monoclonal antibodies
against proliferating cell nuclear antigen PCNA and CD31
(diluted at 1:1,000; Abcam) at 4�C overnight. After washing
in PBS for 5 minutes, sections were incubated in biotin-
labeled goat anti-rabbit IgG (diluted 1:200) at 37�C for 30
minutes and the secondary antibody was detected by SABC
method. Terminal deoxynucleotidyl transferase-mediated
nick end labeling (TUNEL) kit (Roche) was used to detect
apoptosis in the xenograft tissue according to the manufac-
turer’s instructions.

PCNA-, CD31-, and TUNEL-positive cells were analyzed
using the Image Pro-Plus software (ver. 6.0; Media Cyber-
netics), according to the method developed by Xavier et al.23

Briefly, a DP 70 CCD camera (Olympus) coupled to an AX-70
microscope (Olympus) was used to capture, at 400 · magni-
fication, 10 digital images (resolution 2560 · 1920 pixels) per
slide. Measurement parameters included IOD, total area,
and mean density. OD was calibrated and the area of interest
assigned values for hue (0–30), saturation (0–255), and in-
tensity (0–220). Images were then converted to grayscale and
values were counted.

Statistical analysis

The data were expressed as the mean – standard deviation
(SD). Mean values were calculated from data obtained from
experiments performed in triplicate. One-way analysis of
variance was used to identify statistically significant differ-
ences between the experimental and control groups. IC50

values (and 95% confidence intervals) were calculated from
MTT assay data by probit regression. The Kruskal–Wallis
and Mann–Whitney U tests were used to identify differences
in PCNA-, CD31-, and TUNEL-positive expression between
different treatment groups.

All statistical analyses were performed using the SPSS
software (ver. 16.0; SPSS, Inc.). p-Values were two-tailed and
a value < 0.05 was considered statistically significant.

Results

GA inhibits the proliferation of human osteosarcoma
cells in a dose- and time-dependent manner

To investigate the effects of GA on the proliferation of
osteosarcoma cells, we measured the growth of U-2OS and
MNNG/HOS cells, using the MTT and BrdU incorporation
assays. The results showed that GA inhibited cell prolifera-
tion in a dose- and time-dependent manner (Fig. 1). After 24
hours, IC50 values for GA were 54.23 lM in U-2OS and
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87.12 lM in MNNG/HOS cells according to the MTT assay.
Similar IC50 values were also calculated according to the
BrdU assay (data not shown). Inhibition was not saturated in
any of the two osteosarcoma cell lines at the concentrations
of GA used.

GA induces the apoptosis
of human osteosarcoma cells

To study the mechanism by which GA inhibits the pro-
liferation of human osteosarcoma cells, we performed
Hoechst 33258 staining and TEM and FCM analyses.
Hoechst 33258 staining showed that U-2OS and MNNG/
HOS treated with GA exhibited morphological features of
early apoptotic cells (Fig. 2A). Also, the number of late ap-
optotic cells increased at higher GA concentration in two
osteosarcoma cell lines. Maximal cell death occurred within
48 hours of drug exposure (data not shown). Thus, we se-
lected 24-hour exposure to GA as an appropriate time point
for subsequent experiments.

TEM showed typical apoptotic morphological features
induced by GA: aggregated karyotin, denser cytoplasm, and
the formation of dense, round apoptotic bodies (Fig. 2B).
These results were consistent with the morphological alter-
ations observed by light and fluorescence microscopy.

Next, we found that the cell cycle progression was not
obviously influenced after exposure to GA (data not shown),

which was not consistent with other reports.19,20 However,
Annexin V-FITC/PI double staining showed early apoptosis
induced by GA in both U-2OS and MNNG/HOS cells.
U-2OS and MNNG/HOS cells treated with GA exhibited
much higher rates of apoptosis (57.7% and 42.3%) than that
of control cells (3.3% and 4.7%) (Fig. 2C). Most apoptotic cells
were in the early stages.

Moreover, caspase enzyme activity assay showed that
GA caused dose-dependent activation of caspase-3 and -9
by two- to threefolds (Fig. 2D), which agreed with other
reports.24,25 However, there was a negligible increase in
caspase-8 activity. Taken together, these findings revealed
that GA inhibits the proliferation of human osteosarcoma
cells mainly via inducing apoptosis rather than inducing cell
necrosis.

GA induces human osteosarcoma cell apoptosis via
the inhibition of ERK1/2 and JNK and the activation
of p38 kinase signaling

To elucidate the molecular mechanism by which GA in-
duces apoptosis of human osteosarcoma cells, we performed
Western blot analysis to examine the signaling pathways
involved. The results showed that the levels of p-JNK and
p-ERK1/2 kinase decreased significantly after the treatment
with GA, while the level of p-p38 kinase increased signifi-
cantly (Fig. 3A). In addition, the changes in the levels of these

FIG. 1. GA inhibits the proliferation of human osteosarcoma cells in a dose- and time-dependent manner. (A, B) Cells were
exposed to GA with different concentrations for various time and the OD values were obtained through reading plate at
570 nm with 96-well microtest spectrophotometer by MTT assay. (C, D) After exposing to GA with different concentrations
for various time, cell proliferation was analyzed by BrdU incorporation assay. The viability rate was expressed as the
percentage of cell viability rate compared with the control. The data were expressed as mean – SD obtained from triplicate
samples. GA, gallic acid.
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FIG. 2. GA induces
apoptosis of human
osteosarcoma cells. (A)
Hoechst staining of
osteosarcoma cells treated
with 25, 50, and 75 lM for 24
hours, respectively. The
nuclei were stained by
Hoechst 33258 and visualized
under fluorescence
microscope (magnification,
200 · ; scale bar = 100 lm). (B)
The apoptotic ultrastructure
of osteosarcoma cells treated
by GA. The cells were
examined under a
transmission electron
microscope ( · 3700 power).
In the 50 lM GA group,
typical apoptotic cells were
observed in U-2OS and
MNNG/HOS; scale
bar = 2 lm. (C) Annexin
V-FITC/PI staining of
osteosarcoma cells treated by
GA. (a) control group; (b)
25 lM GA; (c) 50 lM GA; (d)
75 lM GA. The data were
representative of three
independent experiments.
(D) GA induces the activation
of caspase-3 and -9 while
does not significantly
influence the activation of
caspase-8. Lysate was
prepared from cells grown in
the absence or presence of
GA (25, 50, and 75 lM) for
24 hours and tested for
activities. Data represented
the mean of three
measurements – SD. **p < 0.01
versus control group;
#p < 0.001 versus control
group.
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proteins were negatively or positively correlated with GA
concentration (Fig. 3B, C). qRT-PCR analysis further showed
that the mRNA expression level of p38 kinase was obviously
increased after exposure to GA in two cell lines in a dose-
dependent manner (Fig. 3D). Moreover, GA decreased JNK
kinase mRNA expression in two cell lines (Fig. 3E). Most
importantly, mRNA expression level of ERK1/2 kinase de-
creased in U2-OS cells, while mRNA expression level of

ERK1/2 kinase increased in MNNG/HOS cells (Fig. 3F).
Taken together, these results suggest that GA may induce
apoptosis of human osteosarcoma cells through the inacti-
vation of JNK and ERK1/2 kinase pathways and the acti-
vation of p38 kinase pathway.

Next, we employed ERK1/2, JNK, and p38 inhibitors
to confirm the role of these signaling pathways in GA-
induced apoptosis of osteosarcoma cells. The results showed

FIG. 3. GA upregulates
p-38 activation and
downregulates JNK and
ERK1/2 activation in human
osteosarcoma cells in a dose-
dependent manner. (A–C)
Western blotting analysis of
p-38 and p-p-38, JNK and p-
JNK, ERK1/2, and p-ERK1/2
in human osteosarcoma cells
treated with 25, 50, and
75 lM GA for 24 hours,
respectively. The density of
target proteins was analyzed
by Gel-Pro-analyzer (Media
Cybernetics). b-Actin served
as loading control. (D–F)
Real-time RT-PCR analysis
for quantitative evaluation of
the mRNA expression of
target genes. (G) The effects
of p38, JNK, and ERK1/2
MAPK inhibitors on GA-
induced growth inhibition.
Data were expressed as
mean – SD of three samples.
*p < 0.05 versus control
group; **p < 0.01 versus
control group; #p < 0.001
versus control group.
Bp < 0.05 GA group versus
MAPK inhibitors group.
,p < 0.01 GA group versus
MAPK inhibitors group. JNK,
c-Jun N-terminal kinase;
ERK1/2, extracellular signal
regulated kinase; MAPK,
mitogen-activated protein
kinase.
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that preincubation with PD98059 or SP600125 enhanced
growth inhibition induced by GA (from 32.9% – 2.22% to
54.95% – 3.98% and from 32.9% – 2.22% to 41.02% – 2.73% in
U2-OS, and from 21.52% – 2.40% to 51.63% – 2.94% and from
21.52% – 2.40% to 43.88% – 2.72% in MNNG/HOS, respec-
tively) (Fig. 3G). In contrast, preincubation with p38 inhibitor
SB203580 partly blocked GA-induced growth inhibition
(from 32.9% – 2.22% to 22.33% – 2.92% in U2-OS, and from
21.52% – 2.40% to 16.10% – 2.16% in MNNG/HOS, respec-
tively) (Fig. 3G). These data confirm that ERK1/2 and
JNK negatively regulate while p38 positively regulates GA-
induced apoptosis of osteosarcoma cells.

GA inhibits osteosarcoma in vivo

Finally, we examined the antitumor activity of GA
against osteosarcoma in vivo. The results showed that GA
at dose of 0.3% and 1% dose both inhibited MNNG/HOS
tumor xenograft growth in a time-dependent fashion
(Fig. 4A). At the end of the experimental period, in aver-
age, GA reduced the tumor volume from 2392.99 mm3 in
control group to 1896.34 mm3 ( p = 0.028) and 1476.55 mm3

( p = 0.0001) in 0.3% and 1% GA-fed group, respectively
(Fig. 4A). However, water intake and gain in body weights
did not differ significantly among the control and GA-fed
groups during the 6 weeks of experimental period (data
not shown). In addition, no mouse died during treatment
with either compound or from control group until the end
of the experiments (data not shown). Moreover, the toxicity
to the mice of GA in the present study is consistent with
previous reports.26,27

Further histological examination of tumor tissue from
vehicle mice showed disorganized arrangement of sarcoma
cells and a high cell density. The osteosarcoma cells were
ovoid or round and displayed increased ratios of nucleus
to cytoplasm. Nuclei were dark and showed clear signs of
heteromorphism. In contrast, in tumor tissues from animals
treated with GA, the ratio of nucleus to cytoplasm was re-
duced and the nuclei were polygonal and lightly stained.
Nucleoli were small and inconspicuous. The sarcoma cells
were loosely arranged and there were marked signs of
widespread tumor destruction (Fig. 4B).

In addition, the expression of PCNA and CD31 in GA-
treated tumors was evaluated by immunohistochemis-
try. Qualitative analysis of stained tumor sections revealed
that the mean intensity for PCNA decreased from 0.0823 –
0.0091 in control group to 0.0227 – 0.0062 and 0.0038 –
0.0027 ( p < 0.001) in 0.3% and 1% GA-fed groups, respec-
tively (Fig. 4D, G). Similarly, the mean intensity for CD31
decreased from 0.0432 – 0.0081 in control group to 0.0316 –
0.0032 and 0.0173 – 0.0059 ( p < 0.001) in 0.3% and 1% GA-
treated tumors, respectively (Fig. 4E, H). Moreover, we
examined the pro-apoptotic effects of GA under in vivo
conditions and found that the mean intensity for TUNEL-
positive cells significantly increased from 0.0002 – 0.0001 in
tumor sections from control group to 0.0233 – 0.0023 and
0.0330 – 0.0045 ( p < 0.001) in 0.3 and 1% GA-fed groups,
respectively (Fig. 4C, F). Collectively, these in vivo find-
ings complement the in vitro data and suggest that GA
exhibits in vivo efficacy in inhibiting osteosarcoma by de-
creasing proliferation, inhibiting angiogenesis, and pro-
moting apoptosis.

Discussion

Osteosarcoma is an aggressive neoplasm representing the
most common primary malignant bone tumor.28 In the past
decade, the survival of patients with osteosarcoma has in-
creased, due to rapid advances in neoadjuvant chemother-
apy. However, these bone tumors are characterized by
frequent metastasis and strong resistance to chemotherapy,
and the effectiveness of cytotoxic drugs often declines due to
acquired chemoresistance.1 Finding new therapeutic agents
to target the malignant behavior of osteosarcoma cells is
therefore important.

Many phytochemicals have been shown to exhibit anti-
cancer efficacy in various in vitro and in vivo models of can-
cer.29 Among them, GA has been identified as the major
active fraction in herbal medicinal plants with growth-
inhibitory effect on various cancer cell lines.27,30–32 In this
study, we confirm the anticancer effects of GA on two
human osteosarcoma cell lines in vitro and in vivo. We found
that GA induced apoptosis of human osteosarcoma cells
dose and time dependently. The IC50 values for GA were
54.23 lM and 87.12 lM for U2-OS and MNNG/HOS cells,
respectively. These values differ from those reported for
human glioma cells, lung cancer cells, prostate cancer cells,
human melanoma, and hepatoma, probably due to the dif-
ferences in the cell types studied, and the genetic alterations
in the cells.25,27,30,31,33

Anticancer drugs are known to induce apoptosis, elimi-
nating cells that harbor genetic damage or divide inappro-
priately.34 To elucidate the mechanisms of the anticancer
actions of GA, we first investigated its pro-apoptotic prop-
erties. Annexin V-FITC/PI double staining showed that GA
induced apoptosis in a dose-dependent manner in the range
of 25–75 lM. Apoptotic cells were further confirmed using
fluorescence and electron microscopy. These results are
consistent with those reported in other cancer cells.27,30,31

However, we observed that GA had no effect on osteosar-
coma cell cycle, which is different from previous reports in
prostate cancer cells.35

Activation of caspase-9 and -8 suggests the involvement of
both intrinsic and extrinsic pathways of apoptosis that cul-
minates in the activation of caspase-3.36 Therefore, we de-
termined the role of major caspases in apoptotic death
induced by GA. We found that GA caused dose-dependent
activation of caspase-3 and -9 by two- to threefolds, but no
obvious increase in caspase-8 activity. These findings indi-
cate that GA induces apoptosis in human osteosarcoma cells
by activating intrinsic apoptotic pathways.

Members of the MAPK family are important regulators
of stress responses, including the induction of apoptosis.37

Several studies have suggested that p38, JNK, and ERK1/2
cascades have a critical role in the induction of apopto-
sis.38,39 Therefore, to elucidate the mechanisms underlying
GA-induced apoptosis, the level of p38, p-p38, JNK, p-JNK,
ERK1/2, and p-ERK1/2 was analyzed by Western blotting
in U2-OS and MNNG/HOS cells. The activation of p38
as indicated by increased p-p38 level was upregulated by
GA in both cell lines, while p-ERK1/2 and p-JNK levels
were suppressed by GA. These results suggest that GA
may inhibit the growth of human osteosarcoma cells by
inducing p38 activation and suppressing JNK and ERK1/2
activation.
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FIG. 4. GA inhibits the
growth of MNNG/HOS
xenograft in athymic nude
mice. Approximately 5 · 106

MNNG/HOS cells were
injected subcutaneously into
the right axillary fossa of each
nude mouse under aseptic
conditions. After 24 hours,
mice were fed plain water
(control group) or 0.3% and
1% (w/v) dose of GA in
water for 5 days/week for
5 weeks. (A) Average tumor
volume (mm3) was plotted as
a function of week of GA
feeding. At the end of 5
weeks of xenograft studies,
tumors were excised and
processed for H&E analysis
(B) and immunohistochemical
staining for TUNEL (C),
PCNA (D), and CD31 (E). The
representative pictures were
taken at 400 · magnification of
microscopic field from each
group. Bar diagrams
represented quantitative
analysis (mean area – SD) of
TUNEL (F), PCNA (G), and
CD31 (H) positive cells. Data
were shown as mean – SD.
**p < 0.01 versus control
group; #p < 0.001 versus
control group. Scale
bar = 50 lm.
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Next, we employed special inhibitors of MAPKs and found
that GA-induced growth inhibition was almost counteracted
by pretreatment with p38 MAPK inhibitor, which was consis-
tent with other reports on an isomycin-induced macrophage
death40 and pyrogallol-induced CPAEC death.41 Moreover,
inhibition of p38 MAPK alone in the absence of GA did not
significantly alter cell growth in osteosarcoma cells. However,
inhibition of JNK or ERK1/2 signaling led to significant in-
creases in osteosarcoma cell viability after GA treatment, which
was also previously found in Hela cells.8 Therefore, the inhi-
bition of p38 signaling by its inhibitor seemed to antagonize
GA-induced apoptosis of osteosarcoma cells, while the inhibi-
tion of JNK or ERK1/2 by its inhibitor seemed to exhibit a pro-
apoptosis function. Based on these findings, we conclude that
p38, JNK, and ERK1/2 MAPK are all involved in regulating
GA-induced growth inhibition of osteosarcoma cells.

In our in vivo study, we found that both 0.3% and 1% GA
(w/v) obviously inhibited tumor growth during the 5-week
treatment period. Histological and ultrastructural analysis of
the tumors from mice treated with GA revealed morpho-
logical features characteristic of apoptotic cells, in agreement
with our in vitro findings. Further, the anti-osteosarcoma
effect of GA was accompanied by strong anti-proliferative
and proapoptotic effects as observed by immunohistochem-
ical analyses of human osteosarcoma xenograft samples for
PCNA- and TUNEL-positive cells. Another important aspect
of tumor growth and metastasis is angiogenesis, especially
for osteosarcoma. In our study, we found that compared
with tumors from plain water-fed groups tumors harvested
from GA-treated groups had significantly less staining for
CD31, a marker for tumor angiogenesis. The anti-angiogenic
activity of GA was also shown in previous report.27 Al-
though subcutaneous grafting is easy to administrate and
measure the tumor, the perfect in vivo model for bone tumor
is the orthotopic transplantation. Therefore, further study
employing this model will be more valuable to assess the
therapeutic effects of GA on human osteosarcoma.

In summary, in this study we demonstrate the strong anti-
osteosarcoma efficacy of GA that is mediated by the modu-
lation of cell proliferation, apoptosis, and angiogenesis. Our
findings suggest that GA could be a potent agent for osteo-
sarcoma intervention.
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