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Abstract. Osteosarcoma, which is the most common primary 
bone tumor, occurs most frequently in adolescents. A number 
of studies have indicated that plumbagin (PL) (5-hydroxy-2-
methyl-1, 4-naphthoquinone), a compound found in the plants 
of the Plumbaginaceae and Droseraceae families, possesses 
anticancer activity. However, its anticancer effects and 
mechanisms against osteosarcoma have not been explored. To 
determine the anticancer effect of PL on osteosarcoma cell 
lines MG-63 and U2OS, cell viability, apoptosis, cell cycle 
distribution, caspase-3 and caspase-9 activity and intracellular 
reactive oxygen species (ROS) generation were measured, and 
Western blot analyses were performed. PL significantly inhib-
ited the growth of osteosarcoma cells, particularly U2OS cells. 
PL up-regulated the expression of p53 in U2OS cells and p21 
in the two osteosarcoma cell lines causing cell cycle arrest by 
decreasing the expression of murine double minute 2 (MDM2)/
cyclin B1 and cyclin D1. Furthermore, PL altered the ratio of 
Bax/Bcl-2, and may have triggered the mitochondrial apop-
totic pathway, resulting in caspase-3 and caspase-9 activation. 
We also found that PL induced the generation of ROS in osteo-
sarcoma cell lines. To conclude, PL exerted anticancer activity 
on osteosarcoma cells by inducing pro-apoptotic signaling 
and modulating the intracellular ROS that causes induction of 
apoptosis. These effects may relate to the p53 status.

Introduction

Osteosarcoma is the most commonly diagnosed primary 
malignant bone tumor (1). Among individuals younger than 
20 years, the osteosarcoma incidence rate is 8.7 per million, 
and the risk is higher in males  (2). The most common loca-
tions of malignant tumors are regions with rapid bone growth. 

The current treatment for osteosarcoma is neoadjuvant 
chemotherapy prior to surgery, surgical resection and chemo-
therapy again following surgery. With these management 
strategies, the 10-year disease‑free survival is approximately 
60% among patients with non-metastatic disease and there is 
a worse outcome for patients with metastatic disease at diag-
nosis (3). Thus, the development of new therapies is critical for 
improving prognosis of patients with osteosarcoma.

Plumbagin (PL; 5-hydroxy-2-methyl-1, 4-naphthoquinone), 
a compound found in the plants of the Plumbaginaceae and 
Droseraceae families, has been traditionally used for treating a 
number of diseases, including microbial infections and allergic 
reactions, in India and China (4-6). Previous studies have 
demonstrated that PL exhibits anti-Haemonchus contortus 
(7), anti-bacterial (8), hypolipidaemic and anti-atherosclerotic 
(9), anti-inflammation (10) and anticancer effects (11,12). The 
molecular mechanisms of the anticancer effects of PL include 
inactivition of NF-κB and Bcl‑2 (13,14), disruption of the 
microtubule network (15), breakage of DNA (16), generation 
of reactive oxygen species (17,18) and cell cycle arrest (19,21). 
PL was also found to improve the radiation effect in the treat-
ment of mouse tumor xenograft models (22,23). Furthermore, 
PL was found to have no apoptosis‑inducing effect on normal 
prostate epithelial RWPE-1 cells, thus it could be used as a 
chemotherapeutic agent (24). However, the apoptosis‑inducing 
effect of PL on osteosarcoma cells and its mechanisms have 
rarely been reported.

The p53 pathway is a major growth‑regulating pathway. 
p53, a tumor suppressor protein, plays a significant role 
in modulating the cell cycle and inducing apoptosis when 
DNA is damaged or as a cell response to stress in human 
cells (25). p53‑induced cell cycle arrest and apoptosis requires 
transactivation of p21 and other cell cycle-related elements, 
such as cyclin B1 and cyclin  D1. p21, as a CDK inhibitor, 
results in G1-, S-, G2‑phase arrest when it is overexpressed 
(26). The p53 protein is regulated by various intracellular 
and extracellular stimuli. The activation of p53 leads to either 
cell apoptosis or cell growth arrest wholly or partly through 
induction of p21 (27). Under normal circumstances, inactive 
cyclin-dependent kinase  1 (CDK1) binding to cyclin  B1, 
initiating its phosphorylation status, becomes an active 
cyclin  B1‑CDK1 complex. The complex translocates to the 
nucleus to play a role in phosphorylation. In this intricate 
process, accumulation of cyclin B1 to the threshold level was 
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very significant as it guided the process (28). In a number of 
cancer cells, cyclin B1 was found to be overexpressed at the 
protein and mRNA levels at all phases of the cell cycle and 
peaked at the G2/M phase (29). Previous studies suggest that 
inhibition of cyclin  B1 by various agents such as ionizing 
radiation  (30), adriamycin  (31) or sulforaphane  (32) causes 
significant G2/M arrest in numerous cancer cell types. 
Cyclin D1 is a key factor in extracellular signaling resulting in 
an excess of cells in the G1 phase. Its function was also found 
to be mediated by CDKs and histone. Genetic aberrations and 
overexpression of cyclin  D1 have been noted in numerous 
types of human cancers (33).

The murine double minute 2 (MDM2) plays a key role in 
negatively moderating p53 activity in the nucleus and cyto-
plasm. In the two classic p53‑dependent checkpoint pathways, 
which are activated by DNA damage and oncogenic mutation, 
p53 was activited by inhibiting the expression of MDM2 (34). 
MDM2 may inhibit the function of p53 by at least three 
different approaches: i) blocking p53 activity; ii) degradation 
of p53; and iii) exporting of p53 from the nucleus, which is 
the site of action. Inhibition of the expression or degradation 
of MDM2 induces apoptosis in tumors that retain wild-type 
p53 (35). It has been reported that inhibiting MDM2 expres-
sion may reactivate p53 in cancer cells, leading to their 
demise (35-37).

Reactive oxygen species (ROS) cause apoptotic cell death 
through a number of mechanisms, such as inhibition of the 
activity of topoisomerase II (38) and triggering the mitochon-
drial apoptosis pathway (39). PL was found to induce ROS 
generation in various types of cancer cells, such as human 
promyelocytic leukemia (40), human prostate cancer (18) and 
human cervical cancer cells (41).

In the present study, we investigated the cell proliferation 
inhibition activity of PL in human osteosarcoma cell lines 
(MG-63 and U2OS) in vitro. We also examined the effect of 
PL on cell cycle distribution and apoptosis. Additionally, to 
explore the anticancer mechanism of PL, we also detected the 
cell cycle- and apoptosis-related molecules, and analyzed the 
generation of ROS. In conclusion, PL induces the apoptosis of 
osteosarcoma cells through the p53 pathway and generation 
of ROS.

Materials and methods

Reagents. PL, dimethyl sulfoxide (DMSO), ribonuclease  A 
(RNase  A) and propidium iodide (PI) were purchased from 
Sigma Chemical (St. Louis, MO, USA). Fetal bovine serum 
(FBS), high glucose Dulbecco's modified Eagle's medium 
(DMEM), streptomycin and penicillin G were obtained from 
Gibco BRL (Gaithersburg, MD, USA). The antibodies to p53, 
p21, MDM2, Bax, Bcl-2, cyclin  B1, cyclin  D1 and GAPDH 
were obtained from Promab (Changsha, China).

Cell lines and culture. Human osteosarcoma cell lines MG63 
and U2OS were obtained from the China Center for Type 
Culture Collection (CCTCC). The cells were cultured with 
high glucose DMEM supplemented with 10%  FBS, 100  U/
ml of penicillin G and 100 U/ml of streptomycin. They were 
cultured at 37˚C in a humidified incubator with 5% CO2. All 
cells used in the studies were in the logarithmic phase.

Cell viability assay by CCK-8. Inhibition of osteosarcoma 
MG-63 and U2OS cell proliferation by PL was analyzed by 
the Cell Count Kit-8 (CCK-8 Kit, Beyotime, China) assay. The 
CCK-8 assay was performed according to the manufacturer's 
instructions. Briefly, cells were seeded in fresh 96-well culture 
plates (1x103 cells per well). Following incubation overnight, 
the cells were treated with 0.1% DMSO (vehicle) and various 
concentrations of PL (2.5, 5.0, 7.5 and 10.0 µM) for 24 h. The 
cells were rinsed twice with fresh high‑glucose DMEM. Then 
110 µl FBS‑free culture medium containing 10 µl CCK-8 was 
added to each well. Following 3  h of incubation, the absor-
bance was tested on a microtiter plate reader (ELX 800 UV, 
Bio-Tek Instruments, Inc.) at a measured wavelength of 
450 nm. Four parallel replicates of each sample were prepared 
for statistical accountability. Cell viability was expressed as a 
percentage over the 0.1% DMSO group.

Cell cycle analysis. The cell cycle was determined by flow 
cytometry. MG63 and U2OS cells were seeded at a density 
of 3x105  cells per well and cultured overnight. We replaced 
the medium with fresh medium containing various concentra-
tions of PL (2.5, 5.0, 7.5 and 10.0 µM) and 0.1% DMSO alone. 
Following 24 h of treatment at 37˚C, all cells were collected, 
washed with phosphate-buffered saline (PBS), and fixed with 
70% (v/v) ice-cold ethanol for 1 h at 4˚C. The fixed cells were 
treated with 50 µg/ml RNase A and 50 µg/ml PI for 30 min at 
room temperature. At least 10,000 cells were analyzed by flow 
cytometry (FACSCalibur, Becton Dickinson, USA).

Analysis of cell apoptosis by Annexin V⁄PI staining. To assess 
the development of apoptosis induced by PL, MG63 and U2OS 
cells were stained with Annexin V-fluorescent isothiocyanate 
(FITC) conjugate and PI. MG63 and U2OS cells (1x105) were 
cultured in 24-well plates. Following overnight incubation, 
these cells were treated with various concentrations of PL 
(2.5, 5.0, 7.5 and 10.0 µM) and 0.1% DMSO alone for 24 h and 
collected by trypsinization. After being twice washed with 
4˚C  PBS, the cell pellets were suspended in 195  µl ice-cold 
1X binding buffer at a density of approximately 1x106 cells/ml, 
and then incubated with 5 µl Annexin V-FITC (Beyotime) for 
10 min at room temperature in the dark. After the cells were 
centrifugated at 1,000 x g for 5 min, 200 µl ice-cold 1X binding 
buffer containing 10 µl PI was added followed by flow cytom-
etry using the FACSCalibur flow fluorocytometer (Becton 
Dickinson) within 1 h.

Measurements of caspase-3 and -9 activities. This assay is based 
on the ability of the active enzyme to cleave the chromophore 
from the enzyme substrates of caspase‑9, acetyl-Leu-Glu-
His-Asp-p-nitroanilide  (Ac-LEHD-pNA), and caspase-3, 
acetyl-Asp-Glu-Val-Asp-p-nitroanilide (Ac-DEVD-pNA). The 
hydrolysis of the peptide substrate Ac-LEHD-pNA by caspase-9 
or of the peptide substrate Ac-DEVD-pNA by caspase-3 results 
in the release of the p‑nitroaniline (pNA) moiety. pNA moiety 
is yellow, and the concentration may be detected by measuring 
the absorbance at 405 nm wavelength. With its capacity, we can 
infer the activity of caspase-3 or caspase-9. Cells (1x106 per 
well) were seeded into 6-well plates, incubated overnight, and 
then exposed to various concentrations of PL (2.5, 5.0, 7.5 and 
10.0 µM) and 0.1% DMSO for 24 h. Caspase-9 and caspase-3 
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activities were measured using the caspase-9 activity assay kit 
and the caspase-3 activity assay kit (Beyotime), seperately. The 
release of pNA was monitored at 405 nm using a standard curve 
of defined pNA solutions. Values were expressed as nmol pNA/
mg of total protein.

Measurement of the intracellular ROS. Intracellular ROS 
generation induced by PL in MG63 and U2OS cells was 
measured by flow cytometry following staining with 
DCHF-DA according to the manufacturer's instructions 
(Beyotime). Briefly, cells were seeded in 6-well plates at a 
density of 3x105 per well, allowed to attach overnight, and 
were exposed to various concentrations of PL (2.5, 5.0, 7.5 and 
10.0 µM) and 0.1% DMSO for 24 h. The supernatants were 
replaced with 1.5 ml 20 µM DCHF-DA solution. Cells were 
washed three times with fresh FBS-free medium following 
incubation for 20 min at 37˚C. Then cells were collected and 
the fluorescence was measured by flow cytometry. 

Western blot analysis. MG63 and U2OS cells (1x106 per dish) 
were seeded in 6 cm dishes. Following incubation overnight, 
the cells were treated with various concentrations of PL (2.5, 
5.0, 7.5 and 10.0  µM) and 0.1% DMSO for 24  h. The cells 
were collected and lysed in RIPA buffer containing protease 
inhibitors (cocktail). The homogenates were centrifuged at 
12,000  rpm for 15  min at 4˚C and the supernatant fraction 
was collected for immunoblotting. The same amounts of 
proteins were resolved by SDS-PAGE (6-12%) and transferred 
to PVDF membranes. The membranes were then incubated 
with the indicated primary antibodies followed by a horse-
radish peroxidase (HRP) secondary antibody and developed 
with an enhanced chemiluminescence detection reagent 
(Beyotime). Grayscale analyses were measured by the Gel 
Doc  XR imaging system (Bio‑Rad, USA), and the software 
was Quantity One (version 4.6).

Statistical analysis. The results are expressed as the means 
± standard errors obtained from at least 3 separate experi-

ments. Statistical comparisons of the results between MG63 
and U2OS cell lines by one-way ANOVA and between groups 
in MG63 or U2OS cell lines were performed by independent 
t-test. P<0.05 was considered to be statistically significant. All 
data analysis was carried out using SPSS 15.0 software.

Results

PL inhibits cell proliferation in MG63 and U2OS cells. To 
study the growth inhibition ability of PL in osteosarcoma, we 
first detected the effects of PL on MG63 and U2OS cell lines. 
As shown in Fig.  1, PL inhibited the proliferation of the two 
cell lines in a dose‑dependent manner. In U2OS cells, cell 
proliferation was reduced by more than 60% with 5 µM and by 
more than 90% with 10 µM treatment at 24 h. In MG63 cells, 
the inhibition was approximately 15 and 25.3% at the same PL 
concentrations at 24 h, seperately. The difference between the 
cell lines and various groups in the same cell lines was signifi-
cant (P<0.05). The concentrations of PL that were chosen were 
based on previous publications involving other types of tumor 
cells and a rat model (13,41-44).

Figure 1. Effects of plumbagin (PL) on cell proliferation inhibition in 
osteosarcoma cells. The cell proliferative inhibition effect of PL in U2OS 
and MG63 cells for 24  h. The cell growth inhibition activity of PL was 
assessed using the CCK‑8 Kit. Results are expressed as the percentage of 
cell proliferation relative to the proliferation of the control (0.1% DMSO). 
The data shown are the mean from three independent experiments. Each 
value is the mean of three determinations. *Significant difference between 
control and different concentration of plumbagin-treated cells, and U2OS 
and MG63 cells at the same concentration, as analyzed by one-way ANOVA 
and Dunnett's test (P<0.05).

  A

  B

Figure 2. Effect of plumbagin (PL) on the regulation of cell cycle arrest. 
(A) The distribution of the cell cycle in PL-treated osteosarcoma cell lines. 
(B) The expression of cell cycle-related factors in PL-treated osteosarcoma 
cell lines. 
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PL induces cell cycle arrest and regulates cell cycle-related 
proteins. To investigate the mechanism by which PL induces 
cell proliferation inhibition, the cell cycle distribution was 
evaluated by flow cytometry. The results showed that cell 
exposure to PL caused a markedly increased percentage of 
cells in the S phase in the two cell lines when compared with 
the control (Fig. 2A).

Subsequently, we evaluated the effects of PL on cell cycle-
regulating factors at the protein level. As shown in Fig.  2B, 
PL increased the expression of p53 in the U2OS cells, and 
p21 in the two cell lines in a dose‑dependent manner. We 
also observed that PL decreased the expression of MDM2, 
cyclin B1 and cyclin D1 in a dose‑dependent manner in the 
two cell lines. As there was no functional p53 in the MG63 

Figure 3. Plumbagin (PL) induced apoptosis through the initiation of the mitochondrial pathway. (A) Quantitative evaluations of Annexin V/PI assay by flow 
cytometry. Cells were treated with various concentrations of PL for 24 h and then apoptotic cells were examined by flow cytometry. (B) The expression level 
of Bcl-2/Bax proteins. The Bcl-2 and Bax expression levels of PL-treated osteosarcoma cells were determined by Western blot analysis. (C) The activation 
of caspase‑9 and caspase-3 in MG63/U2OS cell lines. Caspase-9 and-3 were assessed using caspase-9/3 activity assay kits. Each value is the mean of three 
determinations. *Significant difference between control and PL-treated cells, and U2OS and MG63 cells at the same concentration as analyzed by one-way 
ANOVA and Dunnett's test (P<0.05).

  A

  B

  C
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cells, the mechanisms by which PL increased p21 expression 
and decreased MDM2, cyclin  B1 and cyclin  D1 expression 
remain unknown. Thus, we hypothesized that other mecha-
nisms existed, independent of p53, to regulate the cell cycle 
by PL.

PL induces apotosis by triggering the mitochondrial apop-
tosis pathway in human osteosarcoma cells. PL-induced 
apoptosis has been reported in a number of types of cancer 
cells, such as human lung cancer (20), breast (13,42) and 
prostate cancer cells (18,24), but this has never been char-
acterized in osteosarcoma cells. Therefore, we assessed the 
ability of PL to induce apoptosis in MG63 and U2OS cells 
by Annexin V/PI staining. As shown in Fig. 3A, Annexin V/
PI staining revealed that PL induced apoptotic cell death in a 
dose‑dependent manner in the two cell lines. In U2OS cells, 
following incubation for 24  h, approximately 57.4% cells 
underwent apoptosis when exposed to 2.5 µM PL. At 10 µM, 
the apoptosis ratio reached 74.7%. In MG63 cells, following 
the same treatment, approximately 16.2% cells underwent 
apoptosis when exposed to 2.5  µM PL. The apoptotic ratio 
was approximately 32.1% at 10  µM. These results clearly 
showed that PL induces apoptosis of osteosarcoma cells, and 
this effect may also be related to the status of p53.

To explore whether PL induces apoptosis by triggering the 
mitochondrial apoptotic pathway, we measured alterations 
in the protein expression of the Bcl-2/Bax and the activities 
of caspase-9/3. As shown in Fig.  3B, Western blot analysis 
showed that treatment with PL increased the Bax protein 
level and decreased the Bcl-2 protein level in osteosarcoma 
cells. This phenomenon was gradually pronounced with the 
increasing concentration of PL, which led to an increase in the 
pro-apoptotic/anti-apoptotic ratio, resulting in cell apoptosis. 
As shown in Fig. 3C, the activity of caspase-3 and-9 increased 
significantly compared with the control group.

PL increases the generation of ROS. Recent studies have 
revealed that ROS serve as significant signaling intermediates 
in apoptosis induction by various natural compounds including 
diallyl trisulfide, isothiocyanates and guggulsterone  (45,46). 

The induction of apoptosis by PL in a human cervical cancer 
cell line was also correlated with ROS generation  (41). We 
assumed that PL induces apoptosis in osteosarcoma cell 
lines by generating ROS. Therefore, we determined the ROS 
generation in MG63 and U2OS cells following incubation 
with various concentrations of PL. Intracellular ROS genera-
tion in PL-treated cells was monitored by flow cytometry 
after staining the cells with DCHF-DA, which is cleaved by 
esterases and oxidized in the presence of peroxides to fluores-
cent DCF. As shown in Fig. 4, PL‑treated MG63 and U2OS 
cells showed a concentration-dependent increase in DCF fluo-
rescence compared with DMSO-treated cells in the two cell 
lines at 24 h. The ROS generation in U2OS cells was slightly 
higher than that in MG63 cells at the same concentration. The 
mechanism needs further exploration.

Discussion

This study novelly explored the effect of PL on human osteo-
sarcoma cell lines U2OS and MG63 in vitro. PL inhibited 
cell proliferation and induced apoptosis of U2OS and MG63 
cells, particularly U2OS cells. The difference between these 
cell lines is that U2OS has functional p53 while MG63 does 
not. According to this, we hypothesized that the effect of PL is 
related to the p53 pathway, which is consistent with previous 
studies suggesting that PL-induced cell cycle arrest is related 
to the p53 status (13,44). However, this result is in contrast to a 
study involving human prostate cancer cells (18).

To confirm that the p53 pathway was involved, we detected 
the expression of p53 and its downstream factors at the protein 
level. We found that the expression of these factors was 
altered following treatment with PL (Fig. 2B). These changes 
were marked at 24  h, particularly at high concentrations. 
These results were similar to previous studies (13,47). We 
also found osteosarcoma cell stagnation in the S phase rather 
than the G2/M phase. This was not consistent with previous 
research (47). We also hypothesized that activated cyclin D1 
plays a significant role in this process. We also confirm that 
MDM2 expression was suppressed. The result is proof that PL 
regulates the p53 pathway.

The mitochondrial apoptotic pathway is one of the two 
major apoptotic pathways, which is triggered by a series of 
intracellular stress, and activates caspase-9 and its downstream 
caspase-3, cleaving cellular proteins. The pathway was found 
to be primarily regulated by Bcl-2 family proteins (48). The 
alteration of ratios between pro-apoptotic and anti-apoptotic 
family proteins may contribute to apoptosis. In the present 
study, osteosarcoma cells treated with PL exhibited upstream 
Bcl-2 expression and downstream Bax expression. We also 
observed that the activation of caspase-9 and caspase-3 was 
increased. These results suggest that PL induces apoptosis in 
osteosarcoma cells through the mitochondrial pathway.

Our data showed that PL induced ROS generation in osteo-
sarcoma cells, and this may be correlated with cell death. ROS 
may change the redox state of cells leading to cell apoptosis 
through multiple pathways (41,49). ROS may also adjust Bax 
expression, a phenomenon that was evident in our study. We 
also found that PL was capable of inducing ROS generation in 
osteosarcoma cell lines; yet the involved mechanism requires 
further elucidation.

Figure 4. Plumbagin (PL) treatment causes ROS generation in U2OS and 
MG63 cells in a dose-dependent manner. Each value is the mean  ±  SD of 
three determinations. *Significant difference between control and different 
concentration of PL-treated cells, and U2OS and MG63 cells at the same 
concentration, as analyzed by one-way ANOVAand Dunnett's test (P<0.05).  
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In the present study, PL inhibited human osteosarcoma 
cell proliferation, caused cell cycle arrest and induced apop-
tosis in MG63 and U2OS cell lines, particularly in U2OS 
cells. PL-induced cell cycle arrest may be correlated with 
up-regulated p53 expression in U2OS cells and p21 expres-
sion in the two cell lines, and decreased MDM2, cyclin  D1 
and cyclin  B1 expression. PL-induced apoptosis may be via 
ROS generation and the mitochondrial pathway. PL inhibition 
of proliferation and induction of apoptosis may be associated 
with the status of p53. These results suggest that PL may be an 
effective chemopreventive agent against human osteosarcoma.
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