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A B S T R A C T

Previous research has reported that piperlongumine exerts antitumor properties on several types of tumor cells.
However, its effect on osteosarcoma cells remains unknown. This study aimed to investigate the antitumor
effects of piperlongumine on osteosarcoma cells (MG63 and U2OS cells) in vitro and determined the underlying
mechanism. Cell viability was measured using MTT assay. Cell apoptosis was assessed via AO/EB staining and
flow cytometry apoptosis as well as western blot analysis. Cell cycle distribution was detected by flow cytometric
cell cycle and western blot analysis. In our research, we found that piperlongumine induced apoptosis and G2/M
phase arrest of MG63 cells. Western blot analysis not only confirmed the above results, but also demonstrated
that piperlongumine induced apoptosis of osteosarcoma cells by activating Caspase-9-dependent apoptotic
pathway. Furthermore, we also found that piperlongumine significantly induced apoptosis and cell cycle arrest
of osteosarcoma cells by regulating ROS/PI3K/Akt signaling pathway. In summary, our findings suggested that
piperlongumine inhibited osteosarcoma progression by promoting apoptosis of osteosarcoma cells. In addition,
the underlying mechanism demonstrated that piperlongumine produced potent antitumor properties in osteo-
sarcoma cells by regulating ROS/PI3K/Akt signaling pathway

1. Introduction

Osteosarcoma (OS), one of the most common malignant bone tumor
in the world, which accounts for 5% of pediatric tumor(Endo-Munoz
et al., 2010), causes an extensive damage in children and adolescents
(Chou et al., 2008). Due to abnormal division, unregulated proliferation
and early metastasis, the 5-year survival rate of osteosarcoma is far
from optimistic (Heymann et al., 2016). Epidemiological surveys de-
monstrated that pulmonary metastasis is the first leading cause of death
of OS (Chang et al., 2015). With the improvement of surgical and
neoadjuvant chemotherapy, the 5-year survival rate has increased to
approximately 60% (Robl et al., 2015). Unfortunately, the long-term
use of chemotherapy drugs has caused serious damage to normal tis-
sues, especially liver and kidney (Bajpai et al., 2017; Villegas Rubio
et al., 2017). Therefore, it is particularly important to find a safe and
effective therapy drug for osteosarcoma.

Piperlongumine (PL), an alkaloid extracted from traditional Chinese
medicine Piper longum L., has been reported to possess many

pharmacological effects including anti-inflammatory (Lee et al., 2013),
anti-anxiety (anti-depression) (Cicero Bezerra Felipe et al., 2007), anti-
platelet (Park et al., 2007), and anti-bacterial (Yang et al., 2002).
Currently, more and more studies showed evidences that PL has anti-
tumor properties in various tumor cells. For example, Duan et al. found
that PL decreases gastric cancer cells apoptosis and G2/M cell cycle
arrest via suppressing STAT3 and TERT (Duan et al., 2016). Thongsom
et al. demonstrated that PL induces human cholangiocarcinoma cells
G2/M phase arrest and apoptosis via suppressing ROS/JNK/ERK sig-
naling pathway (Thongsom et al., 2017). Seok et al. reported that PL
decreases human lung cancer cells proliferation and induces cell cycle
arrest through inhibiting Akt pathway (Seok et al., 2018). The anti-
proliferative and apoptosis-inducing effects of PL were also reported in
human breast cancer cells (Jin et al., 2017), human oral squamous cells
(Chen et al., 2016b) and pancreatic cancer cells (Yamaguchi et al.,
2018). In addition, PL was reported to have anti-invasive effect on
human breast cancer cells (Liu et al., 2017). Although Aodah et al.
earlier reported PL has a high cytotoxic activity on osteosarcoma cells,
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he only introduced it and did not elaborate on the mechanism of PL
(Aodah et al., 2016). Therefore, the aims of our study were to evaluate
the biological functions of PL on OS cells and explore the underlying
mechanisms.

2. Materials and methods

2.1. Main reagents

Dulbecco's modified eagle medium (DMEM), fetal bovine serum
(FBS), trypsin and penicillin/streptomycin were purchased from Gibco
(Gaithersburg, MD, USA). Piperlongumine (PL, purity> 99%, mole-
cular formula was shown in Fig. 1A) and LY294002 were purchased
from Selleckchem (Houston, TX, USA). N-Acetyl-L-cysteine (NAC) was
obtained from MedChemExpress (Monmouth, NJ, USA). Z-LEHD-FMK
was purchased from ApexBio (Houston, TX, USA). 2,7′-Di-
chlorodihydrofluorescein diacetate (DCFH-DA) was obtained from
Jiancheng (Nanjing, Jiangsu, China). Dimethyl sulfoxide (DMSO) and
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide
(MTT) were purchased from Sigma (St. Louis, MO, USA). Annexin V-
FITC/PI apoptosis detection kit and cell cycle detection kit were pro-
vided by Dojindo (Shanghai, China). Rabbit antibodies to Cyclin B1
(#12231, 1:1000), cdc2 (#28439, 1:1000), p21 (#2947, 1:1000), p53
(#2527, 1:1000), Cytochrome c (#4280, 1:1000), Caspase-3 (#9665,
1:1000), Caspase-7 (#9492, 1:1000), Caspase-9 (#9502, 1:1000), Bcl-2
(#4223, 1:1000), Bax (#5023, 1:1000), Akt (#4691, 1:1000) and p-Akt
(#4060, 1:1000) were obtained from Cell Signaling Technology (Dan-
vers, MA, USA). Rabbit antibody to GAPDH (sc-166,545, 1:5000),
mouse antibody to β-Actin (sc-376,421, 1:5000), and horseradish per-
oxidase (HRP)-conjugated secondary antibodies (anti-rabbit, sc-2030,
1:5000; anti-mouse, sc-2031, 1:5000) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Enhanced chemiluminescence
(ECL) western blot detection kit was provided by Beyotime (Shanghai,
China).

2.2. Cell culture and treatments

Human osteosarcoma cell lines, MG63 and U2OS cells were pur-
chased from ZQXZ Biotechnology (Shanghai, China). Cells were main-
tained in DMEM supplemented with 10% FBS and 1%penicillin/strep-
tomycin at in a 37 °C humidified incubator containing 5% CO2. Cells
were treated with different concentration of PL in medium containing
10% FBS (PL was dissolved in DMSO before use). Pharmacological in-
hibitors such as Z-LEHD-FMK (50 μM, Caspase-9 specific inhibitor)
(Chen et al., 2016a), NAC (5 mM, antioxidant, reduce ROS generation)
(Wang et al., 2016)and LY294002 (20 μM, Akt specific inhibitor) (Jiang
et al., 2014; Lv et al., 2017) were pretreated for 1 h before treatments of
PL.

2.3. Cell viability assay

The viability of OS cells was evaluated by the MTT assay. Cells were
incubated in 96-well plates for 24 h, then treated with different con-
centrations of PL (0 to 17.5 μM, 2.5 μM/gradient) for another 24, 48
and 72 h, each concentration for parallel 6 wells. After treatment, 10 μl
MTT solution was added to each well. After incubating for 4 h, the
medium was replaced with 150 μl DMSO solution to dissolve the pre-
cipitates (formazan crystals). The absorbance was read at a wavelength
of 490 nm. Cell viability rate (%) = experimental group absorbance
value/control group absorbance value × 100%. GraphPad Prism 6
software (GraphPad, San Diego, CA, USA) was used for calculation of
half maximal inhibitory concentration (IC50).

2.4. Morphological changes of apoptotic cells (Acridine orange/ethidium
bromide (AO/EB) apoptosis assay)

Morphological changes of apoptotic osteosarcoma cells were ob-
served directly using an inverted phase contrast. The two OS cells were
treated with different concentrations of PL for 24 h. Then cells were
observed directly under an inverted phase contrast microscope (100×
magnification, Carl Zeiss, Heidenheimer, Germany). Next, we observed

Fig. 1. PL suppresses osteosarcoma cells viability. (A) Molecular structure of
PL. (B) The growth inhibitory effect was determined by MTT assay. MG63 and
U2OS cells were treated with different concentrations (0 to 17.5 μM) of PL for 0
to 72 h. The growth inhibitory was in a time- and concentration-dependent
manner. All statistical tests were based on the control group (⁎P < .05,
⁎⁎P < .01). Data are presented as the mean ± SEM of three independent
experiments.
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the nuclear morphology of apoptotic cells using AO/EB staining. Cells
were treated with different concentrations of PL (10 μM PL with or
without Z-LEHD-FMK) for 24 h, washed twice with PBS, stained with
500 μl freshly-prepared dual stain solution containing 100 μg/ml AO
and 100 μg/ml EB in the dark at room temperature for 5 min. The
stained cells were observed using an inverted phase contrast fluores-
cence microscope (400× magnification, Carl Zeiss, Heidenheimer,
Germany). The cells were counted from five random fields of each
group, and the number of apoptotic cells was expressed as a percentage
(%) of the total number of cells counted.

2.5. Measurement of intracellular ROS generation

Intracellular reactive oxygen species (ROS) generation of osteo-
sarcoma cells was examined using the fluorescent probe DCFH-DA. In
the presence of ROS, DCFH is oxidized to form a fluorescent substance,
DCF. The intensity of green fluorescence is directly proportional to the
level of intracellular ROS. The level of ROS in the cells can be known by
detecting the fluorescence of DCF. Cells were treated with 10 μM PL
(with or without NAC) for 24 h, detached by trypsin, centrifuged, wa-
shed twice with PBS, and incubated with 10 μM DCFH-DA at 37 °C for
30 min in the dark. The total level of ROS was observed under a laser
scanning confocal microscope (400× magnification, Carl Zeiss,
Heidenheimer, Germany) and measured by the changes in the mean
fluorescence intensity (MFI) using Image J software (National Institutes
of Health, Bethesda, MD, USA).

2.6. Flow cytometry cell apoptosis analysis

Flow cytometry cell apoptosis analysis was used to further confirm
PL's role in cell apoptosis. Cells were treated with different concentra-
tions of PL (with or without Z-LEHD-FMK, NAC, respectively) for 48 h,
detached by trypsin, centrifuged, washed twice with PBS, resuspended
in 500 μl binding buffer, and double stained with 5 μl Annexin V-FITC
and 5 μl PI in the dark at room temperature for 15 min. The stained cells
were measured using BD flow cytometer (FACSComp software, BD
Biosciences, Franklin Lakes, NJ, USA). Annexin V-FITC+/PI− cells were
considered as early apoptotic cells, while Annexin V-FITC-/PI+ cells
were considered as sum of late apoptotic cells and necrotic cells.

2.7. Flow cytometry cell cycle analysis

To observe the role of PL in cell cycle distribution, flow cytometry
cell cycle analysis was measured. Cells were treated with different
concentrations of PL for 24 h (with or without NAC). Following the
treatments, cells were fixed in 70% ethanol at 4 °C overnight. Cells were
washed with cold PBS, incubated with 100 μl RNase A at 37 °C for
30 min, and stained with 400 μl PI in the dark at room temperature for
anther 30 min. The stained cells were measured using BD flow cyt-
ometer (CellQuest software, BD Biosciences, Franklin Lakes, NJ, USA).

2.8. Western blot analysis

To further confirm the molecular mechanism, western blot analysis
was used. Cells (after treated with PL for 24 or 48 h) were collected by
trypsin and lysed by RIPA lysis buffer. The lysates were centrifuged at
12,000 g at 4 °C for 20 min. The supernatants were collected and
quantified. Protein samples were separated by SDS-PAGE and subse-
quently transferred to PVDF membranes. After transfer, the membranes
were blocked with 5% nonfat milk in TBS-T at room temperature for
2 h, incubated with primary antibodies in TBS-T at 4 °C overnight,
washed three times with TBS-T, and incubated with secondary anti-
bodies in TBS-T at room temperature for 2 h. All proteins were detected
using the ECL system. The density of the bands was analyzed using
Image J software (National Institutes of Health, Bethesda, MD, USA)
and normalized to house-keeping proteins (GAPDH or β-Actin).

2.9. Statistical analysis

All statistical analyses were performed with one-way ANOVA and
Student-Newman-Keuls test using the SPSS 18.0 software (IBM,
Armonk, NY, USA) and statistics charts were produced by GraphPad
Prism 6 software (GraphPad, San Diego, CA, USA). Data were expressed
as means± standard error of the mean (SEM) and three independent
experiments were analyzed. A probability value P < .05 was con-
sidered statistically significant.

3. Results

3.1. PL reduces cell viability of OS cells

Firstly, we investigated the growth inhibition of PL in OS cells using
MTT assay. As shown in Fig. 1B, PL significantly inhibited cell viability
of human OS cell lines MG63 and U2OS in a time- and concentration-
dependent manner. Furthermore, the significantly growth inhibition
ratio were both observed at 5 μM at 24 h, which similarly reached the
maximum level at 17.5 μM at 72 h. The IC50 (half maximal inhibitory
concentration) value of PL to MG63 cells for 24, 48 and 72 h were
14.10, 9.97 and 7.24 μM, respectively (⁎P < .05, ⁎⁎P < .01, compared
to control group), and the IC50 value of PL to U2OS cells for 24, 48 and
72 h were 18.33, 12.32 and 6.56 μM, respectively (⁎P < .05,
⁎⁎P < .01, compared to control group). Based on our results, we chose
5, 10 (IC50 approximately at 48 h) and 15 μM PL as the effective drug
concentrations for the subsequent experiments throughout the study.

3.2. PL induces cell apoptosis of OS cells

Next, we compared the growth inhibitory effect after treatment with
5, 10 and 15 μM PL for 24 h. Morphological changes of both two OS
cells were observed under an inverted phase contrast microscope. Cells
in control group presented a long spindle or polygon appearance and
attached uniformly to the culture dish. Nevertheless, some cells became
small and round, and even suspended in medium in PL-treated groups.
The number of non-adherent cells (dead cells) were significantly in-
creased in PL-treated groups in a concentration-dependent manner,
compared to control group (⁎⁎P < .01), respectively (Fig. 2A). Fur-
thermore, we observed morphological changes of PL-treated MG63 cells
using AO/EB staining assay under an inverted fluorescence microscope.
The normal cell nucleus presented a green fluorescence, while the
apoptotic cell nucleus showed a brighter green fluorescence and the
structure became condensed. As shown in Fig. 2A, the percentage of
apoptotic cell nuclei were significantly increased in PL-treated groups
in a concentration-dependent manner, compared to control group
(⁎⁎P < .01), respectively. Flow cytometry cell apoptosis assay was used
to further confirm PL's role in inducing cell apoptosis in MG63 cells.
The percentage of apoptotic cells was also significantly increased in PL-
treated groups in a concentration-dependent manner, compared to
control group (⁎⁎P < .01) (Fig. 3A). To investigate the molecular
mechanism, we detected Bcl-2 and Caspase family proteins using wes-
tern blot analysis. Cleaved Caspas-3 and Bax expression were sig-
nificantly increased and Bcl-2 expression was significantly decreased in
PL-treated groups in a concentration-dependent manner, compared to
control group (⁎P < .05, ⁎⁎P < .01), respectively (Fig. 3B). The above
results indicated that PL induced apoptosis of OS (MG63) cells in a
concentration-dependent manner.

3.3. PL induces cell cycle arrest of OS cells

To investigate the effects of PL on cell cycle distribution, flow cy-
tometry cell cycle assay was measured. As shown in Fig. 3C, PL sig-
nificantly decreased the percentage of cells in G0/G1 and S phase, and
increased the percentage of cells in G2/M phase in a concentration-
dependent manner, compared to control group (⁎P < .05, ⁎⁎P < .01).
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The results showed that PL induced G2/M arrest in MG63 cells in a
concentration-dependent manner. Moreover, to elucidate the molecular
mechanism, we detected cell cycle related proteins expression (Cyclin
B1, cdc2, p21 and p53) using western blot analysis. Cyclin B1 and cdc2
expression were significantly decreased and p21 and p53 expression
were significantly increased in PL-treated groups in a concentration-
dependent manner, compared to control group (⁎P < .05, ⁎⁎P < .01),
respectively (Fig. 3D). The above results demonstrated that PL induced
G2/M arrest of MG63 cells in a concentration-dependent manner.

3.4. PL induces OS cells apoptosis via the Caspase-9-dependent apoptotic
pathway

To evaluate whether Caspase-9 dependent apoptotic pathway was
involved in PL-induced MG63 cells apoptosis, Z-LEHD-FMK, a Caspase-
9 specific inhibitor, was used. In addition, we chose 10 μM PL for
pretreatment. The apoptotic cell nucleus was significantly increased in
PL-treated group, compared to control group (10 μM, ⁎⁎P < .01). This
trend was blocked with the addition of Z-LEHD-FMK, compared to
signal PL-treated group (10 μM, ##P < .01) (Fig. 4A). Similar trend
was also observed in flow cytometry cell apoptosis assay (Fig. 4B).
Next, we explore the molecular mechanism also using western blot
analysis. As shown in Fig. 4C, the expression of Cleaved Caspase-3,
Caspase-7 and Cleaved Caspase-9 were significantly increased in PL-
treated group, compared to control group (⁎⁎P < .01). However, the
expressions of above proteins were significantly reduced in the presence
of Z-LEHD-FMK, compared to signal PL-treated group (##P < .01). The
results indicated that PL induced MG63 cells apoptosis via the Caspase-
9-dependent apoptotic pathway.

3.5. PL induces OS cells apoptosis and cell cycle arrest via ROS generation

Next, to evaluate whether PL induces MG63 cells apoptosis and cell
cycle arrest via ROS generation, DCFH-DA fluorescent probe and NAC

(antioxidant) were used. In addition, we chose 10 μM PL for pretreat-
ment. The intensity of green fluorescence (measured by Image J soft-
ware) was significantly increased in PL-treated group, compared to
control group (⁎⁎P < .01). This trend was blocked with the addition of
NAC, compared to signal PL-treated group (++P < .01) (Fig. 5A).
Similar trend was also observed in flow cytometry cell apoptosis assay
(NAC decreased PL induced cell apoptosis, ++P < .01) (Fig. 5B) and
flow cytometry cell cycle assay (NAC decreased PL induced G2/M ar-
rest, 10 μM, +P < .05) (Fig. 5C). Next, we explored the molecular
mechanism also using western blot analysis. As shown in Fig. 6A, the
expression of pro-apoptosis proteins (Bax, Cytochrome c and Cleaved
Caspase-3) were significantly increased and anti-apoptosis protein (Bcl-
2) was significantly decreased in PL-treated group, compared to control
group (⁎⁎P < .01), respectively. However, the expressions of above
proteins were significantly reversed in the presence of NAC, compared
to signal PL-treated group (+P < .05, ++P < .01), respectively. As
shown in Fig. 6B, the expression of cell cycle promotion proteins (G2/M
phase, Cyclin B1 and cdc2) were significantly decreased and cell cycle
arrest proteins (G2/M phase, p21 and p53) were significantly increased
in PL-treated group, compared to control group (⁎⁎P < .01), respec-
tively, while the expression of above proteins were significantly re-
versed in the presence of NAC, compared to signal PL-treated group
(+P < .05, ++P < .01). In conclusion, the above results indicated
that PL induces MG63 cells apoptosis and G2/M phase arrest via ROS
generation.

3.6. PL inhibits PI3K/Akt signaling pathway in OS cells

To further investigate the mechanism of PL in inducing apoptosis
and cell cycle arrest of MG63 cells, PI3K/Akt signaling pathway was
analyzed. Western blot results showed that p-Akt was significantly de-
creased in PL groups in a concentration-dependent manner, compared
to control group (⁎⁎P < .01). Meanwhile, there was no significant
difference in the expression of Akt in each group (Fig. 7A). Next, we

Fig. 2. Morphological appearance of osteosarcoma cells exposed to PL. (A) Morphological appearance of MG63 and U2OS cells exposed to 0 to 15 μM PL for 48 h
was observed under an inverted phase-contrast microscope at 100× magnification. The percentage of apoptotic cells were significantly increased in a concentration-
dependent manner. (B) Nuclear morphological appearance of MG63 cells exposed to 0 to 15 μM PL for 48 h was observed under AO/EB staining and inverted phase-
contrast microscope at 400× magnification. The percentage of apoptotic nuclei were significantly increased in a concentration-dependent manner.

J. Zhou, et al. Toxicology in Vitro 65 (2020) 104775

4



investigated the effect of ROS on PI3K/Akt signaling pathway. The
expression of p-Akt was significantly reversed in the presence of NAC,
compared to signal PL-treated group (++P < .01). There was also no
significant difference in the expression of Akt in each group (Fig. 7B).
Moreover, 20 μM of LY294002 (Wang et al., 2012), a specific inhibitor
of Akt phosphorylation (activation), was used to further confirm the
above hypothesis. As shown in Fig. 7C, p-Akt was significantly

decreased in PL + LY294002 group, compared to PL group
(△△P < .01). There was no significant change in the expression of Akt
in each group. The above results were further confirmed by the com-
parison of (p-Akt/GAPDH)/(Akt/GAPDH) (Fig. 7A–C). Similarly,
apoptosis and cell cycle related proteins were accordingly altered in
PL + LY294002 group, compared to PL group (△P < .05,
△△P < .01), respectively (Fig. 7D and E). Taken together, the above

Fig. 3. PL induces apoptosis and cell cycle arrest of osteosarcoma cells. (A) Flow cytometry apoptosis was used to assess apoptosis of MG63 cells after treatment
with PL (0 to 15 μM) for 48 h. PL significantly increased apoptosis in a concentration-dependent manner. (B) Western blot analysis was carried out to assess apoptosis
related proteins expression in MG63 cells. β-Actin was used as an internal reference. PL significantly increased the expression of Bax and Cleaved Caspase-3 and
decreased the expression of Bcl-2 in a concentration-dependent manner. (C) MG63 cells were treated with PL (0 to 15 μM) for 24 h and cell cycle distribution was
analyzed by flow cytometry. PL significantly induced G2/M phase arrest in a concentration-dependent manner. All statistical tests were based on the control group
(⁎P < .05, ⁎⁎P < .01). Data are presented as the mean ± SEM of three independent experiments. (D) Western blot analysis was used to detect cell cycle related
proteins expression in MG63 cells, β-Actin was used as an internal reference. PL significantly decreased the expression of Cyclin B1 and cdc2 and increased the
expression of p21 and p53 in a concentration-dependent manner. All statistical tests were based on the control group (⁎P < .05, ⁎⁎P < .01). Data are presented as
the mean ± SEM of three independent experiments.
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results indicated that PI3K/Akt signaling pathway was involved in PL-
induced apoptosis and cell cycle arrest in MG63 cells.

4. Discussion

In recent years, with the development of neoadjuvant che-
motherapy, nearly 80% of patients can retain the affected limb and the
metastasis rate and mortality of OS have been greatly reduced (Ji et al.,
2013). However, there are still some patients who have poor che-
motherapy effect are prone to relapse and metastasis. Therefore, it is
urgent to find a novel therapeutic that can act effectively through
various anticancer mechanisms. Traditional Chinese medicine has good
anti-tumor effect, but due to its complex composition, unclear action
mechanism, difficult quality control and toxic and side effects, which
limits its extensive application in clinical practice (Hosoya et al., 2008).
At present, in-depth study on active monomer compounds of traditional
Chinese medicine will make up for these deficiencies and give full play
to the anti-tumor activity of traditional Chinese medicine.

Among all of the effective components extracted from Piper longum
L., PL exhibits powerful properties and has received notable attention
(Bezerra et al., 2013). In recent years, research has shown that PL has
selective targeting cytotoxic effects on tumor cells. PL has no sig-
nificantly toxic and side effects on normal cells, tissues and organs, but

significantly inhibits tumor growth and metastasis (Raj et al., 2011).
Therefore, we speculated that PL will become a hot topic of anti-tumor
research in the near future, so as to develop effective drugs for tumor
treatment. Studies have shown that PL can play an anti-tumor role by
inducing various tumor cells apoptosis. However, to the best of our
knowledge, the specific role and mechanism of PL in modulating OS
were yet to be elucidated. Therefore, the current study aimed to clarify
the role and mechanism of PL in modulating human osteosarcoma cells.
The results of the present study showed that PL induces OS cells
apoptosis via the Caspase-9-dependent apoptotic pathway. The under-
lying mechanisms of PL induces OS cells apoptosis and cell cycle arrest
may be associated with the ROS/PI3K/Akt signaling pathway.

Uncontrolled cell proliferation is an important marker for tumor
development. Therefore, to inhibit tumor cells growth or to promote
tumor cells apoptosis is the most important objective to prevent tumor
progression (Li et al., 2015a). In the present study, the effects of PL on
cell apoptosis were examined in MG63 cells and MTT assay were per-
formed. Our research proved that PL significantly inhibited MG63 cell
viability in a time- and concentration-dependent manner. Results of cell
morphological observation (AO/EB staining) and flow cytometric
apoptosis detection (Annexin V/PI staining) further indicated that the
decrease of MG63 cell viability in a time- and concentration-dependent
manner induced by PL was associated with cell apoptosis. Then we

Fig. 4. PL induces apoptosis of MG63 cells via Caspase-9 dependent pathway. (A) Nuclear morphological appearance of MG63 cells exposed to PL with/without
Z-LEHD-FMK for 48 h was observed under AO/EB staining and inverted phase-contrast microscope at 400× magnification. Z-LEHD-FMK significantly decreased the
percentage of apoptotic nuclei in PL + Z-LEHD-FMK group, compared to PL group (##P < .01). (B) Flow cytometry apoptosis was used to assess MG63 cells
apoptosis after treatment with PL with/without Z-LEHD-FMK for 48 h. Z-LEHD-FMK significantly increased apoptosis rate of MG63 cells in PL + Z-LEHD-FMK group,
compared to PL group (##P < .01). (C) Western blot analysis was used to further confirm whether Caspase-9 independent pathway was involved in PL induced
apoptosis of MG63 cells. β-Actin was used as an internal reference. PL significantly increased the expression of Cleaved Caspase-3, Caspase-7 and Cleaved Caspase-9
in PL group, compared to control group (⁎⁎P < .01). Z-LEHD-FMK significantly reversed the above related proteins expression in PL + Z-LEHD-FMK group,
compared to PL group (##P < .01). Data are presented as the mean ± SEM of three independent experiments.
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explored the apoptosis-associated proteins expression using western
blot analysis. The expression levels of critical cell apoptosis, Bcl-2 and
Caspase families, were regulated by PL, respectively.

Bcl-2 and Caspase families are the specific regulatory proteins of
mitochondrial apoptosis pathway and are key regulators of apoptosis
(Lv et al., 2016). Therefore, the present study results speculated that the
mitochondrial apoptotic pathway was involved in PL-mediated apop-
tosis in MG63 cells. In addition, Dysregulated cell cycle distribution is
another feature of tumor development, and induction of cell apoptosis
is always together with cell cycle arrest (Gong et al., 2014). Through
literature review, we found that the mechanism of PL in different tumor
cells is not exactly the same. Several studies reported that PL induces
G0/G1 phase cell cycle arrest in pancreatic ductal adenocarcinoma cells
(Mohammad et al., 2018), lung cancer cells (Seok et al., 2018) and
triple-negative breast cancer cells (Shrivastava et al., 2014). Other
several studies showed that PL induces G2/M phase cell cycle arrest in
cholangiocarcinoma cells (Wang et al., 2012), colorectal cancer cells
(Kumar and Agnihotri, 2019), melanoma cells (Song et al., 2018),
gastric cancer cells (Duan et al., 2016), leukemia cells (Kang and Yan,
2015) and bladder cancer cells (Liu et al., 2017). However, the me-
chanism of PL in osteosarcoma cells has not been reported. So we
evaluated the change of cell cycle distribution in osteosarcoma cells via
flow cytometric cell cycle analysis (Lin et al., 2017). We found that PL
triggered cell cycle arrest at G2/M phase in MG63 cells in a con-
centration-dependent manner, which was consistent with previous

reports. Then we explored the cell cycle-related proteins expression also
using western blot analysis. The expression levels of Cyclin B1, p21 and
cdc2 were regulated by PL, respectively. Therefore, we concluded that
the mitosis was gradually blocked followed the increasing concentra-
tions of PL, which induces cell apoptosis of MG63 cells by inducing G2/
M phase arrest. Taken together, we suggested that PL may work as a
cordial to induce cell apoptosis and G2/M phase arrest in MG63 cells,
and may represent as an alternative remedy for osteosarcoma.

Mitochondria, identified as a gatekeeper in the apoptotic pathway,
plays a major role in cell apoptosis. Mitochondrial apoptotic pathway is
one of the main pathways of apoptosis, and its mechanism is very
complicated. Briefly, it refers to pro-apoptotic effectors regulates the
expression of apoptosis-related proteins which lay on mitochondrial
membrane (such as Bcl-2 family), increases the permeability of mi-
tochondrial outer membrane, causes the release of apoptosis-related
factors, activates Caspase-9 and Caspase-3, leads to cell apoptosis cas-
cade reaction, and ultimately causes apoptosis. To further confirmed
that PL induces apoptosis of MG63 cells through the mitochondrial
apoptotic pathway, cell morphological observation and flow cytometric
apoptosis detection were additionally measured. By AO/EB staining, we
observed that cell apoptosis rate was significantly increased in PL-
treated group, compared to control group. However, cell apoptosis rate
was blocked upon the addition of Z-LEHD-FMK (Caspase-9 inhibitor).
Results of Annexin V/PI staining also proved that cell apoptosis rate,
both early and late-stage, were significantly increased in PL-treated

Fig. 5. PL induces apoptosis and cell cycle arrest of MG63 cells via ROS generation. (A) ROS generation after treatment with PL with/without NAC for 24 h was
observed by DCFH-DA fluorescent probe and laser scanning confocal microscope at 400× magnification. Fluorescence intensity (ROS level) of MG63 cells was
significantly increased in PL group, compared to control group (⁎⁎P < .01). Meanwhile, NAC significantly decreased the increasing of PL-mediated ROS generation
in PL + NAC group, compared to PL group (++P < .01). (B) Flow cytometry apoptosis was used to assess MG63 cells apoptosis after treatment with PL with/
without NAC for 48 h. NAC significantly decreased apoptosis rate of MG63 cells in PL + NAC group, compared to PL group (++P < .01). (C) Consistent trend was
detected by flow cytometry cell cycle. NAC significantly decreased G2/M phase arrest in PL + NAC group, compared to PL group (+P < .05). Data are presented as
the mean ± SEM of three independent experiments.
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group compared to control group, but significantly blocked upon the
addition of Z-LEHD-FMK. Combined with the above results, we implied
that PL-induced cell apoptosis via the Caspase-9-dependent pathway.
Caspase-9, an essential initiator caspase, is a primary caspase of the
mitochondrial apoptotic pathway. Then we further confirmed the
change of Caspase-3, 7, 9 proteins using western blot analysis.
Consistent with previous results, the above Caspase proteins expres-
sions were significantly increased PL-treated group compared to control
group, but significantly blocked upon the addition of Z-LEHD-FMK. In
summary, we demonstrated that PL induces MG63 cells apoptosis via
the Caspase-9-dependent apoptotic pathway.

Abnormal cell metabolism produces a large amount of ROS, which
exceeds the reductive capacity of the antioxidant system, and causes the
cells to be in an oxidative stress state, which may cause changes in the
expression of apoptosis-related genes and activate the apoptosis pro-
cess. Previous studies reported that ROS generation plays a crucial role
in the pro-apoptotic activities of various antitumor agents (Chao et al.,
2017; Raj et al., 2011; Tu et al., 2016). Xiong et al. showed that PL
induces apoptotic and autophagic death of the primary myeloid leu-
kemia cells via activation of ROS (Xiong et al., 2015). Jin et al. reported
that PL induces breast cancer cells death through ROS-mediated CHOP
activation (Jin et al., 2014). Karki et al. proved that PL inhibits cell
proliferation and induces apoptosis of pancreatic cancer cells via
downregulating cMyc which mediated by ROS (Karki et al., 2017).
Although previous studies have shown that PL can exert antitumor ef-
fects by activating ROS generation, whether its anti-tumor mechanism
in different cells is consistent is unknown. Therefore, we investigated
whether PL induced apoptosis of osteosarcoma cells was related to ROS
generation. In our study, we used the fluorescent probe DCFH-DA to
mark ROS generation and found that the ROS level in PL treated MG63
cells was significantly increased, while NAC (ROS inhibitor) sig-
nificantly prevented the above changes. Meanwhile, the consistent re-
sults were found in flow cytometric cell apoptosis/cell cycle assays and
western blot analysis which indicated that ROS generation is closely
related to PL induced apoptosis and cycle arrest of MG63 cells.

By consulting literature, we found that the inhibition of PL on dif-
ferent tumor cells was related to different signaling pathways. Song
et al. showed that PL inhibits gastric cancer cells proliferation, cell cycle
progression and invasion via suppressing JAK1,2/STAT3 signaling
pathway (Song et al., 2016). Zheng et al. proved that PL inhibits lung
cancer cells growth via inhibiting NF-κB signaling pathway (Zheng
et al., 2016). Wang et al. reported that PL induces leukemic cells
apoptosis and autophagy by suppressing PI3K/Akt/mTOR signaling
pathways and inducing p38 signaling pathways (Wang et al., 2018a). Li
et al. is involved in PL induces human colorectal cancer cells apoptosis
by activating JNK signaling pathway (Li et al., 2015b). In our study, we
investigated the potential signaling pathway was involved in PL
mediated-osteosarcoma cells apoptosis via western blot analysis. In-
terestingly, we found that the PI3K/Akt signaling pathway was parti-
cipating in PL mediated MG63 cells apoptosis, which was consistent
with other tumor cells mentioned in previous reports, such as human
triple-negative breast cancer cells, human leukemic cells, and human
lung cancer cells (Wang et al., 2015). Akt phosphorylation was de-
creased in a concentration-dependent manner. Researchers reported
that PI3K/Akt signaling pathway is involved in the regulation of various
biological processes, including cell survival, apoptosis, development
and metastasis (Maddika et al., 2007; Zhou et al., 2015). Activating Akt
(Akt phosphorylation) is considered as a key to promote tumor pro-
gression (Han et al., 2016). The over-activation of PI3K/Akt signaling
pathway in many tumors is mainly due to the over activation of Akt
(Yan-nan et al., 2014). Previous studies reported that ROS urges cell
apoptosis by inhibiting PI3K/Akt pathway (Wang et al., 2018b; Xie
et al., 2018). Our study results revealed that PL significantly inhibited
Akt phosphorylation in MG63 cells while NAC prevented the inhibition
of Akt phosphorylation, which suggested that ROS generation is a
previous inhibition event of PI3K/Akt signaling pathway. Next, we used
LY294002, a specific PI3K inhibitor, to further verified whether PI3K/
Akt signaling pathway was involved in PL mediated MG63 cells apop-
tosis and G2/M phase arrest. Western blot analysis results revealed that
LY294002 not only enhanced the effect of PL in blocking the

Fig. 6. Changes of apoptosis and cell cycle re-
lated proteins after treated with NAC. (A) Western
blot analysis was carried out to assess apoptosis re-
lated proteins expression in MG63 cells. β-Actin was
used as an internal reference. NAC significantly de-
creased the expression of Bax, Cytochrome c and
Cleaved Caspase-3 and increased the expression of
Bcl-2 in PL + NAC group, compared to PL group
(+P < .05, ++P < .01). (B) Western blot analysis
was also used to detect cell cycle related proteins
expression in MG63 cells, β-Actin was similarly used
as an internal reference. NAC significantly increased
the expression of Cyclin B1 and cdc2 and decreased
the expression of p21 and p53 in in PL + NAC group,
compared to PL group (+P < .05, ++P < .01).
Data are presented as the mean ± SEM of three
independent experiments.
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phosphorylation of Akt, but also enhanced the effect of PL in promoting
(blocking) the expression of pro-apoptotic (anti-apoptotic) and cell
cycle arrest (cell cycle promotion) proteins, which indicated that PL
induces cell apoptosis and cell cycle arrest in MG63 cells via ROS
generation and inhibition of PI3K/Akt signaling pathway.

In this study, we demonstrated that PL as a critical inhibitor of os-
teosarcoma cells growth are associated with the induction of cell
apoptosis and G2/M phase arrest. Further mechanistic investigations
suggested that activation of mitochondrial apoptosis pathway, ROS
generation and inhibition of PI3K/Akt pathway could be the main
mechanisms. In conclusion, our findings provided a basis molecular
mechanism of PL in treating osteosarcoma (Fig. 8). The application of
PL may provide a promising therapeutic strategy for osteosarcoma.
Next, we will use more osteosarcoma cell lines and add the positive
controls (p-Akt agonist) to verify our findings and make our study more
convincing. Meanwhile, we will further clarify the pharmacological
activity, action mechanism and safety of PL in animal models, so as to
provide new and effective drugs for the clinical treatment of OS.
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