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Background: Piceatannol (PIC) is confirmed to inhibit the proliferation of various tumors,

but its role in osteosarcoma still remains unknown. This study investigated the function of

PIC in osteosarcoma, aiming to provide a research basis for osteosarcoma therapy.

Methods: Human osteosarcoma cells in this study were, respectively, treated with PIC at

various concentrations (0, 20, 40, 80 μmol/L), PI3K/AKT/mTOR pathway inhibitor

(LY294002), or pathway activator (740Y-P) plus PIC. Osteosarcoma cells were subcuta-

neously injected into nude mice to establish xenograft models, and PIC was intraperitoneally

injected into models. The activity, proliferation, apoptosis and cell cycle of treated cells were

determined by MTT test, colony formation assay or a flow cytometry. The expressions of

PI3K/AKT/mTOR pathway-related proteins in cells and tumor tissues were measured by

Western blot (WB) analysis.

Results: PIC (40 and 80 μmol/L) and LY294002 availably suppressed activity and prolif-

eration and induced apoptosis of osteosarcoma cells. PIC observably increased the number of

cells retarded in G2 phase, but decreased the cell percentages in G1 and S phases.

Conversely, 740Y-P reversed the effects of PIC on osteosarcoma cells, which promoted

cell activity and proliferation and restrained apoptosis. In xenograft models, the volume and

weight of the tumors treated by PIC were visibly alleviated than those untreated. The PI3K/

AKT/mTOR pathway was prominently inhibited in PIC-treated osteosarcoma cells and

tumor tissues.

Conclusion: PIC suppresses the proliferation and induces apoptosis of osteosarcoma cells

through regulating PI3K/AKT/mTOR pathway, which is expected to be the therapeutic of

osteosarcoma.
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Introduction
Osteosarcoma is one of the usual primary malignant bone tumors in children and

adolescents, which has the characteristics of early lung metastasis and high

recurrence rate.1,2 With the continuous development of surgery and chemotherapy,

the 5-year survival rate of osteosarcoma patients has increased to 60–70%, but

there are approximately 30–50% of patients still have localized recurrence.3–5

Currently, there is no effective treatment for recurrent and metastatic osteosar-

coma in clinical practice.6 Although high-dose neoadjuvant chemotherapy drugs

such as methotrexate, doxorubicin, cisplatin and ifosfamide are of positive sig-

nificance in the treatment of osteosarcoma, high doses of drugs have great side
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effects, so there are still some limitations.7 In recent

years, most of the antineoplastic drugs developed are

not aimed at osteosarcoma, and the research and devel-

opment of new clinical drugs are relatively confined,

which may be due to the fact that the disease is rare in

a wide range of clinical practice. Therefore, finding a new

effective and safe treatment method to improve the ther-

apeutic effect of osteosarcoma is the key issue that needs

to be solved.

Piceatannol (PIC) is a chemical structure similar to

resveratrol compounds, widely found in white tea, passion

fruit, grapes, and Japanese knotweed and other plants.8

Some scholars have found that PIC has the biological activ-

ities of anti-oxidation, scavenging free radicals, regulating

immunity and anti-inflammation, as well as its anti-

oxidation effect is stronger than that of resveratrol.9,10 In

previous studies, it has been attested that PIC can inhibit the

activity of enzymes that promote the development of tumor

cells, and thus interfere with the growth of tumor cells, so as

to play an anti-tumor role.11 In addition, the antioxidant

effect of PIC can alleviate the damage of excessive reactive

oxygen species and free radical to DNA, and reduce the

incidence of cancer.12 In clinical application, Du et al13

pointed out that PIC could restrict the growth of melanoma

cells and induce apoptosis. In addition, Hsieh et al14 reported

that PIC could regulate the cycle, proliferation and apoptosis

of prostate cancer cells through the AKT/mTOR pathway.

Mori reported that PIC could significantly abrogate the pro-

liferation of MC3T3-E1 cells, which were cultured in con-

ditioned media from mouse OC.15 Chang reported that PIC

exhibited a significant induction of differentiation in MG-63

cells.16 Recently, Li found that PIC could suppress AKT

activation, promote G2/M phase arrest and induce mitochon-

drial apoptosis, moreover, it could increase Cisplatin effect

in OS cells.17 Nevertheless, the probable mechanisms were

still unclear.

In this study, human osteosarcoma cells were treated

with PIC, PI3K/AKT/mTOR signaling pathway inhibitor

or activator, and their effects on cell cycle, proliferation,

apoptosis and related proteins expressions were analyzed.

Moreover, we also established in vivo nude mice xenograft

models to further verify the effect of PIC on the growth of

tumors. The purpose of this study was to explore the effect

of PIC on osteosarcoma cells and the related mechanism,

so as to provide a potential treatment scheme for the

therapeutics of osteosarcoma and ameliorate the treatment

outcome.

Materials and Methods
Ethics Statement
All animal experiments involved in this study were author-

ized by the Ethic Committee of Shengjing Hospital of

China Medical University, and followed the guidelines of

Animal Care and Institutional Ethical in China.

Cell Culture
Human osteosarcoma cell lines (U2OS and MG-63) and

human normal osteoblasts cells (hFOB1.19) were pur-

chased from the Cell Bank of Type Culture Collection of

Chinese Academy of Sciences (Shanghai, China). Cells

were cultured in Dulbecco’s Modified Eagle Medium

(DMEM; Hyclone, Logan, UT, USA) containing 1% peni-

cillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA)

and 10% fetal bovine serum (FBS; Invitrogen, Carlsbad,

California, USA). The cell culture was in a humidified

condition with 5% CO2 at 37°C.

Cell Treatment
Human osteosarcoma cell lines (U2OS and MG-63) and

human normal osteoblasts (hFOB1.19) were seeded in 96-

well culture plates at a density of 5×103 cells/well, and

incubated for 24 h. Then, all cells were treated with PIC

(purity > 98%; #E-1255, Tauto Biotech, Shanghai, China) at

various concentrations (20, 40, 80 μmol/L). Moreover, 10

μmol/L of the PI3K/AKT/mTOR pathway inhibitor

(LY294002; #A8250, APExBIO, USA) was added into

U2OS and MG-63 cells, while human osteosarcoma cell

lines exposed to PIC (80 μmol/L) received the addition of

PI3K/AKT/mTOR pathway activator (740Y-P; #BCP16353,

15 μmol/L, BioChemPartner, Shanghai, China). All treat-

ments lasted 48 h and cells were collected for subsequent

experiments. For comparison, untreated cells were served as

controls.

Cell Activity
After different treatments, 3-(4,5-dimethythiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) assays were per-

formed to measure the activity of human osteosarcoma cell

lines and normal osteoblasts. Briefly, after treatment for 48 h,

20 μL MTT solution (Sigma-Aldrich, USA) was added into

cells for another 4 h at 37°C. The absorbance was measured

with ELX-800 Biotek plate reader (Winooski, USA) at

490 nm.
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Colony Formation Assay
After treatment, human osteosarcoma cell lines were shifted

into 12-well plates (100 cells/well) and cultured for 10 days.

Then, the colonies were fixed with 10% formaldehyde for

10 min and stained with 1.0% crystal violet for 10 min. The

number of cells was photographed and calculated under the

Olympus CKX41 microscope (Tokyo, Japan).

Cell Apoptosis
The apoptosis rate of human osteosarcoma cell lines was

confirmed with an annexin V-fluorescein isothiocyanate

(FITC) kit (Beyotime, Shanghai, China). After treatment,

a volume of 5 μL Annexin V-FITC and 5 μL of propidium

iodide (PI) were added into human osteosarcoma cell lines in

the dark for 5 min. The apoptosis rate of cells was determined

by FACSCaliburTM Flow Cytometer (BD Bioscience, USA)

according to the manufacturer’s instructions.

Cell Cycle
For cell cycle assay, PIC-treated human osteosarcoma

cell lines were rinsed with phosphate buffer saline

(PBS) solution, and fixed with 75% ethanol for

30 min. Afterwards, cells were incubated with bovine

pancreatic 2 μg/mL RNAase (Sigma) and PI solution

(10 μg/mL, Invitrogen) at room temperature for 30 min

each. The cell number at each cell cycle phase

was examined by FACSCaliburTM Flow Cytometer

(BD Bioscience, USA).

Animal Experiment
A total of 6 female BALB/c nude mice (6 weeks old)

provided by Vital River Laboratory Animal Technology

(Beijing, China) were feed in bioclean conditions with

a 12 h light/dark cycle. 1 × 106 of U2OS cells were

subcutaneously injected into the mice to establish in vivo

tumor models. When the volume of xenografts grew about

100 mm3, intraperitoneal injection of PIC (20 mg/kg/day)

was performed on 3 cases of mice, and another 3 mice

treated with normal saline were used as controls. The

volume of tumor was detected by a caliper every 3 days

until 21 days. On the last day, mice were sacrificed by

overdosed anaesthetic, and the tumors were separated from

them and then weighed.

Western Blot (WB) Analysis
The expressions of PI3K/AKT/mTOR pathway-related pro-

teins in human osteosarcoma cell lines and mice tumor

tissues were assessed by WB assays. For the detection,

cells and tumor tissues were dissolved in RIPA buffer

(Solarbio, Beijing, China) to extract the total protein.

Bicinchoninic Protein Assay kit (BCA, Pierce, Rockford,

IL, USA) was carried out to measure the concentration of

extracted protein. Then, 50 μg of the total protein was

exposed to 10% sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE, Beyotime, Shanghai,

China) and followed by shift onto polyvinylidene fluoride

(PVDF) membranes. Subsequently, the membranes were

sealed with 5% skimmed milk for 2 h, and co-incubated

with the primary antibodies (1:1000, Cell Signaling

Technology, USA) at 4°C overnight, including phosphory-

lated (p)-PI3K (#4228), PI3K (#4292), p-Akt (#9271), Akt

(#9272), p-mTOR (#2971), mTOR (#2983), and β-actin
(#4967) was taken as the internal reference. The corre-

sponding secondary antibody (#7074) was added for 1 h at

room temperature. The blots signals were developed by an

enhanced chemiluminescence-detecting kit (Thermo

Fisher, MA, USA).

Statistical Analysis
GraphPad Prism 8.0 software (GraphPad Software, Inc., La

Jolla, CA, USA) was used for data analysis. The measure-

ment data were presented as mean ± standard deviation

(SD). The comparison between two or more groups was

performed by Student’s t-test or one-way analysis of var-

iance (ANOVA). All experiments were implemented

in triplicate. P <0.05 was considered as statistically

significant.

Results
PIC Inhibited the Proliferation of

Osteosarcoma Cells and Induced

Apoptosis
In MTT assays, it could be seen that PIC at different

concentrations had no significant effect on the activity of

normal osteoblasts, while PIC at concentrations of 40 and

80 μmol/L notably inhibited the activity of human osteo-

sarcoma cell lines U2OS and MG-63 (P<0.01; Figure 1A).

Accordingly, colony formation assay illuminated that the

proliferation ability of human osteosarcoma cell lines was

prominently reduced under the PIC of 40 and 80 μmol/L

(P<0.001; Figure 1B–E). Moreover, the results from flow

cytometer showed that PIC of 40 and 80 μmol/L obviously

elevated the apoptosis rate of human osteosarcoma cell

lines (P<0.001; Figure 1F–I). As for the cell cycle
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analysis, certain concentrations of PIC (40 and 80 μmol/L)

observably increased the number of cells retarded in G2

phase, but decreased the cell percentages in G1 and

S phases (P<0.05; Figure 2). In general, PIC of 20 μmol/

L had no effective effect on the growth and apoptosis of

osteosarcoma cells.

Figure 1 Piceatannol (PIC) inhibited the proliferation of osteosarcoma cells and induced apoptosis. In this figure, human osteosarcoma cell lines (U2OS and MG-63) and

human normal osteoblasts (hFOB1.19) were treated with PIC at various concentrations (0, 20, 40, 80 μmol/L). (A) The activities of cells after treatment were detected by

3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays. (B–E) The cloning images and quantitative analysis of treated human osteosarcoma cell lines

(U2OS and MG-63) were measured by colony formation assay. (F–I) The apoptosis rates of human osteosarcoma cell lines (U2OS and MG-63) after treatment were

determined though a flow analyzer. **P<0.01, ***P<0.001, vs PIC at 0 μmol/L. All experiments were implemented in triplicate.
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PIC Suppressed the Activation of PI3K/

AKT/mTOR Pathway
In WB analysis, after treatment with PIC of 80 μmol/L, the

expression levels of p-PI3K, p-Akt and p-mTOR in human

osteosarcoma cell lines were all showed a decreasing

trend, whereas the expressions of PI3K, Akt and mTOR

were relatively stable in cells. As a result, the ratios of

p-PI3K/PI3K (U2OS:16.36%; MG-63: 22.69%), p-Akt/

Akt (U2OS: 26.36%; MG-63: 16.26%) and p-mTOR/

mTOR (U2OS: 34.33%; MG-63:15.58%) were also sig-

nificantly declining in U2OS and MG-63 cells by the

effect of PIC at 80 μmol/L (P<0.001; Figure 3).

PI3K/AKT/mTOR Pathway Agonist

Rescued the Effects of PCI on

Osteosarcoma Cells
In order to probe into the mechanism of PIC on osteosar-

coma, we used PI3K/AKT/mTOR pathway inhibitor

(LY294002) and agonist (740Y-P) to treat human osteosar-

coma cell lines. MTT results represented that, similar to the

functions of PIC, LY294002 clearly restrained the activity

of osteosarcoma cell lines, while 740Y-P reversed the

inhibitory effect of PIC on the cell activity (P<0.01;

Figure 4A and B). In colony formation assay, it could be

viewed that both LY294002 and PIC significantly reduced

the colony number of osteosarcoma cell lines, while 740Y-P

promoted cell proliferation (P<0.001; Figure 4C–F).

Corresponding to the above experimental findings, flow

cytometry analysis revealed that LY294002 obviously

accelerated the apoptosis of osteosarcoma cell lines,

whereas 740Y-P effectively rescued the pro-death effect of

PCI (P<0.001; Figure 4G–J).

PIC Blocked the Growth of

Osteosarcoma Tumors in Xenograft

Models
For in-depth exploration, this study established nude mice

tumor-bearing models, and further analyzed the effects of

PIC on animal. After intraperitoneal injection of PIC, the

tumor volume showed a gradually increasing trend, but it

was significantly slower than the untreated controls after 9

days of treatment (P<0.05; Figure 5A). On day 21 after

injection, we isolated and weighed the tumors, and found

that the size and weight of the tumors treated by PIC were

Figure 2 Piceatannol (PIC) increased the osteosarcoma cells remained in G2 cell cycle. In this figure, human osteosarcoma cell lines (U2OS and MG-63) were treated with

PIC at various concentrations (0, 20, 40, 80 μmol/L). (A–D) Cell cycle images and quantitative results of osteosarcoma cells (U2OS and MG-63) after treatment were

obtained from flow cytometry analysis. *P<0.05, **P<0.01, ***P<0.001, vs PIC at 0 μmol/L. All experiments were implemented in triplicate.
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visibly lower than those untreated (P<0.001; Figure 5B).

In WB analysis, the expression levels of p-PI3K, p-Akt

and p-mTOR in PIC-treated tumor tissues were promi-

nently depressed compared with controls, as well as the

ratios of p-PI3K/PI3K (16.35%), p-Akt/Akt (16.67%) and

p-mTOR/mTOR (14.02%) were also showed an evident

downtrend (P<0.001; Figure 6).

Discussion
PIC is a hydroxylation analogue of resveratrol, which has

similar biological activities to resveratrol, such as anti-

oxidant, anti-inflammatory and lipodieresis effects.18,19

Recently, the anti-tumor activity of PIC has gradually

attracted the attention of clinical workers, and there are

some scholars have reported that PIC could inhibit the inva-

sion, migration and adhesion of breast cancer cells by block-

ing the activation of PI3K/AKTand NF-κB pathway.20 In the

orthopedic system, Yan et al21 pointed out that PIC not only

suppressed bone resorption and osteoclastogenesis but also

accelerated apoptosis of mature osteoclasts, which might be

beneficial to the therapy of correlative bone diseases. In a cell

study, Wolter et al22 treated human colorectal cancer cell

lines with PIC, and found that the drug reduced cell prolif-

eration rate and inhibited cell cycle progression at S phase, in

a time- and concentration-dependent manner. Thus, it can be

seen that PIC plays a momentous role in the field of tumor,

but its function in osteosarcoma still remains indistinct.

In this present study, we exposed human osteosarcoma

cells to PIC at different concentrations, and revealed that

relatively high concentrations of PIC (40, 80 μmol/L)

could suppress cell activity and proliferation while pro-

moting apoptosis, and effectively facilitate the cell cycle

into G2 phase. These results suggested that PIC can inhibit

the proliferation of osteosarcoma cells and induce

Figure 3 Piceatannol (PIC) suppressed the activation of PI3K/AKT/mTOR pathway in osteosarcoma cells. In this figure, human osteosarcoma cell lines (U2OS and MG-63)

were treated with PIC at 0 or 80 μmol/L. Western blot (WB) assay was implemented to measure the expression levels of phosphorylated (p) or not PI3K, Akt and mTOR in

osteosarcoma cells U2OS (A–B) and MG-63 (C–D) after treatment. ***P<0.001, vs PIC at 0 μmol/L. All experiments were implemented in triplicate.
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apoptosis, thus preventing the further development of

tumors. Among the related pathways, this study further

disclosed that PIC restrained the expressions of PI3K/Akt/

mTOR pathway-related proteins, so we speculated that the

anti-cancer effect of PIC on osteosarcoma might be rea-

lized through this pathway. In previous studies, it has been

Figure 4 PI3K/AKT/mTOR pathway agonist rescued the effects of piceatannol (PIC) on osteosarcoma cells. In this figure, human osteosarcoma cell lines (U2OS and MG-63)

were treated with PI3K/AKT/mTOR pathway inhibitor (LY294002, 10 μmol/L), activator (740Y-P, 15 μmol/L), or 740Y-P combined with PIC (80 μmol/L), and untreated cells

were served as controls. (A, B) The activities of human osteosarcoma cell lines (U2OS and MG-63) after treatment were detected by 3-(4,5-dimethythiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) assays. (C–F) The cloning images and quantitative analysis of treated human osteosarcoma cell lines (U2OS and MG-63) were

measured by colony formation assay. (G–J) The apoptosis rates of human osteosarcoma cell lines (U2OS and MG-63) after treatment were determined though a flow

analyzer. ***P<0.001, vs Control; ##P<0.01, ###P<0.001, vs PIC. All experiments were implemented in triplicate.
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proved that the disordered PI3K/AKT/mTOR signaling

was closely related to the proliferation and growth of

osteosarcoma.23 In other plant ingredients, Li et al24 have

demonstrated that honokiol could reduce the protein

expression levels of PI3K, p-Akt and p-mTOR in osteo-

sarcoma cells, thereby inducing autophagy and apoptosis

of tumor cells. Wang et al25 reported that cucurbitacin

E restricted the proliferation and invasion of osteosarcoma

cells, induced cell cycle arrest, and promoted apoptosis

through the weakening of PI3K/AKT/mTOR signaling

pathway. These findings supported that the inactivation

of the PI3K/AKT/mTOR signaling pathway had inhibitory

effect on the progression of osteosarcoma cells.

PI3K/AKT/mTOR is identified as one of the major

signaling pathways in cancer, which was directly

concerned with cellular proliferation, exercise, cell cycle

and tumour progression.26,27 In some diseases, the activa-

tion of this pathway can decrease apoptosis, allowing

diffusion, and accelerate metastasis.28 In order to further

verify the anti-tumor activity of PIC on osteosarcoma was

realized through PI3K/AKT/mTOR signal transduction,

this study used this pathway inhibitor and activator to the

treat osteosarcoma cells. As for the experimental analysis

results, we acquired that the effects of PIC on osteosar-

coma cells were consistent with the activity of pathway

inhibitor, whereas pathway activator could eliminate the

inhibitory action of PIC on cell activity and proliferation,

as well as alleviate cell apoptosis. In other cell studies,

Wang et al29 showed that PIC could protect heart cells

from oxidative stress injury by modulating the PI3K/Akt/

Figure 5 Piceatannol (PIC) restrained the growth of osteosarcoma tumors in xenograft models. In this figure, osteosarcoma cells (U2OS) were subcutaneously injected into

BALB/c nude mice (n=6) to establish in vivo xenograft models, and PIC (20 mg/kg/day) was intraperitoneally injected into mice (n=3) when the volume of tumors grew about

100 mm3, and another 3 mice treated with normal saline were used as controls. (A) The volume of tumor was detected by a caliper every 3 days until 21 days. (B) On the

21st day, the tumors were separated from mice and then weighed. *P<0.05, **P<0.01, ***P<0.001, vs Control.

Figure 6 Piceatannol (PIC) suppressed the activation of PI3K/AKT/mTOR pathway in xenograft models. In this figure, osteosarcoma cells (U2OS) were subcutaneously injected

into BALB/c nude mice (n=6) to establish in vivo xenograft models, and PIC (20 mg/kg/day) was intraperitoneally injected into mice (n=3) when the volume of tumors grew about

100 mm3, and another three mice treated with normal saline were used as controls. (A–B) Western blot (WB) assay was implemented to measure the expression levels of

phosphorylated (p) or not PI3K, Akt and mTOR in xenograft models after treatment. ***P<0.001, vs Control. All experiments were implemented in triplicate.
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eNOS signaling pathway. Moreover, Song et al30 showed

that PIC could restrain the activation of PI3K and inhibit

the metastasis potential of human breast epithelial cells, as

well as its effect was better than resveratrol. Based on the

above in vitro cell experiments, it could be concluded that

the proliferation suppression and apoptosis induction func-

tions of PIC in osteosarcoma cells might be achieved by

inactivating the PI3K/AKT/mTOR signaling pathway.

In previous animal studies, researches on PIC mainly

focused on metabolic diseases.31 For example, Uchida-

Maruki et al32 applied PIC to mice on high-fat diet, and

found that PIC not only did not affect visceral fat gain or

weight gain in mice, but also reduced the fasting glucose

level of mice, suggesting that PIC might have application

value in the prevention of diabetes. In addition, PIC has

been reported to inhibit the invasion of hepatocellular

carcinoma cell by scavenging intracellular reactive oxygen

species, and restrain the growth and metastasis of solid

tumors in mouse models with hepatocellular carcinoma.33

For in-depth exploration, this study further constructed

xenograft mouse models by subcutaneous injection of

osteosarcoma cells, and treated them with PIC. The obser-

vation results indicated that although the tumor growth of

the PIC-treated mice was increased with time, the trend

was observably slower than that of the control mice from

9th day. In addition, this study also correspondingly ver-

ified that PI3K/AKT/mTOR signal pathway was arrested

in tumor tissues of xenograft mouse models treated with

PIC, which again confirmed that PIC could limit the

growth of osteosarcoma through this pathway in vivo.

Conclusions
In conclusion, PIC suppressed the proliferation and

induced apoptosis of osteosarcoma cells, as well as limited

the growth of in vivo tumors through regulating PI3K/

AKT/mTOR pathway. These findings in this study might

provide research basis for PIC in the treatment of osteo-

sarcoma, which is expected to be the future therapeutic of

this disease.

List of Abbreviations
PIC, piceatannol; WB, Western blot; PBS, phosphate

buffer saline; PVDF, polyvinylidene fluoride; SDS-

PAGE, sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis; SD, standard deviation; ANOVA, analysis of

variance.
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