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Abstract
Background/Aims: Osteosarcoma is a malignant tumor associated with high mortality; 
however, no effective therapies for the disease have been developed. Several studies have 
focused on elucidating the pathogenesis of osteosarcoma and have aimed to develop novel 
therapies for the disease. Quercetin is a vital dietary flavonoid that has been shown to have a 
variety of anticancer effects, as it induces cell cycle arrest, apoptosis, and differentiation and 
is involved in cell adhesion, metastasis and angiogenesis. Herein, we aimed to investigate 
the effects of quercetin on osteosarcoma migration and invasion in vitro and in vivo and 
to explore the molecular mechanisms underlying its effects on osteosarcoma migration 
and invasion. Methods: Cell viability, cell cycle activity and cell apoptosis were measured 
using CCK-8 assay and flow cytometry, and cell migration and invasion were evaluated by 
wound healing and transwell assays, respectively. The mRNA and protein expression levels of 
several proteins of interest were assessed by real-time quantitative PCR and western blotting, 
respectively. Moreover, a nude mouse model of human osteosarcoma lung metastasis was 
established to assess the anti-metastatic effects of quercetin in vivo. Results: We noted no 
significant differences in cell cycle activity and apoptosis between HOS and MG63 cells and 
control cells. Treatment with quercetin significantly attenuated cell migration and invasion in 
HOS and MG63 cells compared with treatment with control medium. Moreover HIF-1α, VEGF, 
MMP2, and MMP9 mRNA and protein expression levels were significantly downregulated in 
HOS cells treated with quercetin compared with HOS cells treated with controls. Additionally, 
treatment with quercetin attenuated metastatic lung tumor formation and growth in the nude 
mouse model of osteosarcoma compared with treatment with controls. Conclusion: Our 
findings regarding the inhibitory effects of quercetin on cell migration and invasion suggest 
that quercetin may have potential as a therapy for human osteosarcoma.
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Introduction

As the most common primary malignant tumor of bone, osteosarcoma is highly 
prevalent in children and adolescents [1]. The ability of osteosarcoma to invade local 
tissues and migrate to distant sites indicates that the disease is highly malignant. The 
5-year survival rate for localized osteosarcoma ranges from 60–70%, and the disease 
is treated with traditional chemotherapy combined with surgery [2]; however, the 
survival rate for osteosarcoma decreases significantly to <30% in cases in which the 
tumor metastasizes to other organs, especially the lung [3]. Furthermore, patients with 
metastatic osteosarcoma respond poorly to current conventional chemotherapeutic 
agents [4, 5]. Thus, studies aiming to develop novel therapies to improve disease 
treatment are urgently needed [6].

  Quercetin (C15H10O7), a bioactive flavonoid, is naturally present in many commonly 
consumed foods. Because of its lipophilic nature, quercetin can cross the cell membrane 
and trigger various intracellular pathways involved in chemoprevention. Quercetin 
has a variety of effects in humans. For example, the compound has been reported to 
have antioxidant [7], antiaging [8], antidiabetic [9], and antifungal [10] effects and to 
regulate gastrointestinal (GI) motor activity [11]. Accumulating evidence indicates that 
quercetin also has anticancer effects [12-16], although only a few studies have described 
the effects of quercetin in osteosarcoma.

  Hypoxia-inducible factor (HIF)-1α has been identified in different types of human 
cancer [17-19] and is regarded as one of the key promoters of tumor metastasis 
[20]. HIF-1α overexpression is correlated with a poor prognosis, an increased risk of 
metastasis, and decreased survival in patients with cancer [21, 22]. Moreover, HIF-1α 
also regulates the expression of many downstream genes, including those encoding 
vascular endothelial cell growth factor (VEGF) [23] and the matrix metalloproteinases 
(MMPs) [24]. Therefore, HIF-1α has been considered a novel therapeutic target for the 
treatment of cancer, and targeted therapies designed to modulate HIF-1 expression in 
cancer have recently been investigated [25, 26]. VEGF, which is induced by HIF-1α, can 
be secreted by tumor cells and may serve as an important regulator of cell proliferation 
and metastasis in several types of tumors [27, 28], and MMPs play a critical role in tissue 
remodeling during tumor invasion and metastasis [29, 30]. MMPs degrade the molecules 
constituting the extracellular matrix (ECM), thereby promoting tumor progression and 
invasion [31]. Of the more than 20 known human MMPs, MMP2 and MMP9 seem to play 
crucial roles in tumor invasion due to their ability to degrade the ECM and basement 
membrane [32], and decreases in MMP2 and MMP9 expression and activity have been 
observed to inhibit cell growth and metastasis in a variety of cancer cell lines [33-37].

The present study was undertaken to explore the effects of quercetin on cell 
migration and invasion in a human osteosarcoma cell line. Here, we demonstrated that 
quercetin inhibited HOS cell migration and invasion in osteosarcoma by regulating HIF-
1α, VEGF, MMP2 and MMP9 expression in vitro and that quercetin ameliorated tumor 
metastasis in vivo in the osteosarcoma nude mouse model. Taken together, these results 
suggest that quercetin may be an effective therapy for osteosarcoma.

Materials and Methods

Cell culture
The human osteosarcoma cell lines HOS and MG63 were purchased from the American Type 

Culture Collection (ATCC, VA, USA; CRL-1543TM, CRL-1427TM) and cultured in the recommended medium 
supplemented with 10% fetal bovine serum (FBS; Gibco, USA) at 37 °C in a humidified atmosphere with 5% 
CO2. Quercetin (purity, ≥95%) was purchased from Sigma-Aldrich (St Louis, MO, USA), dissolved in dimethyl 
sulfoxide (DMSO) and then diluted in medium immediately before use. The cells were treated with various 
concentrations of quercetin (25, 50, and 100 μM) prior to being subjected to various assays. In this study, 
negative control cells (0 μM) were treated with culture medium containing 0.1% DMSO.
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Cell viability assay
To evaluate the cytotoxic effects of quercetin on HOS and MG63 cells, we performed Cell Counting 

Kit-8 (CCK-8) assay (Dojindo Laboratories, Kumamoto, Japan). Briefly, the cells were seeded in a 24-well 
plate at a density of 50000 cells/well. After incubating for 6 h, the cells were treated with quercetin at 
different concentrations (0, 25, 50, and 100 μM) and then incubated for 12 h and 24 h. CCK-8 solution (100 
µl) was subsequently added to each well for 2 h, after which the absorbance at 450 nm was measured using 
a microplate spectrophotometer (Thermo Scientific, Rockford, IL, USA). Cell viability was calculated with 
the following formula: cell viability (%) = (average absorbance of treated group - average absorbance of 
blank)/(average absorbance of untreated group - average absorbance of blank) × 100%.

Flow cytometry
The cells were seeded in a 24-well plate at a density of 5×104 cells/well and then exposed to quercetin 

for 24 h. For cell cycle assay, 10 plates of cells were harvested and washed with PBS, which had a temperature 
of 4 °C, and then the precipitated cells were resuspended with 2 ml of 70% ethanol overnight at 4 °C. The 
cells were subsequently washed with 4 °C PBS again before being incubated with propidium iodide (PI) (50 
μg/ml), RNase A (100 μg/ml) and 0.2% Triton X-100 complexes in the dark for 30 min at 4 °C. The stained 
cells were then analyzed with flow cytometry. Apoptotic cells were identified using an Annexin V-fluorescein 
Isothiocyanate (FITC)/PI Cell Apoptosis Kit (Invitrogen), according to the manufacturer’s protocol. Briefly, 
the cells were washed, after which they were incubated with 100 μl of 1× annexin binding buffer containing 
5 μl of annexin V-FITC and 1 μl of PI in the dark for 15 min before being analyzed with flow cytometry within 
the subsequent 30 min.

Cell migration assay (wound healing assay)
HOS and MG63 cells were seeded (5×104 cells/well) in 24-well plates in the appropriate culture 

medium. The cells were grown to 80% confluency, rinsed with phosphate-buffered saline (PBS), and then 
starved for 6 h in serum-free medium. A sterile 200-μl pipette tip was subsequently used to create wounds, 
after which all the wells were washed with media to remove cell debris. The cells were then treated with 0, 
25, 50 and 100 μM quercetin. Images were captured with an inverted microscope at different time points 
(0, 12, and 24 h) post-quercetin administration.

Cell invasion assay (transwell assay)
Cell invasion was assessed using transwell cell culture chambers, according to the manufacturer’s pro-

tocol. We used 24-well BioCoat cell culture inserts (BD Biosciences, Bedford, MA, USA) with a polyethylene 
terephthalate membrane (8-μm porosity) coated with Matrigel Basement Membrane Matrix (100 μg/cm2; 
BD). The membranes of each upper chamber were coated with Matrigel (BD) and then incubated for 6 
h at 37 °C. Before each assay, the HOS and MG63 cell lines were treated with quercetin at the indicated 
concentrations for 24 h. For cell invasion assay, 100 μl of HOS and MG63 cells (5×104) were seeded in the 
upper chamber in serum-free media, and 700 μl of medium supplemented with 10% FBS was added to the 

Table 1. Primer sequences used for qRT-PCR
lower chamber. The cells were then incubated for 24 h at 
37 °C, washed twice with PBS, fixed with methanol, and 
then stained with crystal violet for 15 min at room tem-
perature. The cells that adhered to the upper surface of 
the chamber were carefully removed using cotton swabs, 
and those on the bottom surface of the membrane were 
imaged, after which cells in five randomly selected fields 
were counted under a light microscope at 20× objective 
magnification.

RNA isolation and quantitative real-time PCR
Total RNA was extracted using TRIzol (Invitrogen, 

Barcelona, Spain), according to the manufacturer’s in-
structions, and then reverse-transcribed into cDNA using 
a PrimeScript RT Reagent Kit (TaKaRa, Japan). Quantita-
tive real-time PCR was performed with SYBR Premix Ex 
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TaqTM (TaKaRa) using a StepOne fast real-time PCR system. Target gene expression levels were calculated 
using ΔΔCt and comparative methods after being normalized to GAPDH expression levels. Primers for genes 
encoding the following proteins were used were used in the experiment: HIF-1α, VEGF, MMP-2, and MMP-9 
(Table 1).

Western blot analysis
The cells were harvested after being treated with quercetin for 24 h and then washed with PBS. The 

cells were lysed with RIPA buffer and 1× protease inhibitor cocktail, and then the lysate was centrifuged at 
12, 000 rpm for 20 min to remove debris. The supernatant was preserved at −80 °C. Protein concentrations 
were estimated by Bradford assay. The equivalent of 50 μg of protein extract was separated by SDS-PAGE 
and then transferred to polyvinylidene difluoride (PVDF) membranes (pore size: 0.45 μm, Bio-Rad, Hercules, 
CA), which were treated with blocking buffer (5% non‐fat dry milk) for 1 h at room temperature before being 
probed with the following primary antibodies overnight at 4 °C, according to the manufacturer’s protocol: 
rabbit polyclonal anti-HIF-1α (1:1000, Abcam #ab 113642, Cambridge, MA, USA), rabbit polyclonal anti-
VEGFA (1:1000, Abcam #ab 46154, Cambridge, MA, USA), rabbit polyclonal anti-MMP2 (1:1000, Abcam #ab 
37150, Cambridge, MA, USA), rabbit monoclonal anti-MMP9 (1:1000, Abcam #ab 86607, Cambridge, MA, 
USA), and rabbit polyclonal anti-GAPDH (1:3000, Abcam #ab 9485, Cambridge, MA, USA). The membranes 
were then washed and incubated with HRP-conjugated secondary anti-mouse IgG antibody (1:5000, 
Proteintech #SA00001-1, Wuhan, China) or HRP-conjugated secondary anti-rabbit IgG antibody (1:5000, 
Proteintech #SA00001-2, Wuhan, China) for 1 h at room temperature, after which the blots were detected 
by an enhanced ECL chemiluminescence system (Bio-Rad) and then quantified by densitometry using 
ImageJ software.

Animal studies
A recombinant pLenti-CMV-mCherry-linker-Luc-PGK puro plasmid was packaged into a mature 

lentivirus with 293T cells, after which the lentivirus was used to infect HOS cells to obtain stable 
transfectants. For our in vivo tumor experiments, 3-week-old female BALB/c (nu/nu) nude mice were 
randomly assigned to five groups. After three days, we injected stably transfected HOS cells into the tail 
vein of each mouse. We then intraperitoneally injected 25, 50 or 100 mg/kg quercetin into the mice in 
the corresponding groups twice daily for a month. Cisplatin was administered at a dose of 2 mg/kg and 
served as a positive control. The negative control mice were injected with vehicle (normal saline). Four 
weeks after treatment, the mice were sacrificed. Specifically, the mice were anesthetized with chloral 
hydrate and then abdominally injected with D-Luciferin before being killed by cervical dislocation. The 
lungs were inspected for metastases using bioluminescence imaging and Living Image Software. All of 
the above procedures and assays were approved by the Institutional Animal Care and Use Committee of 
Guangzhou Medical University. The inhibition rate was calculated as follows: [(C-T)/C]×100% (Eq. 1), 
where T is the average fluorescence of the treated group, and C is the average fluorescence of the negative 
control group.

Statistical analysis
All the experiments were performed three times, and the data were expressed as the mean ± standard 

deviation. SPSS version 17 was used to perform the statistical analyses, and the results were analyzed using 
one-way ANOVA and Student’s t-test. P<0.05 was considered statistically significant.

Results

Effects of quercetin on proliferation, apoptosis and cell cycle activity in HOS and MG63 
cells
We used a CCK-8 assay to test the effects of various concentrations of quercetin (25, 50, 

and 100 μM) in HOS and MG63 cells. HOS and MG63 cell viability did not change in cells that 
were treated with 25, 50 or 100 μM quercetin and subsequently assessed at different time 
points compared with cells treated with media only (Fig. 1). We subsequently investigated 
cell cycle activity and cell apoptosis using flow cytometry. As shown in Fig. 2 and 3, treatment 
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with various concentrations of quercetin (0, 25, 50, 100 μM) failed to induce cell cycle arrest 
and cell apoptosis in HOS and MG63 cells, indicating that quercetin has no anti-proliferative 
or pro-apoptotic effects. We next assessed the effects of quercetin on cell migration and 
invasion in HOS and MG63 cells.

Fig. 1. Effects of quercetinon HOS and MG63 cell proliferation. The indicated cells were seeded in a 24-well 
plate at a density of 5×104   cells/well. After incubating for 6 h, the cells were treated with quercetinat differ-
ent concentrations (0, 25, 50 and 100 μM) and then incubatedfor 12 h and 24 h. Cell viability was detected 
by a CCK-8 assay in cells treated with various concentrations of quercetin (0, 25, 50 and 100 μM), n=3, 
*P<0.05.

Fig. 2. Effects of quercetin on HOS and MG63 cell apoptosis. The indicated cells were seededin a 24-well 
plate at a density of 5×104  cells/well and then treated with quercetin for 24 h. Ten plates of HOS and MG63 
cells were harvested, and cell apoptosis was detected by flow cytometry, n=3, *P<0.05.
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Fig. 3. Effects of quercetin on HOS and MG63 cell cycle activity. The indicated cells were seeded in a 24-well
plate at a density of 5×104 cells/well and then treated with quercetin for 24 h. Ten plates of HOS and MG63
cells were harvested, and apoptosis was detected by flow cytometry, n=3, *P<0.05.

Fig. 4. Quercetin 
inhibits HOS cell 
migration. The in-
dicated cells were 
seeded in a 24-well 
plate at a density 
of 5×104 cells/well 
and then exposed to 
quercetin for 24 h. 
Cell migration was 
detected by wound 
healing assay in 
cells treated with 
various concentra-
tions of quercetin 
(0,25, 50 and 100 
μM) for 12 and 24 h, 
n=3, *P<0.05.
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Quercetin inhibits HOS and MG63 cell migration
To evaluate the effects of quercetin on osteosarcoma cell migration, we performed 

wound healing assay. For this experiment, HOS and MG63 cells were cultured and then 
coincubated with different doses (0, 25, 50 and 100 μM) of quercetin for various time 
intervals (0, 12 and 24 h). Treatment with various doses of quercetin for 12 and 24 h 
significantly decreased cell migration rates in both cells lines (as shown in Fig. 4, treatment 
with 25, 50 and 100 μM quercetin for 12 and 24 h decreased HOS cell migration rates in 
the corresponding cells to levels that were 72.28±22.34%, 61.49±19.61%, and 49.66±9.33% 
and 59.40%±20.13%, 42.78±11.34%, and 46.06±11.5% of those in cells treated with 0 μM 
quercetin, respectively; as shown in Fig. 5, treatment with 25, 50 and 100 μM quercetin for 
12 and 24 h decreased MG63 cell migration rates in the corresponding cells to levels that 
were 39.49±5.9%, 31.15±12.27%, and 20.34±4.25% and 36.39±3.09%, 28.43±0.7%, and 

Fig. 5. Quercetin 
inhibits MG63 cell 
migration. The in-
dicated cells were 
seeded in a 24-well 
plate at a density 
of 5×104 cells/well 
and then exposed to 
quercetin for 24 h. 
Cell migration was 
detected by wound 
healing assay in cells
treated with various
concentrations of 
quercetin (0, 25, 50 
and 100 μM) for 12
and 24 h, n=3, 
*P<0.05.

Fig. 6. Quercetin 
inhibits HOS cell in-
vasion. For cell inva-
sion assay, 100 μl of 
HOS and MG63 cells 
(5×104) were seeded 
in the upper cham-
ber of a transwell 
apparatus in serum-
free media for 24 h. 
Cell invasion was de-
tected by transwell 
assay. n=3, *P<0.05.
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21.26±7.47% of those in cells treated with 0 μM quercetin, respectively). Moreover, the rate 
of proliferation inhibition increased as the concentration of quercetin increased. These data 
showed that quercetin inhibited cell migration in the indicated osteosarcoma cell lines in a 
dose- and time-dependent manner.

Quercetin inhibits HOS and MG63 cell invasion
We also examined cell invasion capacity with a three-dimensional Matrigel-coated filter 

after the indicated cell lines were treated with quercetin. As shown in Fig. 6 and 7, treatment 
with quercetin significantly decreased cell invasion rates (treatment with 25, 50, and 100 
μM quercetin decreased HOS cell invasion rates in the corresponding cells to levels that were 
83.98±2.76%, 38.67±3.52%, and 16.36±2.56% of those in cells treated with 0 μM quercetin, 
respectively; treatment with 25, 50 and 100 μM quercetin decreased MG63 cell viability 
in the corresponding cells to levels that were 87.55±4.98%, 69.34±5%, and 41.98±4.4% 
of those in cells treated with 0 μM quercetin, respectively). These results showed that the 
ability of quercetin-treated HOS and MG63 cells to traverse the Matrigel-coated layer was 
decreased compared with that of untreated control cells, suggesting that quercetin inhibits 
HOS and MG63 cell invasion in osteosarcoma in vitro.

Quercetin downregulates mRNA and protein expression in osteosarcoma HOS cells
Several proteins perform primary functions in cancer migration and invasion, including 

HIF-1α, VEGF, MMP2, and MMP9. Therefore, we assessed the effects of quercetin on the 
mRNA and protein expression of these proteins by quantitative real-time PCR (Fig. 8) and 
western blotting (Fig. 9), respectively. We treated HOS cells with various concentrations of 
quercetin (0, 25, 50 and 100 μM) for 24 h. The results demonstrated that treatment with 0, 25, 

Fig. 7. Quercetin in-
hibits MG63 cell in-
vasion. For cell inva-
sion assay, 100 μl of 
HOS and MG63 cells 
(5×104) were seeded 
in the upper chamber 
of a transwell appara-
tus in serum-free me-
dia for 24 h. Cell inva-
sion was detected by 
transwell assay. n=3, 
*P<0.05.

Fig. 8. Quercetin downregulates mRNA expression in HOS cells. The indicated cells were treated with quer-
cetinat different concentrations (0, 25, 50 and 100 μM) and then incubated for 24 h.Changes in HIF-1α (A), 
VEGF (B), MMP2 (C) and MMP9 (D) mRNA expression were detected by quantitative real-time PCR. n=3, 
*P<0.05
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50 and 100 μM quercetin significantly decreased HIF-1α (0.91±0.07, 0.79±0.13, 0.89±0.04, 
and 0.63±0.05 of GAPDH, respectively), VEGF (0.91±0.07, 0.79±0.13, 0.89±0.04, and 

Fig. 9. Quercetin downregulates protein expression in HOS cells. The indicated cells were treated with 
quercetinat different concentrations (0, 25, 50 and 100 μM) and then incubated for 24 h. Changes (A) in 
HIF-1α (B), VEGF (C), MMP2 (D) and MMP9 (E) protein expression were detected by western blotting. n=3,
*P<0.05.

Fig. 10. Quercetin suppresses osteosarcoma cell metastasis in vivo. Mice were injected with stably trans-
fected HOS cells and then treated with quercetin at a dose of 25, 50 and 100 mg/kg twice daily for a month. 
Cisplatin was administered at a dose of 2 mg/kg and served as a positive control. Vehicle (normal saline) 
served as a negative control. Four weeks thereafter, the mice were sacrificed, and the lungs were inspected 
for metastases using bioluminescence imaging and Living Image Software. n=5, *P<0.05.
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0.63±0.05 of GAPDH, respectively), MMP2 (0.91±0.07, 0.79±0.13, 0.89±0.04, and 0.63±0.05 
of GAPDH, respectively), and MMP9 (0.91±0.07, 0.79±0.13, 0.89±0.04 and 0.63±0.05 of 
GAPDH, respectively) mRNA and protein expression in a dose-dependent manner in HOS 
cells compared with treatment with controls.

Quercetin suppresses osteosarcoma cell metastasis in vivo
To determine whether treatment with quercetin affects osteosarcoma in vivo, we injected 

stably transfected HOS cells into the tail veins of nude mice. Three days after implantation, 
the animals were treated with quercetin or an equivalent volume of normal saline. Cisplatin, 
a platinum-based chemotherapy drug used for the treatment of various cancers, was used as 
a positive control. As shown in Fig. 10, quercetin significantly inhibited tumor growth in the 
lung in a dose-dependent manner (treatment with 25, 50 and 100 mg/kg quercetin decreased 
tumor growth in the corresponding group of mice to levels that were 0.89±0.10, 0.71±0.06, 
and 0.63±0.05 of that in mice treated with saline, respectively; treatment with cisplatin 
decreased tumor growth in the corresponding group of mice to a level that was 0.63+0.04 of 
that in mice treated with saline). The tumor inhibition rate was calculated according to Eq. 
1. Treatment with 100 mg/kg quercetin decreased tumor growth by 37.41%, and treatment 
with cisplatin decreased tumor growth by 36.46% compared with treatment with saline. 
These results indicated that quercetin could ameliorate tumor metastasis in vivo.

Discussion

Osteosarcoma is highly metastatic and invades bone and soft tissue locally and frequently 
metastasizes to the lungs [38, 39]. Conventional therapies for osteosarcoma may induce 
drug-resistance and are also associated with a variety of side effects. Therefore, novel 
therapies for osteosarcoma are urgently needed [40].

  Accumulating evidence suggests that using natural or dietary agents as therapies 
for cancer, particularly in combination with conventional therapies, may provide 
clinicians with new options with which they can manage their patients [41-43]. Several 
epidemiological and preclinical studies have highlighted the potential benefits of using 
flavonoids for cancer prevention. Osthole has been shown to exert anti-cancer effects 
via the PTEN/Akt signaling pathway [44], and quercetin is one flavonoid whose effects 
have been widely reported [45-47]. Quercetin exerts its anticancer effects by inducing 
cell cycle arrest, apoptosis, and differentiation and by suppressing MMP secretion 
[48]. Moreover, quercetin also reduces tumor cell adhesion, invasiveness, metastasis, 
and angiogenesis [49, 50]. Therefore, we aspired to evaluate the effects of quercetin 
on tumor migration and invasion. However, little is known about the mechanisms 
underlying the therapeutic effects of quercetin, and studies regarding the effects of 
quercetin on cell migration and invasion in osteosarcoma are lacking. Thus, the present 
study aimed to determine the effects of quercetin in the HOS and MG63 cell lines and to 
elucidate the mechanism underlying its effects. Our results showed that quercetin could 
suppress osteosarcoma cell migration and invasion in a dose- and time-dependent manner 
by decreasing HIF-1α, VEGF, MMP2 and MMP9 expression. Furthermore, our results also 
showed that quercetin could ameliorate tumor metastasis in vivo.

The microenvironments that facilitate tumor establishment and metastasis, 
particularly those characterized by hypoxia, are well-characterized [51]. Many studies 
have demonstrated the significance of tumor hypoxia, a phenomenon associated with 
increased invasion and metastasis, poor patient survival, and increased resistance to 
therapy [52-54]. HIF, which exists as a heterodimer with two subunits, is a key molecular 
regulator. HIFα (isoforms HIF 1α, 2α, 3α) and its corresponding beta subunit, HIFβ, are 
constitutively expressed [55]. HIF-1α has been shown to be correlated with tumor grade, 
metastasis, and poor outcomes in various cancers [56], and the absence of HIF-1α in 
malignant cells significantly attenuates tumor progression and metastasis [57, 58]. HIF-
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1α has been found to be expressed in 13 types of human cancers, including lung, prostate, 
pancreas, breast, and brain cancers [56, 59]. Increased HIF-1α expression activates a broad 
array of genes involved in tumor growth, glycolytic switching, angiogenesis, cell invasion and 
migration, and EMT [60, 61]. HIF-1α expression levels were elevated in pancreatic cancer 
and were correlated with clinical stage and lymph node metastasis [62]. Upregulation of 
HIF-1α and its downstream effectors in PC3 cells resulted in increased cell proliferation and 
migration, as well as the development of chemotherapeutic resistance [33]. Several clinical 
studies have shown that HIF-1α is associated with the prognosis and clinicopathological 
characteristics of osteosarcoma; however, the results of these studies were inconsistent. This 
study demonstrated that HIF-1α was expressed in osteosarcoma cells and that quercetin 
could downregulate HIF-1α mRNA and protein expression, indicating that quercetin plays 
a vital role in regulating HIF-1α and that inhibiting HIF-1α may be an attractive strategy for 
combating the tumor microenvironment.

To elucidate the mechanism underlying the effects of HIF-1α in osteosarcoma, we 
assessed the expression of its downstream genes. HIF-1α has been shown to induce the 
expression of a battery of genes that promote cancer invasion and metastasis, such as 
VEGF and the MMPs [63]. VEGF, which is downstream of HIF-1α, plays an essential role in 
cancer cell proliferation and metastasis, processes that are necessary for tumor formation 
[64]. Current data indicate that high levels of circulating VEGF are an indicator of a poor 
prognosis in several cancers. Downregulation of VEGF leading to inhibition of tumor 
cell proliferation and migration has been described in vivo studies involving rats. 
Furthermore, studies have shown that blocking VEGF inhibited angiogenesis and tumor 
development and metastasis. A drug targeting VEGF was evaluated in a clinical trial and was 
found to have impressive positive effects on patients with cancer [65]. Additional evidence 
indicates that the anticancer effects of quercetin are tied to its ability to modulate the 
effects of VEGF on tumor invasion and migration. In melanoma, quercetin inhibited 
STAT3 signaling and downregulated VEGF to attenuate cell growth, migration, and 
invasion [66]. In a study utilizing RF/6A mice, quercetin attenuated VEGF-induced cell 
proliferation, migration, and tube formation [67]. Thus, quercetin inhibits metastasis 
and may be useful in chemoprevention, as well as in anticancer therapy. To determine 
whether quercetin could inhibit HIF-1α-induced VEGF expression in osteosarcoma, we 
examined VEGF expression by real-time PCR and western blotting. Our data showed 
that treating HOS cells with quercetin resulted in a dose-dependent decrease in VEGF 
expression, indicating that quercetin exerts its anticancer effects by downregulating 
VEGF expression.

Tumor invasion and metastasis is a rather sophisticated process and is often 
correlated with ECM hydrolysis, a process mediated by several proteolytic enzymes, 
including MMPs, which are proteinases involved in the migration and invasion of 
malignant cells [68]. The MMPs are a family in the metzincin group of enzymes 
comprising proteases that share a conserved zinc-binding motif, which is located in the 
catalytic active site and plays a crucial role in reconstructing tissues adjacent to the 
proliferating cells of malignant neoplasms during cancer metastasis. There are more 
than 20 MMPs, major enzymes involved in degrading ECM components. Among the 
MMPs, MMP2 and MMP9 are critical for the initiation of metastasis and invasion [69]. 
A large number of studies have investigated the prognostic value of MMPs in various 
metastatic cancers [70, 71]. Some researchers have demonstrated that a methanolic 
extract significantly inhibited the adhesion, migration, and invasion of MCF-7 cells in 
part by inhibiting the activity of MMP2 and MMP9 [72]. Some other studies have shown 
that the inhibition of metastasis by Paris saponin VII may be associated with changes in 
MMP2 and MMP9 activity during osteosarcoma progression [73]. Previous studies have 
affirmed that MMP stimulation is correlated with increased tumor metastatic potential [74, 
75]. Therefore, we assessed MMP2 and MMP9 expression in HOS cells treated with quercetin. 
We found that MMP2 and MMP9 expression was significantly attenuated in osteosarcoma 
cells treated with quercetin for 24 h. These results indicated that quercetin may exert its 
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anti-migratory and anti-invasion effects by regulating MMP2 and MMP9 expression.
  Finally, we successfully constructed a recombinant lentiviral vector containing luciferase 

and used the vector to infect HOS cells. Nude mice injected with 0, 25, 50, and 100 mg/
kg quercetin experienced concentration-dependent changes in tumor growth. Specifically, 
treatment with higher concentrations of quercetin resulted in smaller increases in tumor 
growth. When the indicated cells were treated with 100 μM quercetin, a definite decrease 
in tumor growth was observed. Taken together, these findings suggest that quercetin plays a 
crucial role in attenuating metastasis in osteosarcoma.

In conclusion, all of these data suggest that quercetin has inhibitory effects in human 
osteosarcoma, and our findings indicate that quercetin may be useful as a therapy against 
human osteosarcoma because of its favorable anticancer effects.
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