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Evidence has suggested that STAT3 functions as an oncogene in gliomagenesis. As a consequence,
changes in the inflammatory microenvironment are thought to promote tumor development.
Regardless of its origin, cancer-related inflammation has many tumor-promoting effects, such as
the promotion of cell cycle progression, cell proliferation, cell migration and cell survival. Given
that IL-6, a major cancer-related inflammatory cytokine, regulates STAT3 activation and is upregu-
lated in glioblastoma, we sought to investigate the inhibitory effects of the chemopreventive flavo-
noid quercetin on glioblastoma cell proliferation and migration triggered by IL-6, and to determine
the underlying mechanisms of action. In this study, we show that quercetin is a potent inhibitor of
the IL-6-induced STAT3 signaling pathway in T98G andU87 glioblastoma cells. Exposure to quercetin
resulted in the reduction of GP130, JAK1 and STAT3 activation by IL-6, aswell as amarked decrease of

the proliferative and migratory properties of glioblastoma cells induced by IL-6. Interestingly, quer-
cetin alsomodulated the expression of two target genes regulated by STAT3, i.e. cyclin D1 andmatrix
metalloproteinase-2 (MMP-2). Moreover, quercetin reduced the recruitment of STAT3 at the cyclin

D1 promoter and inhibited Rb phosphorylation in the presence of IL-6. Overall, these results provide
new insight into the role of quercetin as a blocker of the STAT3 activation pathway stimulated by IL-6,
with a potential role in the prevention and treatment of glioblastoma.

© 2012 Elsevier Inc. All rights reserved.
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Introduction

Several studies have associated abundant intake of foods of plant
origin with a substantial reduction in risk of developing various
cancers [1]. Flavonoids are polyphenolic substances, widely dis-
tributed in almost every food plant, that possess antiviral, anti-
microbial, anti-inflammatory, anti-allergic, anti-thrombotic, anti-
mutagenic, antineoplasic, and cytoprotective effects on different
cell types, both in animal and human models [2]. Epidemiologic
studies have suggested that high consumption of flavonoids may
(R. Béliveau).

r Inc. All rights reserved.
be associated with decreased risk of several types of cancer [3].
Many of the reports investigating flavonoids highlight quercetin
[4]. Quercetin is found in a variety of plant-based foods such as
red onions, apples, tea (Camelia sinensis), broccoli, capers, lovage,
parsley, red grapes and a number of berries [5]. The potential
chemopreventive effects of quercetin have been attributed to
various mechanisms including its anti-oxidative activity as well as
its capacity to inhibit enzymes that activate carcinogens, to modify
signal transduction pathways, and to interact with and regulate
cell receptors and other proteins [6]. Although the pharmacological
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interest of quercetin and its possible nutritional benefit, themolecu-
lar mechanisms underlying its chemopreventive activities still
remain poorly understood.

Over the past decade, the incidence of primary brain tumors
has rapidly increased, and glioblastoma remains the most frequent
and malignant histological type of all brain tumors [7,8]. Despite
advances in surgical and medical therapy, glioblastoma have
retained their poor prognosis. Therefore, it is important to compre-
hend their underlying mechanisms in order to identify new thera-
peutic strategies against glioblastoma.

Interleukin-6 (IL-6), also known as interferon-beta 2, is a pleio-
tropic cytokine primarily involved in the regulation of immuno-
and inflammatory responses. IL-6 is widely expressed by a large
variety of malignant tumors, including prostate, breast, lung cancer
and glioblastoma [9]. IL-6 is a key cytokine that orchestrates the
inflammatory microenvironment surrounding the tumor. Many
studies have shown that IL-6 contributes to malignant progression
by the regulation of a variety of biological processes, such as prolif-
eration, apoptosis and survival as well as invasion [10]. In patients
with glioblastoma, the expression level of IL-6 has been suggested
as being related to the prognosis of the patients [11], and IL-6
was shown to promote the proliferation of glioma cell lines [12].
However, whether IL-6 could contribute to the proliferative and
migratory abilities of glioblastoma must be better understood
before more effective treatment strategies for these tumors can be
found.

Several IL-6-related signaling pathways have been identified and
associated with increased proliferation, migration and invasion of
various tumor cells. Briefly, IL-6 binds to an IL-6-specific binding
receptor (IL-6Rα) and triggers the dimerization of the signal trans-
ducer receptor (GP130, also called CD130), leading to its phosphor-
ylation and the subsequent activation of Janus tyrosine kinase
(JAK) [13]. These events lead to the activation of several signal-
transduction pathways, such as the signal transducer and activator
of transcription (STAT), Ras-MAPK and PI-3 kinase signaling
pathways [13]. Among them, the STAT3 signaling pathway is one
of the most studied cytokine signaling systems [14,15]. STAT3, a
key cytoplasmic transcription factor involved in inflammation
becomes activated in response to a variety of cytokines, chemokines
and growth factors. STAT3 is constitutively active in various human
malignancies, including breast and pancreatic cancer as well as
glioblastoma [16]. STAT3 activation requires phosphorylation of
the residue Tyr705, leading to protein dimerization and transloca-
tion from the cytoplasm to the nucleus [17]. Activation of STAT3 is
linked to clinically more aggressive phenotypes of glioblastomas
[18]. Constitutive STAT3 signaling has been shown to contribute
to cancer progression by the regulation of various target genes in-
volved in the regulation of critical cellular processes regulating glio-
magenesis, such as promoting cell cycle progression, angiogenesis,
cell migration/invasion and immune evasion, as well as preventing
apoptosis [16]. Moreover, cyclin D1 is reported to be transcriptional-
ly regulated by STAT3 is frequently deregulated in various cancers
[15,19–21] and is directly involved in the regulation of Rb phosphor-
ylation [22]. Retinoblastoma (Rb) phosphorylation plays a crucial
role in the progression of G1 phase and the transition of G1 to S
phase [23], and hypo-phosphorylation of the Rb protein has been
linked to G0/G1 arrest [24]. Also, it has been shown that STAT3
directly regulatesMMP-2 expression aswell as tumor cellmigration,
invasion and metastasis [15,25–27]. Therefore STAT3 can be consid-
ered as an oncogenic transcription factor due to its ability to
promote malignancy [10,28,29]. Since STAT3 plays a central role in
glioblastoma signal transduction, it has promising potential as a
therapeutic target for glioma therapy.

In this study, we show that quercetin acts as a potent inhibitor
of the JAK/STAT3 signaling pathway stimulated by IL-6. The inhibi-
tion of IL-6-induced STAT3 phosphorylation by quercetin strongly
reduces glioblastoma cell proliferation and migration, mainly
through the downregulation of two STAT3 target genes, i.e. Cyclin
D1 and MMP-2. Moreover, STAT3 associates with the cyclin D1
promoter in the presence of IL-6, and quercetin antagonized this
recruitment. Altogether, these results highlight quercetin as an
efficient, dietary-derived inhibitor of the IL-6/STAT3 signaling and
suggest that this inhibitory effect may contribute to the chemopre-
ventive properties of quercetin.
Materials and methods

Materials

Human recombinant IL-6 was from R&D Systems (Minneapolis,
MN). Specific antibodies against STAT3 (#4904), phospho-STAT3
(Y705, #9145), GP130 (#3732), JAK1 (#3344), phospho-JAK1
(Y1022/1023, #3331), phospho-JAK2 (Y1007/1008, #3776), cyclin
D1 (#2926), CDK4 (#2906), Rb (#9309), and phospho-Rb (S780,
#9307 and S795, #9301) were from Cell Signaling Technology
(Pickering, ON). Antibodies against JAK2 (sc-294) and phospho-
GP130 (S782, sc-22346) were from Santa Cruz Biotechnology
(Santa-Cruz, CA) whereas antibodies against IL-6Rα (AF-227-
NA), α-tubulin (T8660) and GAPDH (RGM2) were from R&D
Systems (Minneapolis, MN), Sigma-Aldrich (Oakville, ON) and
Advanced ImmunoChemical (Long Beach, CA), respectively. Non-
specific IgG antibodies and other biochemical reagents were
from Sigma-Aldrich.

Cell culture

U87 and T98G human glioblastoma cells were obtained from
American Type Culture Collection (ATCC; Manassas, VA, USA)
whereas U251 human glioblastoma cells were obtained from the
NCI-Frederick Cancer DCTD Tumor/Cell Line Repository (Bethesda,
MD). Cells were cultured under a 5% CO2/95% air atmosphere. U87
cells were cultured in Eagle's Minimum Essential Medium
(EMEM) (Wisent; St-Bruno, QC), containing 1 mM pyruvate,
100 U/mL penicillin-streptomycin and 10% calf bovine serum
(Hyclone; Logan, UT, USA). T98G cells were cultured in EMEM
(Wisent) containing 100 U/mL penicillin-streptomycin and 10%
calf bovine serum. U251 cells were cultured in RPMI-1640 (Wisent)
containing 100 U/mL penicillin-streptomycin and 10% calf bovine
serum. To normalize each different experimental condition and to
reduce the effect of cell density on STAT3, all cellular assays were
conducted at 80% confluence throughout the study.

Western blot analysis

Cells were collected by trypsinization, washed with PBS and lysed
in lysis buffer (150 mM NaCl, 10 mM Tris–HCl, pH 7.4, 1 mM ethy-
lenediaminetetraacetic acid (EDTA), 1 mM ethylene glycol-bis-(2-
aminoethyl)-N,N,N′,N′-tetraacetic acid (EGTA), 0.5% Nonidet P-40,
1% Triton X-100, 1 mMNa3VO4, 1 mMNaF and containing a protease
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inhibitor cocktail set (#539131; Calbiochem,Darmstadt, Germany)).
Cell lysates (20 μg to 40 μg) were solubilized in Laemmli sample
buffer (125 mM Tris–HCl (pH 6.8), 20% glycerol, 4% SDS, 10% β-
mercaptoethanol, and 0.00125% bromophenol blue), boiled for
4 min, and subjected to sodium dodecyl-sulfate (SDS)-polyacryl-
amide gel electrophoresis (SDS-PAGE). Separated proteins were
then electro-transferred to polyvinylidene difluoride (PVDF)
membranes. Following transfer, immunodetection analysis was per-
formed and the immunoreactive bandswere visualized by enhanced
chemiluminescence.

Cell proliferation assay

The effects of quercetin on IL-6-induced U87 and T98G cell prolifer-
ation was measured by [3H]-thymidine incorporation assay. Briefly,
5×103 cells were seeded onto 96-well plates. After 24 h, they were
serum-starved for 20 h, and then treatedwith various doses of quer-
cetin in the presence of IL-6 (100 ng/mL) for an additional 48 h. The
experimentswere initiated by adding 0.5 μCi/well of [3H]-thymidine
(Perkin Elmer; Boston,MA) and cells were incubated for 4 h at 37 °C
in 5% CO2/95% air. Afterwards, cells were washed two times with
PBS (37 °C), fixed 5–10 min in EtOH/acetic acid (3:1) and air-dried.
The amount of [3H]-thymidine incorporated into the cells was
measured with Microscint-0 (Perkin Elmer; Waltham, MA) using a
liquid scintillation counter.

Cell cycle and apoptosis FACS analysis

All flow cytometry measurements were performed with the FACS-
Calibur™ flow cytometer (BD Biosciences; Mississauga, ON). The
data were analyzed with BD CellQuest Pro software. For the cell
cycle analysis, T98G and U87 cells were treated for 24 h in
serum-free media with or without IL-6 (100 ng/mL) and quercetin
(25 μM). For all cell cycle experiments, both cells growing on the
surface of the dishes and in the culture medium were harvested,
fixed with 75% ethanol, and stored at −20 °C for less than
1 week before staining and analysis. For the cell cycle analysis,
cells were then resuspended in PBS containing PI at 10 μg/mL
and RNase A at 0.2 mg/mL. After 45 min of incubation at room
temperature, the cells were subjected to flow cytometry analysis.
For the cell apoptosis analysis, T98G and U87 cells were treated
for 24 h in serum-free media with or without IL-6 (100 ng/mL)
and various concentrations of quercetin. Apoptosis analysis was
performed using the BD Pharmingen FITC Annexin V Apoptosis
Detection Kit (cat #556547). For all FACS experiments, more
than 10,000 cells per condition were analyzed by flow cytometry.

Total RNA isolation and reverse transcription polymerase
chain reaction (RT-PCR)

U87 and T98G cells were plated onto 55-cm Petri dishes and treated
for 24 h in serum-free media with or without IL-6 (100 ng/mL) and
quercetin (25 μM). Then total RNA was extracted from cells using
TRIzol reagent (Invitrogen; Burlington, ON) following standard
procedures. RT-PCR reactions were performed using SuperScript
One-Step RT-PCR (Invitrogen). The primers used were as follows:
cyclin D1, forward, 5′-AGA CCT GCG CGC CCT CGG TG-3′, and
reverse 5′-GTA GTA GGA CAG GAA GTT GTT C-3′ (expected
product 574 bp); GAPDH, forward 5′-CCA TCA CCA TCT TCC AGG
AG-3′, and reverse 5′-CCT GCT TCA CCA CCT TCT TG-3′ (expected
product 540 bp). RT-PCR conditions were optimized so that the
gene products were obtained during the exponential phase of the
amplification. Amplification products were fractionated on 1.6%
(w/v) agarose gels and visualized by ethidium bromide.

ChIP analysis

ChIP analysis was performed on T98G and U87 cells at 80% con-
fluency following the Upstate ChIP Assay Kit protocol (cat #17-
295). Briefly, cells were treated for 24 h in serum-free media
with or without IL-6 (100 ng/mL) and quercetin (25 μM). For the
immunoprecipitation, 4 μg of the anti-STAT3 or non-specific IgG
were used for each condition and incubated with the cross-
linked complexes overnight at 4 °C. PCR of the human cyclin D1
promoter on the input and isolated DNA was performed using
Platinum® Taq DNA Polymerase (Invitrogen; Burlington, ON).
The cyclin D1 promoter primer sequences were as follows: for-
ward, 5′-GAT TTT CTT TCA AAC AAC GTG GTT AC-3′, and reverse
5′-TCT TGG TGA CCA TTT GGA GAC A-3′ (expected product
92 bp) [30].

Migration assays

U87 and T98G cell migration was performed using Transwell
filters (8-μm pore size; Costar, Cambridge, MA) precoated with
0.15% gelatin for 24 h at 4 °C. The Transwells were then washed
once with PBS and assembled into 24-well plates. The upper
chamber of each Transwell was filled with 1.0×105 cells
(100 μL) in serum-free medium and cells were allowed to adhere
for 30 min. Then, fresh medium (10% BCS) containing vehicle or
various concentrations of quercetin and IL-6 was placed in the
lower wells. One hundred microliters of two-fold concentrated
vehicle, drug or IL-6 solution prepared in serum-free medium
was loaded into each of the upper wells. The plate was placed at
37 °C in 5% CO2/95% air for 16–18 h. For all experiments, cells
that had migrated to the lower surface of the filters were fixed
with 10% formalin phosphate and stained with 0.1% Crystal
Violet/20% methanol. Cell migration was quantified by computer-
assisted imaging using Northern Eclipse software (Empix Imaging,
Mississauga, ON) and data were expressed as the average density
of migrated cells per four fields (magnification 50×).

Gelatin zymography

Gelatin zymography was used to assess the extent of proMMP-2
activity as previously described [31]. Briefly, an aliquot (20 μl) of
the culture medium was subjected to SDS-PAGE in a gel contain-
ing 0.1 mg/mL gelatin. The gels were then incubated in 2.5% Triton
X-100 and rinsed in nanopure distilled H2O. Gels were further
incubated at 37 °C for 20 h in 20 mM NaCl, 5 mM CaCl2, 0.02%
Brij-35, 50 mM Tris–HCl buffer, pH 7.6, then stained with 0.1%
Coomassie Brilliant blue R-250 and destained in 10% acetic acid,
30% methanol in H2O. Gelatinolytic activity was detected as
unstained bands on a blue background.

Data statistical analysis

Statistical analyses were performed with Student's t-test when
one group was compared with the control group. To compare
amongst two or more groups, one-way analysis of variance
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(ANOVA) and Dunnett's multiple comparison post hoc test were
used. All statistical analyses were performed using GraphPad
Prism version 5.0b for Macintosh (GraphPad Software, San
Diego, CA, USA; www.graphpad.com). Significance was assumed
for P values less than 0.05.
Results

The IL-6/STAT3 signaling pathway in human glioblastoma
cell lines

In order to evaluate the effect of quercetin on the signaling pathway
regulated by IL-6, we first characterized the IL-6 receptor complex
by Western blot in different human glioblastoma cell lines. All of
the glioblastoma cell lines tested expressed the IL-6Rα and GP130
receptors (Fig. 1). Among the cell lines evaluated, T98G and U87
expressed the highest levels of both IL-6 receptors (IL-6Rα and
GP130). Thus, T98G and U87 human glioblastoma cell lines provide
a suitable cellular model for studying pharmacological inhibition of
the IL-6/STAT3 signaling pathway.

Quercetin inhibits IL-6-induced JAK/STAT3
signaling pathway

Diet-derived flavonoids have the ability to affect various growth
factor and cytokine networks, including VEGF/VEGFR2, HGF/Met
and PDGF/PDGFR signaling [32–37]. To evaluate whether quercetin
(see molecular structure in Fig. 2A) can also inhibit the JAK/STAT3
signaling pathway, we first evaluated the capacity of quercetin to in-
hibit STAT3 constitutive phosphorylation (Fig. 2B). T98G and U87
cells were incubated for 18 h in serum-free medium in the presence
or absence of quercetin, and baseline STAT3 phosphorylation were
immunodetected. Under our conditions, we observed that STAT3
was constitutively activated in both T98G and U87 cells. Quercetin
alone did not induce noticeable changes in phosphorylated STAT3
Fig. 1 – Expression of IL-6 receptors in human glioblastoma cell
lines. The IL-6Rα and GP130 receptors were immunodetected
in cell lysates (20 μg of protein) from glioblastoma cell lines
using specific antibodies, as described in Materials and
methods. The band intensity was quantified with ImageJ
software (Wayne Rasband, NIH) and expressed in arbitrary
units as a ratio of the levels of IL-6Rα and GP130 to those of
α-tubulin to correct for variations in the amounts of protein.
basal level indicating that quercetin unaffected STAT3 constitutive
phosphorylation. Secondly, we examined the possibility that quer-
cetin could affect the JAK/STAT3 signaling pathway induced by IL-6
stimulation in T98G and U87 glioblastoma cells (Figs. 2C–D). Cells
were incubated for 18 h in serum-free medium in the presence or
absence of various quercetin concentrations and the cells were
then stimulated with IL-6 (100 ng/mL) for 15 min, following which
GP130 serine782 phosphorylation status was assessed (Figs. 2C–
D). We found that IL-6 induced a remarkable increase in GP130,
JAK1, JAK2 and STAT3 phosphorylation. Quercetin inhibited GP130
phosphorylation induced by IL-6 in a dose-dependent manner
with IC50 values of ~30 μM and ~18 μM for T98G and U87 cells,
respectively (Figs. 2C–D). Moreover, quercetin also inhibited JAK1
phosphorylation with IC50 values of ~17 μM and ~3 μM for T98G
and U87 cells, respectively (Figs. 2C–D). Also, as shown in Figs. 2C–
D, the inhibition of IL-6-induced phosphorylation of STAT3 by quer-
cetin was dependent on the concentration, with an IC50 of ~20 μM
for both T98G (Fig. 2C) and U87 (Fig. 2D) glioblastoma cells. JAK2
phosphorylation induced by IL-6 was not significantly affected by
quercetin in either T98G or U87 glioblastoma cells (Figs. 2C–D),
and GAPDH expression was used as an internal loading control.

Quercetin inhibits the growth of glioblastoma cells induced
by IL-6

Thymidine incorporation assays were performed to determine
whether quercetin affected IL-6-induced cell proliferation in vitro
(Figs. 3A–B). We showed that IL-6 (100 ng/mL) significantly stimu-
lated the proliferation of T98G and U87 cells after 48 h incubation
(Fig. 3A). Exposure of glioblastoma cells for 48 h to quercetin in
the presence of IL-6 suppressed the IL-6-induced cell growth in a
concentration-dependent manner, with IC50 values of 17.1 μM and
24.3 μM in U87 and T98G glioblastoma cells, respectively (Fig. 3B).
The effect of quercetin on cell proliferation induced by IL-6 was
also investigated by flow cytometry in PI-stained cells (Fig. 3C;
quantification right panels). T98G and U87 cells were incubated for
24 h in serum-free medium in the presence or absence of IL-6
(100 ng/mL) and 25 μM of quercetin. When deprived of serum,
T98G and U87 cells entered a viable G1 arrested state, as observed
in the control condition. In the presence of IL-6, the cell population
in the proliferative (S+G2/M) phases of the cell cycle significantly
increased in a similarmanner in both cell lines,whereas the addition
of quercetin completely antagonized this effect (Fig. 3C). In a cell
population, cell growth is the process deriving from the balance of
cell proliferation and cell death. Under the conditions used here,
quercetin (up to 100 μM) did not significantly increase either apo-
ptotic or necrotic T98G (Fig. 3D) or U87 (Fig. 3E) cell populations
in the presence of IL-6, as assessed by PI/Annexin V staining and
flow cytometry analysis. Thus, the suppression of glioblastoma cell
growth by quercetin was not due to apoptosis or cellular toxicity.
Collectively, these data suggest that STAT3 activation is involved in
glioblastoma cell growth regulation and that inhibition of STAT3
activation by quercetin induces cell cycle arrest and suppresses glio-
blastoma cell proliferation.

Quercetin inhibits Rb protein phosphorylation

We examined the effect of quercetin on IL-6-stimulated cells
by western blotting analysis of serine phosphorylation sites at
serine795 and 780 of the Rb protein (Fig. 4). In the presence of

http://www.graphpad.com


Fig. 2 – Quercetin inhibits IL-6-induced JAK/STAT3 signaling pathway. (A) Chemical structure of quercetin (2-(3,4-dihydroxyphenyl)-
3,5,7-trihydroxy-4H-chromen-4-one). (B) T98G and U87 cells were incubated in serum-free media for 18 h in the presence of various
quercetin concentrations. T98G (C) and U87 (D) cells were incubated in serum-freemedia for 18 h in the presence of various quercetin
concentrations. Then, to study cell signaling, the cells were stimulated with 100 ng/mL IL-6 for 15 min, as described in Materials and
methods. After cell treatments, the extent of GP130 serine782 phosphorylation, JAK1 tyrosine1022/1023 phosphorylation, JAK2
tyrosine1007/1008 phosphorylation, STAT3 tyrosine705 phosphorylation, along with their total protein level and GAPDH were
monitored by immunoblotting using specific antibodies. Data are representative of three independent experiments. Immunodetection
obtained from representative samples are shown. The band intensity was quantified with ImageJ software and expressed in arbitrary
units as a ratio of levels of phosphorylated protein to those of the total protein to correct for variation in the amount of protein. The
relative levels of phosphorylated protein were also normalized to the control (value=1).
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IL-6, the total Rb protein remained constant, whereas Rb phos-
phorylation was increased (Figs. 4A–B). Moreover, quercetin
treatment inhibited Rb phosphorylation levels at serines 795 and
780 in a dose-dependent manner, with an IC50 ~5–10 μM for
both T98G (Fig. 4A) and U87 (Fig. 4B) glioblastoma cells. These
results suggest that the G0/G1 cell cycle arrest observed with quer-
cetin in the presence of IL-6 could be related to the inhibition of Rb
phosphorylation.

Quercetin inhibits cyclin D1 expression

We investigated whether the expression of cyclin D1 was modulat-
ed by quercetin in order to determine the underlyingmechanism of
IL-6-induced glioblastoma cell proliferation inhibition by quercetin
(Fig. 5). As observed by Western blot, cyclin D1 is not significantly
affected by quercetin in the absence of IL-6 (Figs. 5A–B), whereas
quercetin treatment in the presence of IL-6 strongly decreased the
protein level of cyclin D1 in a dose-dependent manner in both
glioblastoma cell lines (Figs. 5C–D). Also, under our conditions, the
protein level of cdk4 was not significantly affected by IL-6 and quer-
cetin (Figs. 5C–D). Since quercetin inhibits cyclin D1 expression in
the presence of IL-6, mRNA expression of cyclin D1 was estimated
by RT-PCR in T98G (Fig. 5E) and U87 (Fig. 5F) cells following treat-
ment with or without IL-6 (100 ng/mL) and quercetin (25 μM).
Quercetin significantly reduced cyclin D1 mRNA in the presence of
IL-6 compared to control cells, whereas cyclin D1 mRNA was

image of Fig.�2


Fig. 3 – Quercetin inhibits the growth of glioblastoma cells induced by IL-6. T98G and U87 cells were seeded onto 96-well plates.
After 24 h, cells were starved in serum-freemedia for 20 h. Quiescent cells were then treated for 48 hwith orwithout IL-6 (100 ng/mL)
(A), orwith various concentrations of quercetin in the presence of IL-6 (100 ng/mL) (B). Then 0.5 μCi/well of [3H]-thymidinewas added
and the amount of [3H]-thymidine incorporated into the cells wasmeasured as described inMaterials andmethods. Data represent the
means±standard error (SE) of results obtained from three different experiments. (C) Representative flow cytometry profiles of T98G
(upper panel) and U87 (lower panel) cells in the G0/G1, S and G2/M phases as determined by flow cytometric
analysis. The individual DNA content was determined by fluorescence intensity of incorporated propidium iodide, as described in
Materials and methods. Cell population profiles obtained from representative samples are shown (Left panel), and data represent the
means±SE of results obtained from three different experiments (Right panel). Analysis of annexin V-FITC and propidium
iodide (PI) staining in T98G (D) and U87 (E) cells, as described in Materials and methods. Results were normalized to the control
without IL-6 (value=1), and represent cells that are positive for apoptosis (FITC-Annexin V positive, PI negative or FITC-Annexin V
positive, PI positive) compared to the control without IL-6. Data represent the means±SE of results obtained from three different
experiments. Statistically significant differences, as compared with control conditions are indicated as follows: *P<0.05; **P<0.01;
***P<0.001 (A, Student's t-test; B, ANOVA).
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Fig. 4 – Quercetin inhibits Rb protein phosphorylation. T98G (A) and U87 (B) cells were treated with or without IL-6 (100 ng/mL)
and various concentrations of quercetin for 18 h, as described in Materials and methods. The extent of Rb serine795 and serine780
phosphorylation, along with the total Rb protein level and GAPDH were monitored by immunoblotting using specific antibodies.
Immunodetection obtained from representative samples are shown, and data are representative of three independent experiments.
The band intensity was quantified with ImageJ software and expressed in arbitrary units as a ratio of levels of phosphorylated
protein to those of the total protein to correct for variation in the amount of protein. The relative levels of phosphorylated protein
were also normalized to the control (value=1).
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unaffected by quercetin in the absence of IL-6. We next examined
whether the effect of quercetin on cyclin D1 protein and mRNA
levels is mediated by reduced recruitment of the STAT3 transcrip-
tion factor at the cyclin D1 promoter in the presence of IL-6
(Fig. 5G). By ChIP analysis, we first observed that STAT3 was indeed
recruited to the cyclin D1 promoter in the presence of IL-6 (Fig. 5G;
right panel). In quercetin-treated cells, we showed a decrease in
physical association of STAT3 at the cyclin D1 locus when IL-6 is pre-
sent (Fig. 5G). These findings suggest that quercetin regulates cyclin
D1 expression by regulating the recruitment of STAT3 transcription
factor at the cyclin D1 promoter. Since cyclin D and cdk4 complex
[24] phosphorylate Ser780 position of Rb protein, the decrease in
the phosphorylation level of Rb protein (Figs. 4A–B) appeared to
be mediated by the suppression of cyclin D1 protein expression.

Quercetin inhibits IL-6-induced MMP2 secretion and
migration of glioblastoma cells

Since quercetin inhibits STAT3 activation induced by IL-6 (Fig. 2),
and that STAT3 directly regulates MMP-2 expression and cancer
cell migration [15,25–27], we evaluated the effect of quercetin
on the IL-6-mediated secretion of MMP-2 and cell migration
(Fig. 6). The level of proMMP2 gelatinolytic activity in the super-
natant was assessed by gelatin zymography in T98G and U87 glio-
blastoma cells after treatment with or without IL-6 (100 ng/mL)
and various quercetin concentrations. IL-6 increased the cellular
secretion of proMMP-2 and quercetin antagonized this effect in
a dose-responsive manner (Fig. 6A). We next examined the effect
of quercetin on glioblastoma cell migration regulated by IL-6. Evalu-
ated by the Transwell chamber system, T98G and U87 cells were
allowed to adhere to gelatin-coated Transwells and were incubated
for 18 h with various concentrations of IL-6 in the lower chamber
(Fig. 6B). Under these conditions, we found that IL-6 significantly
promoted T98G andU87 cellmigration in a dose-dependentmanner
(Fig. 6B). We then evaluated the effect of quercetin on IL-6-induced
glioblastoma cell migration using various concentrations of querce-
tin in the presence of IL-6 (100 ng/mL). Under these conditions,
quercetin inhibited IL-6 induced migration of T98G and U87 cells
in a dose-dependent manner (Fig. 6C), with IC50 ranging from
14.6 μM for U87 to 22.7 μM for T98G. Altogether, these results
suggest that quercetin could inhibit glioblastoma cell migration by
reducing the MMP-2 secretion regulated by IL-6.
Discussion

STAT3, a member of the STAT family of transcription factors, is a key
player involved in cancer-related inflammation. STAT3 is frequently
deregulated in many types of cancer and functions as an oncogene
during tumorigenesis [29]. Activation of STAT3 results in the expres-
sion of downstream genes that control major cellular responses
(including cell proliferation and invasion as well as cancer cell sur-
vival) such as cyclin D1, MMP2 and Bcl-2 [38]. The crucial role of
STAT3 in cancer progression and tumorigenesis has allowed STAT3
to emerge as a promising molecular target for treating cancer. The
goal of the present study was to characterize whether quercetin
exerts any anticancer effects through abrogation of the IL-6/STAT3
signaling pathway in glioblastoma cells.

In the present study, we found that quercetin inhibited IL-6-
inducible GP130 phosphorylation in glioblastoma cells in parallel
with the suppression of JAK1 activation, whereas quercetin has
no significant effect on JAK2. Also, unlike curcumin [39,40] and
EGCG [41], two phytochemical inhibitors of the constitutive and
the IL-6-inducible STAT3 signaling pathway, quercetin inhibits
the phosphorylation of STAT3 induced by IL-6 without affecting
the constitutive baseline level of phosphorylated STAT3. Also, the
effective dose of quercetin used to inhibits IL-6 signaling are consis-
tent with those obtained with curcumin and EGCG. As previously
reported among glioblastoma cell lines, STAT3 is constitutively acti-
vated at various levels [16], which could explain the difference in the
baseline STAT3 phosphorylation between T98G andU87 cells.More-
over, quercetin down-regulated the expression of STAT3-regulated
target gene cyclin D1 and the secretion of MMP-2 mediated by IL-6
signaling, and antagonized both the stimulative effect of IL-6 on
cell proliferation andmigration as well as the IL-6-induced accumu-
lation of cells in the proliferative (S+G2/M) phases of the cell cycle.
Some slight differenceswere also observed among the cells tested in
the inhibitory effect of quercetin on cell proliferation stimulated by
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Fig. 5 – Quercetin inhibits cyclin D1 expression. T98G (A, C, E) and U87 (B, D, F) cells were treated with or without IL-6 (100 ng/mL)
and various concentrations of quercetin for 18 h. The levels of cyclin D1, CDK4 and GAPDH were monitored by immunoblotting
using specific antibodies (A–D), and the levels of cyclin D1 and GAPDHmRNA by RT-PCR (E–F). Immunodetection and amplification
obtained from representative samples are shown, and data are representative of three independent experiments. The band
intensity was quantified with ImageJ software and expressed in arbitrary units as a ratio of levels of cyclin D1 or CDK4 to those of
GAPDH to correct for variations in the amount of protein. The relative levels of phosphorylated protein were also normalized to the
control (value=1). (G) Analysis of the occupancy of STAT3 transcription factor at the cyclin D1 gene promoter by ChIP analysis.
ChIP assays were performed with chromatin prepared from T98G (upper panel) and U87 (lower panel) cells treated with or without
quercetin (25 μM) and IL-6 (100 ng/mL), as described in Materials and methods. Data are representative of two independent
experiments. PCR results obtained from representative samples are shown.
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IL-6. These observations could be explained in part by intercellular
differences in the dependency of the cells from other proteins
known to affect the IL-6/JAK/STAT3 pathway, e.g. suppressors of cy-
tokine signaling 3 (SOCS3) [42], protein inhibitor of activated STAT
(PIAS) [43], and non-receptor tyrosine kinases, such as Src [44]
and BMX [45].

The tyrosine kinase Hck [46] and the phosphoinositide 3-kinase
(PI3K) [47] have previously been crystallized with quercetin. Rela-
tive to both Hck and PI3K kinase/quercetin complex interaction,
we hypothesize as a possible molecular mechanism of action
that quercetin may bind to the GP130, STAT3 or JAK1 putative ATP
binding sites via hydrophobic and ionic interactions. This interaction
could subsequently abrogate their phosphorylation/activation, and
in turn inhibit the stimulatory action of IL-6 on cell proliferation,
cell cycle progression, cell migration and MMP-2 secretion.
However, at any given time, the total STAT3 activity levels in a
cell are the sumof the effects of cell to cell adhesion plus the conven-
tional STAT3 activating/inhibiting factors present [48,49]. Thus, we
cannot exclude the possibility that quercetin could also modulate
other mechanisms that regulate cell response to IL-6 and STAT3
activity. This is the first report that documents quercetin as a novel
pharmacological blocker of the IL-6/STAT3 signaling pathway in
glioblastoma cells, and provided further evidence of the molecular
mechanism underlying the anticancer activity of quercetin.

Under the conditions used here, quercetin antagonized the pro-
liferative effect of IL-6 in glioblastoma cells, as evidenced by the de-
creased cyclin D1 and Rb phosphorylation. Phosphorylation of Rb
plays a crucial role in the progression of G1 phase and the transition
from G1 to S phase during cell proliferation. In the hypophosphory-
lated state, Rb is active and carries out its role as a tumor suppressor
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Fig. 6 – Quercetin inhibits glioblastoma MMP-2 secretion and cell migration induced by IL-6. (A) The proMMP-2 gelatinolytic
activity was assessed by gelatin zymography in the cell-conditionedmedia after 24 h of treatment with or without IL-6 (100 ng/mL)
and various concentrations of quercetin, as described in Materials and methods. The extent of gelatinolytic activity was quantified
by densitometry and expressed as a percentage of the control without IL-6. Results were analyzed by densitometry and data
represent the means±SE of results obtained from three different experiments. T98G and U87 cell migration was performedwith or
without various concentrations of IL-6 (B) or various concentrations of quercetin in the presence of IL-6 (100 ng/mL) (C) using
modified Boyden chambers, as described in Materials and methods. Results are expressed as a percentage of cell migration seen in
the control cells (without IL-6 or quercetin). Statistically significant differences, as compared with the respective control
conditions, are indicated as follows: *P<0.05; **P<0.01; ***P<0.001 (ANOVA).
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by inhibiting cell cycle progression and proliferation [23]. Therefore,
the inhibitory effect of quercetin on Rb phosphorylation could be
related to lower activity of the cyclin D/CDK4 complex due to
decreasing levels of cyclin D1. In addition, ChIP analysis of STAT3
demonstrated decreased physical association of STAT3 at the cyclin
D1 locus in quercetin-treated cells, resulting in a reduction of cyclin
D1mRNA and protein. These data suggest that quercetin caused the
suppression of cyclin D1 protein expression through transcriptional
repression via the reduction of STAT3 recruitment at the cyclin D1
promoter in thepresence of IL-6. Butwe cannot exclude thepossibil-
ity that quercetin could also decrease the cyclin D1 protein level
through the promotion of proteasomal degradation. Also, in the
presence of IL-6, quercetin does not have a cytotoxic effect up to a
concentration of 100 μM. Thus, the antiproliferative effect of querce-
tin may not be due to apoptosis or necrosis in T98G and U87 glio-
blastoma cells but rather to the inhibition of cell cycle progression
induced by the IL-6 cytokine. The present result is in agreement
with another study from Siegelin et al. [50] where they showed
that quercetin did not inhibit cell viability in vitro using various glio-
blastoma cell lines, including U87 cells. However, these results seem
to be cell type-specific since quercetin could reduce cell viability in
A172 glioblastoma cells [51]. Altogether, quercetin-induced G0/G1

cell cycle arrest is correlated with the suppression of STAT3 activa-
tion and cyclin D1 protein levels, aswell as the inhibition of Rb phos-
phorylation in glioblastoma cells. From these observations, it is
tempting to speculate that its effects on the Rb pathway couldmedi-
ate the anti-proliferative activity of quercetin.

In glioblastoma cells, high secretion of MMP-2 can be attributed
to elevated STAT3 activity, which upregulates the transcription of
MMP-2 through direct interaction of STAT3 with the MMP-2 pro-
moter [15]. These processes represent crucial events in tumor
invasion and the development of metastasis [15,52,53]. Under our
conditions, quercetin antagonized the IL-6-induced secretion of
MMP-2 as well as glioblastoma cell migration. Thus, targeted block-
ade of the STAT3 signaling pathway using quercetin represents a
potential anti-glioma therapeutic approach. Interestingly, it has
also been reported that cyclin D1, a STAT3 target gene, plays a posi-
tive role in the induction of cell migration [54,55]. This observation
indicates that the reduction of cyclin D1 protein level by quercetin,
as a result of the inhibition of the STAT3 signaling induced by IL-6,
could also be involved in the repression of glioblastoma cell
migration.
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According to the World Cancer Research Fund/American Insti-
tute for Cancer Food Research, a diet rich in polyphenols from fruit
and vegetables has been proposed as a key lifestyle factor for the
prevention of a wide variety of cancer types. In our different assays,
the quercetin concentrations required to inhibit STAT3 phosphory-
lation as well as glioblastoma cell proliferation and migration, i.e.
IC50 around 10 to 25 μM, are much higher than those achieved in
serum after a single oral administration in human studies [56,57].
However, as a 100 mg single dose was found to create a serum
concentration of 0.8 μM quercetin [56,57], it can be extrapolated
that a 1500mg daily dose might attain a 10 μM level. Also, since
quercetin is absorbed in humans and is slowly eliminated [56,57],
the relatively long half-life of quercetin may result in even higher
serum concentrations after repeated intake of quercetin throughout
the day. Data from animal studies suggest that concentrations of
quercetin above 10 μM are attainable with continuous daily oral
doses in rats [58]. Moreover, a serum quercetin concentration of
12 μM in humans is achievable after a single intravenous dose of
100 mg [59]. Altogether, these results demonstrated that the
serum concentration of quercetin required for the anti-cancer prop-
erties observed in the present study could be attained in humans.
Following consumption, quercetin is bioavailable to a large variety
of tissues, including brain [60,61], and may thus have some chemo-
preventive effects against brain tumors [62]. On the basis of this
favorable bioavailability profile, quercetin appears to be of potential
interest for glioblastoma prevention and treatment.

In conclusion, targeted blockade of the oncogenic functions of
STAT3 by quercetin represents a new therapeutic potential in the
management of tumorswith constitutive STAT3 activation, like glio-
blastoma. In fact, glioblastoma tumors and cell lines contain high
levels of activated STAT3 when compared with normal human
astrocytes, white matter, and normal tissue adjacent to tumors
[63]. As such, inhibition of the STAT3 signaling pathway induced
by IL-6 using quercetin represents a prime target in the therapeutic
efforts aimed at reducing brain tumor progression.
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