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Background: Chrysin, an active natural bioflavonoid, has been proven to protect against
carcinogenesis. However, the role of chrysin in glioblastoma and the potential molecular mecha-
nisms remain to be elucidated. In our previous study, we found that nuclear factor erythroid
2 (NF-E2)-related factor 2 (Nrf2) is highly expressed in a variety of glioblastoma cell lines
associated with the mitogen-activated protein kinase (MAPK) pathway. The aim of this study
was to evaluate the antitumor effects of chrysin in glioblastoma cells and how chrysin is related
to the MAPK/Nrf2 signaling pathway.

Methods: A Cell Counting Kit-8 assay and a plate colony formation assay were performed to
evaluate cell proliferation. Cell migration ability was tested by a wound-healing assay. Transwell
migration and Matrigel invasion assay were used to test the migration and invasion potential of
cells. Nrf2 was knocked down by shRNA transfection. Protein expression was determined by
Western blotting and immunofluorescence staining. The in vivo anticancer effect was measured
using tumor xenografts in nude mice.

Results: Chrysin inhibited the proliferation, migration, and invasion capacity of glioblastoma cells
in dose- and time-dependent manners. Mechanistically, chrysin deactivated the Nrf2 signaling
pathway by decreasing the translocation of Nrf2 into the nucleus and suppressing the expression
of hemeoxygenase-1 (HO-1) and NAD(P)H quinine oxidoreductase-1, meanwhile, Nrf2 shRNA
attenuated the anticancer activity of chrysin. Furthermore, chrysin downregulated the protein
expression of p-extracellular signal-regulated kinase 1 and 2 (ERK1/2), but did not significantly
affect p-JNK and p-P38 expression levels. However, the downregulated level of Nrf2 and the
antitumor effect of chrysin in glioblastoma cell lines were partially abrogated by the ERK1/2
signaling inhibitor (U0126). Finally, chrysin inhibited tumor growth in U87 xenografts.
Conclusion: Our results show that chrysin exerts anticancer activity in glioblastoma cell lines
possibly via the ERK/Nrf2 signaling pathway and indicate the potential application of chrysin
as a natural sensitizer in chemotherapy.

Keywords: chrysin, glioblastoma, nuclear factor erythroid 2-related factor 2, Nrf2, extracellular
signal-regulated kinase, ERK

Introduction

Glioma is the most common form of primary central nervous system tumors in
adults. According to the classification of the World Health Organization (WHO),
glioblastoma multiforme (GBM), described as grade IV glioma, is the most frequent
and malignant histological subtype.! Standard treatments for GBM for disease-free
survival in randomized studies include reasonable surgical resection, radiotherapy,
and chemotherapy with temozolomide.? Despite decades of efforts and advances in
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therapeutics, the poor prognosis of patients with GBM has
not improved, with a static median survival of ~15 months.’
Accordingly, new therapeutic strategies that can effectively
suppress GBM are urgently required.

Chrysin (5,7-dihydroxyflavone) is a natural flavone found
in many plant extracts, such as honey, propolis, and blue pas-
sion flowers (Passiflora caerulea, Passiflora incarnata, and
Oroxylum indicum).* Recently, several in vivo and in vitro
studies have shown that chrysin suppresses the development
and progression of cancer cells originating from prostate,
skin, colon, breast, liver, and lung through selective mediat-
ing of multiple cell signaling pathways.’

Nuclear factor erythroid 2 (NF-E2)-related factor 2
(Nrf2), a transcription factor belonging to the Cap’n’Collar
subfamily of leucine-zipper (b-ZIP) proteins, modulates cell
responses to oxidative stress and physical/chemical insults
through interaction with the antioxidant response element
(ARE).%” The activity of Nrf2 is mainly regulated by its
interaction with Kelch-like erythroid cell-derived protein
with cap’n’collar homology-associated protein 1 (Keapl),
various protein kinases, and epigenetic factors.®® Nrf2 target
genes are mainly cytoprotective genes that can encode anti-
oxidant enzymes and Phase II detoxifying enzymes, such
as hemeoxygenase-1 (HO-1) and NAD(P)H quinine oxi-
doreductase 1 (NQO-1)."° Over the past few years, the dual
roles of Nrf2 signaling in cancer onset and progression have
become the subject of widespread interest and investigation.!!
There are strong opinions that increased nuclear accumula-
tion of Nrf2 in cancer cells prevents oxidative stress and
inhibits chemotherapeutic agents and radiation, thus creating
an advantageous environment for cell growth.'

Mitogen-activated protein kinases (MAPKSs) are able to
transduce signals from hormones, growth factors, cytokines,
and environmental stresses and then elicit a wide range
of cellular responses, such as cell growth, differentiation,
survival, neuronal function, and immune responses.'*!* In
addition, MAPKs take part in the concerted modulation of
Nrf2 in inflammation and carcinogenesis.'® There are three
major subfamilies of MAPKSs: extracellular signal-regulated
kinase 1 and 2 (ERK1/2), Jun N-terminal kinases (JNKs), and
P38 MAPKSs. In addition, a number of discussions highlight
that chrysin is a promising dietary agent that can negatively
regulate the Nrf2/ARE and the MAPK signaling pathway in
cancer development, progression, and chemoresistance.*>!

Unfortunately, regarding the human glioblastoma mul-
tiform model, thus far no reports have elucidated the role
of chrysin on Nrf2 and MAPKs. In our study, we aimed
to investigate the anticancer effect of chrysin in human
glioblastoma cells in vivo and in vitro and to determine how

the chemical compound represses the Nrf2/ARE and MAPK
signaling pathway.

Materials and methods

Reagents and antibodies

Chrysin and puromycin were purchased from Sigma-Aldrich
Co. (St Louis, MO, USA). ERK1/2 inhibitor (U0126), anti-
body against ERK1/2, p-ERK 1/2, p38, p-P38, INK, p-JNK,
B-actin, and goat anti-rabbit, anti-mouse immunoglobulin G
(IgG) (H&L) secondary antibodies were obtained from Cell
Signaling Technology (Danvers, MA, USA). Nrf2, HO-1,
NQO-1, and Keap1 antibody were from Abcam (Cambridge,
MA, USA). Horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG and FITC-conjugated anti-rabbit IgG anti-
body were from Jackson ImmunoResearch Laboratories,
Inc. (West Grove, PA, USA).

Cell culture

T98, U251, U87 derived from human glioblastomas were pur-
chased from the Cell Bank of Type Culture Collection of the
Chinese Academy of Sciences (Shanghai, People’s Republic
of China). Normal human astrocyte (NHA) primary cultures
were obtained from the Institute of Basic Medical Sciences
(Beijing, People’s Republic of China) and maintained in their
patented medium. The cells were grown in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM; Thermo Fisher Scientific,
Waltham, MA, USA), supplemented with 10% fetal bovine
serum (FBS; Thermo Fisher Scientific) and 100 units/mL
penicillin/streptomycin (HyClone, GE Healthcare Life Sci-
ences, Logan, UT, USA) at 37°C in a humidified atmosphere
0f 95% air and 5% CO,. The medium was changed at 48-72
hour intervals. For each passage, cells were washed twice
with phosphate-buffered saline (PBS; HyClone) and then
incubated at 37°C with 0.25% trypsin-EDTA (Sigma-Aldrich
Co.). In experimenting, monolayer cells were grown to ~70%
confluence in culture medium before drug treatments.

Cell proliferation assay

Cell proliferation assay was performed using a Cell Counting
Kit-8 (CCK-8; Dojindo, Kumamoto, Japan). According to
the manufacturer’s protocol, NHAs and glioblastoma cells
(T98, U251, U87) were seeded into 96-well plates at 5x10°
cells in a total volume of 100 UL per well and cultivated
for 24 hours to allow cell adherence. Subsequently, chrysin
was dissolved in 1% DMSO and diluted in DMEM to final
concentrations of 15, 30, 60, 120, and 240 uM. After separate
treatment for 24, 48, and 72 hours, 10 uL. CCK-8 solution
was added into each well and cells were incubated for 2 hours
at 37°C. Then, the 96-well plates were placed in an ELISA
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reader (Bio-Rad Laboratories Inc., Hercules, CA, USA), and
the absorbance (value) at 450 nm wave length (OD450) was
measured. Wells without cells but with medium were used
as blank values and subtracted from all values. Experiments
for each concentration were carried out four times. The pro-
liferation rate of the cells was calculated by the following
formula: cell viability = (the OD values of treated groups/
the OD values of control group) x 100%.

Colony-forming assay

T98, U251, and U87 glioblastoma cells were seeded at a
density of 1,000 cells/well into six-well plates and treated
with chrysin (0, 30, 60, and 120 uM). The medium and treat-
ment were changed every 3 days. After incubation at 37°C
for 10 days, the colonies were washed with PBS, fixed with
methanol for 20 minutes, stained with 0.1% crystal violet
(Sigma-Aldrich Co) and visualized under a phase-contrast
light microscope (Carl Zeiss Meditec AG, Jena, Germany).

Wound-healing assay

Migration of treated and untreated glioblastoma cells (U251
and U87) were assessed by a classical in vitro wound-healing
assay. Monolayer cells were grown in normal growth media
to 70% confluence in six-well tissue culture plates, followed
by scratching with a 200 pL standard pipette tip through the
culture dish. After washing three times with PBS to remove
detached cells for scoring, cells were treated with chrysin
(0, 10, 20, and 30 puM) in serum-free medium. At time
intervals of 0, 12, 24, and 48 hours during treatment, cells
migrating into the wound areas were observed and imaged
using a microscope (Carl Zeiss Meditec AG, Jena, Germany).
The acquired phase-contrast images were analyzed using
GraphPad Prism 5 software (version 1.46; GraphPad
Software, Inc., La Jolla, CA, USA).

Migration and invasion assay

Transwell assays were used to test the motility and invasion
capacity of glioblastoma cells (U251 and U87) after the
treatment with different concentrations of chrysin (0, 10, 20,
and 30 uM). Briefly, Matrigel matrix (Corning Incorporated,
Corning, NY, USA) was mixed with serum-free medium
and added to the upper chamber of 6.5-mm transwells with
8.0-um pore polycarbonate membrane inserts (Corning
Incorporated) in a 37°C incubator for 30 minutes to form a
thin gel layer. A total of 1x10° cells in 200 uL. DMEM were
placed on the upper chamber of a transwell insert; 600 UL
of DMEM with 10% FBS was used as a chemoattractant
in the bottom of the lower chamber. After incubation at
37°Cin 5% CO, for 24 hours, the cells on the interior of the

upper chamber were removed carefully by a cotton swab;
however, the cells adhered to the lower membrane surface
were fixed by methanol and stained with 0.1% crystal violet.
The migrating cells were reviewed, and four randomly
selected X200 microscopic fields were viewed and imaged
under an inverted microscope.

shRNA interference and construction

of Nrf2 knockdown cells

Nrf2 shRNA (Nrf2i) (target sequence, 5’GCA GTTCAAT
GAAGCTCAACT3’), the scramble shRNA (Sc, 5’UUC
UCCGAACGUGUCACGUAA3’), and the polybrene solu-
tion were purchased from Hanbio Biotechnology (Shanghai,
People’s Republic of China). Glioblastoma cells (U87) were
seeded into six-well plates, polybrene was used according to
the manufacturer’s protocol, and the cells were transfected
with lentiviral particles containing either Nrf2i or Sc shRNA
expression plasmid. After 24 hours, the medium containing
virus was replaced with fresh complete medium. After an
additional 48 hours of incubating, 2.0 pg/mL puromycin was
added to the complete medium to obtain the stably transfected
cells. Western blot verified the knockdown efficiency.

Immunofluorescence

Glioblastoma cells were pretreated on sterile glass cover slips
in 12-well plates upon reaching ~40% confluence. The treated
cells were fixed with 4% paraformaldehyde for 20 minutes,
incubated with 0.3% Triton X-100 for 10 minutes, blocked
with bovine serum albumin for 1 hour at room tempera-
ture and exposed to a primary anti-Nrf2 antibody at 4°C
overnight. The next day, the cells were washed three times
with PBS containing 0.1% Tween (PBST). Furthermore,
the cover slips were incubated with the appropriate red-
conjugated secondary antibody for 2 hours in a dark chamber
at room temperature. Subsequently, the slides were washed
three times with PBST, incubated with 4’,6’-diamidino-2-
phenylindole (DAPI) at room temperature for 5 minutes and
mounted with aqueous mounting medium. All images were
obtained by ZEISS fluorescence microscope and analyzed
using ImageJ software.

Western blot analysis

After different treatments, cells were harvested and lysed
in Radio Immunoprecipitation Assay (Beyotime, Jiangsu,
People’s Republic of China) buffer supplemented with 1
mM phenylmethylsulfonyl fluoride (Beyotime) to obtain
whole protein lysate. The concentration of freshly extracted
protein was determined by the BCA Protein Assay Kit
(Beyotime). Equal amounts of protein from each sample
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were separated by electrophoresis on an 8%—12% SDS-
PAGE gel and transferred to polyvinylidene fluoride (EMD
Millipore, Billerica, MA, USA) membranes. Membranes
were blocked with 5% nonfat dry milk powder in Tris-
buffered saline containing 0.1% Tween (TBST) for 2
hours at room temperature and incubated with the indicated
primary antibodies overnight at 4°C. After washing with
TBST, membranes were incubated with the corresponding
secondary HRP-conjugated antibodies. Finally, with an
enhanced chemiluminescent HRP substrate (EMD Milli-
pore), protein bands were visualized by chemiluminescence
imaging system (Tanon 5200; Tanon, Shanghai, People’s
Republic of China).

Tumor xenografts study

All studies involving mice were approved by the Animal Care
and Use Committee of Nanjing University and conformed
to Guide for the Care and Use of Laboratory Animals from
National Institutes of Health. U87 cells (5x10°) resuspended
with 100 uL of PBS were injected subcutaneously in the
right flank of male BALB/c athymic nude mice (Charles
River Breeding Laboratories, Wilmington, MA, USA) at
4—6 weeks of age. The tumors were monitored every 3 days
using the vernier caliper and tumor volume (V) was calcu-
lated by the following formula: V (mm?®) = (major axis) X
(minor axis)? X 0.5236."7 The mice bearing an U87-derived
tumor 70—-100 mm? in size were randomly divided into three
groups. Two groups of nude mice were treated with chrysin
(40 and 80 mg/kg/day) by oral gavage, and the other group
underwent gastric lavage with refined olive oil as the control
group once a day, 5 times per week because of its insoluble
nature.'® Body weight was used to monitor the health of
animals. At the end of the experiments, the tumors were
removed, weighed, and photographed.

Statistical analysis

Data in at least three independent experiments were ana-
lyzed using SPSS software version 23.0 (IBM Corporation,
Armonk, NY, USA) and presented as means * standard
deviation. Statistical differences between control and treated
groups were assessed by unpaired Student’s #-test or one-
way analysis of variance. In all the experiments, statistical
significance was set at p<<0.05.

Results
The anti-proliferation effects of chrysin

on glioblastoma cells
To examine the effects of chrysin on cell proliferation,
three human glioblastoma cell lines (T98, U251, and U87)

and NHAs were treated with different concentrations of
chrysin. A CCK-8 assay was used to assess cell viability in
the cultures. Cells were treated with chrysin for 12, 24, and
48 hours, and 0.1% dimethyl sulfoxide (DMSO) was used
as a vehicle control. The results showed that chrysin induced
cell death in both concentration- and time-dependent manners
in all tested glioblastoma cell lines, with the lowest concen-
tration observed at 30 uM (Figure 1A—C). In contrast, the
proliferation of NHAs was not affected by any concentration
of chrysin (Figure 1A).

The long-term effects of chrysin on cell proliferation
were determined by a colony-formation assay. As shown
in Figure 1D, the size of independent colonies was much
smaller in the chrysin-treated group than the vehicle-treated
group, and the number of colonies was significantly reduced
in the chrysin-treated group. The results demonstrated that
chrysin suppresses the proliferation of glioblastoma cells in
a dose-dependent manner without affecting NHAs.

Chrysin inhibits migration and invasion of

glioblastoma cells

First, we used wound healing assays to measure the migration
rate of glioblastoma cells (U251 and U87). The dosages and
treatment duration are described in the “Materials and meth-
ods” section. Chrysin treatment significantly decreased the
wound healing ability of glioblastoma cells, compared with
the untreated control (Figure 2). Subsequently, we performed
transwell migration and Matrigel invasion assays. In line
with the wound healing assay, the migration and invasion
capacity of glioblastoma cells was obviously reduced when
pretreated with chrysin compared with vehicle-treated group
(Figure 3). Taken together, these results suggest that chrysin
inhibits the migration and invasion of glioblastoma cells in
a concentration-dependent manner.

Chrysin inhibits glioblastoma cells by
deactivating the Nrf2/ARE signaling

pathway
Our previous studies indicate that the Nrf2/ARE signal-
ing pathway is activated and plays an important role in the
growth, migration, and invasion of glioblastoma.'**
Furthermore, many studies reported that natural dietary
flavonoids with well-defined anticancer activities were able
to modulate the Nrf2/ARE signaling pathway. Therefore,
we attempt to investigate whether chrysin can regulate the
activity of Nrf2.2! As U87 was the most sensitive cell line
in response to chrysin (Figure 1), this cell line was chosen
for the subsequent experiments. First, cells were treated with
10, 30, and 60 uM chrysin for 24 hours; 0.1% DMSO was
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Figure | Chrysin inhibits proliferation of glioblastoma cells. (A—C) The cell viability was analyzed by a CCK-8 assay. 0.1% DMSO was used as a vehicle control. Chrysin
suppressed the growth of human glioblastoma cell lines (T98, U251, and U87) in both dose- and time-dependent manners without affecting NHAs. However, it did not
demonstrate any significant effect on the cell viability at the concentrations of up to 30 uM. (D) Cells were incubated for 10 days with increasing concentrations of chrysin
(0, 30, 60, and 120 uM) and chrysin reduced colony formation in all tested human glioblastoma cell lines.

Abbreviations: CCK-8, Cell Counting Kit-8; DMSO, dimethyl sulfoxide; NHA, normal human astrocyte.
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used as a vehicle control. Western blot analysis revealed
that chrysin treatment reduced the protein levels of Nrf2
and Nrf2-target genes, including HO-1 and NQO-1, in a
dose-dependent manner (Figure 4A and B). Importantly,
the protein level of Keapl was not visibly affected after the
administration of chrysin at 24 hours (p>0.05). Second,
we used lentivirus-mediated shRNA to establish the stable
Nrf2 knockdown cells, as discussed previously.?? Compared

A

with the shRNA control, transfection with ShARNA-Nrf2
significantly abated Nrf2 protein expression according to
Western-blot analysis (p<<0.001, Figure 4C). Finally, cells
preprocessed with sSiRNA-Nrf2 were treated with chrysin for
24 hours. As shown in Figure 4E and F, chrysin was unable
to change the levels of Nrf2 protein with Nrf2 knockdown.
The cell proliferation assay also revealed that silencing Nrf2
impaired glioblastoma cell proliferation and that chrysin was
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Figure 2 Chrysin suppresses the migration capacity of glioblastoma cells in vitro wound healing assay. U251 (A) and U87 (B) cells were treated with vehicle or chrysin
(10, 20, and 30 uM) for 24 hours, and at time intervals of 0, 12, and 24 hours, cells migrated into the wound areas were observed and imaged. (C) Quantification of the
wound healing ability. The wound healing ability of vehicle-treated group was adjusted to the value of |. The values are expressed as the mean + SD from four independent

experiments. ¥p<<0.05, **p<<0.01, and *p<<0.001 versus the control.

unable to change Nrf2i-mediated inhibition (Figure 4D).
Collectively, these data further demonstrate that chrysin has
anti-glioblastoma effects via inhibition of Nrf2.

Chrysin treatment downregulates the
Nrf2 pathway via inhibition of ERK
signaling

In malignant tumor cell models and specimens, the loss
of regulation of MAPK signaling is strongly correlated
with the disorder of Nrf2 expression.?** Accordingly,
we further investigated whether chrysin affects MAPK
activation and whether MAPKs play an important role in
regulating Nrf2 expression. The results showed that chrysin
treatment decreased the phosphorylation of ERK1/2 in a
dose-dependent manner and had no noticeable effect on the
expression of P 38, p-P 38, INK, and p-JNK (Figure 5A
and B). Thus, we hypothesized that ERK1/2 may participate
in regulating Nrf2 expression in the presence of chrysin. To
test this hypothesis, we assessed the effects of the ERK1/2
kinase inhibitor (U0126) on the protein expression of Nrf2.
Our data confirmed that inhibition of ERK1/2 signaling by
the ERK1/2 inhibitor (U0126) reduced the protein levels of
Nrf2 (p<<0.01, Figure 5C and D). To further investigate the
effect of chrysin on ERK/Nrf2 expression, cells pretreated
with U0126 were treated with chrysin for 24 hours. Western
blot analysis (p>0.05, Figure 5C and D) demonstrated that
chrysin was unable to alter U0126-mediated transcriptional
inhibition. By immunofluorescence staining, we similarly
found that chrysin and U0126 inhibited Nrf2 translocation

into the nucleus in comparison with the control group; how-
ever, there was no statistical difference between the U0126
and the combined treatment group (p>0.05, Figure 5E).
These data suggest that chrysin downregulates the Nrf2
pathway via inhibition of ERK signaling.

Chrysin inhibited in vivo tumor growth

in tumorigenicity experiments

To assess whether the compound can suppress tumor growth
in vivo, we employed immune-deficient BALB/c nude
mice bearing U87 tumor xenografts. Chrysin treatment was
administered when the tumor volume reached 70—100 mm?,
as described in the “Materials and methods” section. After
3 weeks of treatment, tumor weight in mice administered
40 and 80 mg/kg chrysin was less than that in mice admin-
istered the refined olive oil as a control, and the mean tumor
volume in the vehicle-treated group increased faster than
that in the chrysin-treated group (Figure 6A, B, and D).
None of the mice in the chrysin-treated group exhibited any
weight loss or overt toxicity compared with the vehicle group
(Figure 6C). Western blot analysis revealed that chrysin
treatment inhibited tumor xenografts by downregulating the
ERK/Nrf2 signaling pathway (Figure 6E and F).

Discussion

Despite years of basic research and clinical trials, GBM
is still one of the deadliest primary tumors in the central
nervous system.” Several studies have contributed to the
high morbidity and mortality of GBM, including multiple
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Figure 4 Chrysin deactivates Nrf2 signaling pathway in a Keap | -independent manner. (A and B) The relative protein levels of chrysin-treated cells were expressed compared
with the vehicle-treated group. (C) Cells were processed with shRNA (Sc) or Nrf2 shRNA (Nrf2i). Reduced expression of Nrf2 was observed after exposure to Nrf2 shRNA.
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oncogenic signaling aberrations associated with excessive
cell proliferation and migration and high cell invasiveness.
In this work, we present that chrysin inhibited the prolifera-
tion, migration, and invasion of glioblastoma cells in vivo
and in vitro in dose-dependent manners. In addition, we
confirmed that anti-glioblastoma effects of chrysin are related

to the downregulation of the Nrf2/ARE pathway in Keap1-
independent cascades. Mechanistically, our data showed that
the suppression induced by chrysin on ERK1/2 signaling
pathway may lead to the inhibition of Nrf2/ARE signaling.

Chrysin, which is a natural dietary flavonoid, has been
shown to display chemopreventive and therapeutic potential

Drug Design, Development and Therapy 2018:12

submit your manuscript

729

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Wang et al Dove

D Nrf2 DAPI Merge
A Vehicle Chrysin (uM) S
0 10 30 60 <
(8}
P-INK  — SR S
INK e e s— —
o
P38 we— w—— —— — 8
=
[ B~ S (=]
ERK S i s —— s
~| 8
B-ACHN | “— — — — Sle
[
ol
=
(8]
[Oopm E10pM M 30pM M 60 pM]|
B —
1.5 1 =
2 8
N ©
C = N
2 ‘g 1.0 7 * g
£ g . =]
2o
TR0 9
E -
o S
0.0 £
p-JNK/UNK p-P38/P38 p-ERK/ERK 8
S
C
Chrysin - + - + E
U0126 - - + + [] Chrysin (), U0126 (-)
— 154 [ Chrysin (+), U0126 (-)
p-ERK P S — > M Chrysin (=), U0126 (+)
g . B Chrysin (+), U0126 (+)
S 104
ERK 8‘:‘ ‘g ‘.E 1.0 o ok ek
o 3
Nrf2  cmm— -.g § 0.5 1
K
B-Actin “EHES SN D S—— 0.0

Nrf2/actin p-ERK/ERK

Figure 5 Chrysin downregulates Nrf2 pathway via inhibition of ERK signaling. (A and B) Reduced expression of p-ERK /2 was observed after exposure to chrysin (30 and
60 1M) for 24 hours. (C and E) U87 cells were treated with chrysin (30 uM) and U0126 (50 uM) individually or in combination. The protein expression levels of Nrf2 were
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Notes: *p<<0.05, *p<0.01.

Abbreviations: JNK, Jun N-terminal kinase; ERK, extracellular signal-regulated kinase; Nrf2, nuclear factor erythroid 2 (NF-E2)-related factor 2; DMSO, dimethyl sulfoxide.

in the development of cancer, although the pivotal molecules  panel of cancer cell lines, including human liver cancer cells
targeted by its activity are not clear.*?® For example, chrysin ~ (HCT-116), colorectal cancer cells (HCT-116), and human
suppressed the expression of nuclear factor-kappaB and  nasopharyngeal carcinoma cells (CNE-1).2? Chrysin was also
sensitized tumor necrosis factor-o-induced apoptosis in a  reported to induce cell cycle arrest either through activating
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or chrysin (40 and 80 mg/kg). *p<<0.05, **p<<0.01, and #p<<0.001.

Abbreviations: ERK, extracellular signal-regulated kinase; Nrf2, nuclear factor erythroid 2 (NF-E2)-related factor 2; DMSO, dimethyl sulfoxide.

P38-MAPK leading to the accumulation of P21WVaVCr! pro-
tein or by mediating the inhibition of proteasome activity.*
Moreover, professor Gao demonstrated that chrysin partially
reversed doxorubicin resistance of human hepatocellular
carcinoma cells by downregulating the PI3K-Akt and ERK
pathway.>! However, it is interesting to note that chrysin has
been reported to significantly inhibit the phosphorylation
of JNK in murine microglia cells (BV-2), while having no

influence on the phosphorylation of P38 and ERK.*? This
disputation proved that the biological effects of chrysin are
cell-type- and context-dependent. In addition, further studies
are required to compare the molecular effects of chrysin on
the MAPKSs cascades in diverse disease. The results of our
study suggest that chrysin had inhibitory effect on hyper-
proliferation, migration, and invasiveness of the GBM cell
models in vitro and in vivo and displayed dose-dependent
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effects, although chrysin seemed to have little impact on the
proliferation of NHAs.

Nrf2, an essential cytoprotective transcription factor,
plays a significant role in major stages of carcinogenesis such
as initiation, promotion, and progression and has increasingly
been considered as a prognostic molecular marker for deter-
mining the status of malignant tumor progression, specifically
in anaplastic glioma.’*3* Previous research in our laboratory
also determined that high expression of Nrf2 in glioblastoma
was linked to survival, growth, angiogenesis, invasion,
metastasis, and drug-resistance of glioblastoma cells and that
blocking Nrf2 could inhibit glioblastoma growth.?>3> There-
fore, the alternative inhibition of Nrf2 signal pathways should
be regarded as a significant pharmacological target.?! Various
natural flavonoids produce different biological effects on
Nrf2, mainly depending on the cellular microenvironment.
For example, low-dose resveratrol promoted Nrf2 activation,
while higher concentrations of resveratrol antagonize Nrf2.3¢
In rat primary hepatocytes, chrysin, apigenin, and luteolin
were reported to upregulate Nrf2/ARE signaling pathways
to respond more robustly to oxidative assaults;*” however,
others have reported that chrysin, apigenin, and luteolin
reduced Nrf2 expression and increased the chemosensitivity
of cells to anticancer drugs in cancer cell lines.* These data
suggested that dietary flavonoids exhibited agonistic as
well as antagonistic activity of Nrf2 depending on the cell
microenvironment and different disease states. Our present
research revealed that anti-glioblastoma effect of chrysin was
relevant to its inhibition on Nrf2 signal. These results are
supported by previously published findings, which indicated
that by downregulating the Nrf2 signaling pathway, chrysin
could serve as an effective adjuvant sensitizer and enhance
the sensitivity of drug-resistant hepatocellular carcinoma
cells (BEL-7402) to chemotherapeutic drugs.’'

As has been previously discussed, we briefly introduced
the current knowledge on regulation of the Nrf2/ARE
pathway involving Keapl-dependent cascades, Keapl-
independent cascades, and epigenetic factors. Notably,
we unexpectedly found that chrysin repressed the protein
expression of Nrf2 and its major target genes without obvious
induction of the protein levels of Keapl, which is primar-
ily a negative modulator of Nrf2 under basal and stressed
conditions. Based on this, we hypothesized that the nuclear
inhibition of Nrf2 preceded the upregulation of Keapl or
that the binding of Keap1 to Nrf2 was enhanced; thus, other
mechanisms need to be taken into account. The most recent
research showed that flavonoid compounds regulated the
expression of Nrf2 target antioxidative gene and had no effect

on mRNA expression of Keap1.*® In addition, chrysin induces
apoptosis of cancer cells through stimulating MAPKs and
that MAPKSs were involved in the regulation of Nrf2 activ-
ity in a Keapl-independent manner.***° For this reason, we
performed further experiments to observe the mechanism
engaged in the adjustment of Nrf2 activity. Finally, we pro-
vide evidence that chrysin suppressed the phosphorylation
of ERK1/2 and has no observable effect on the expression of
Nrf2 after treatment with an inhibitor of ERK1/2 (U0126).
Accumulating evidence has shown that phosphorylation by
MAPKSs has a strong association with Nrf2 transcriptional
activity, and the effects of MAPKs on Nrf2 are controversial.
Several researchers have demonstrated that both ERK1/2
and JNK signaling pathway enhance Nrf2 signaling, while
P38 pathway plays a negative role.?* In particular, our study
confirmed that phosphorylation of Nrf2 by ERK1/2 may
contribute to the downregulation of Nrf2 expression. How-
ever, we did not further explore the specificity and precise
mechanism between the Keapl-dependent cascade and
phosphorylation of ERK1/2.

Taken together, we present a novel function of chrysin by
demonstrating that chrysin possesses anti-glioblastoma and
chemopreventive properties, which can disturb the ERK/Nrf2
signaling pathway. This finding provides strong evidence
that chrysin, a natural dietary flavonoid, is a promising can-
didate for the prevention and management of glioblastoma
and other cancers.
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