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Glioblastoma multiforme (GBM), the most common malignant primary brain tumor, has a very poor prognosis. With increasing
knowledge of tumor molecular biology, targeted therapies are becoming increasingly integral to comprehensive GBM treatment
strategies. mTOR is a key downstreammolecule of the PI3K/Akt signaling pathway, integrating input signals from growth factors,
nutrients, and energy sources to regulate cell growth and cell proliferation through multiple cellular responses. mTOR/PI3K dual-
targeted therapy has shown promise in managing various cancers. Here, we report that taxifolin, a flavanone commonly found in
milk thistle, inhibited mTOR/PI3K, promoted autophagy, and suppressed lipid synthesis in GBM. In silico analysis showed that
taxifolin can bind to the rapamycin binding site of mTOR and the catalytic site of PI3K (p110α). In in vitro experiments, taxifolin
inhibited mTOR and PI3K activity in five different glioma cell lines. Lastly, we showed that taxifolin suppressed tumors in mice;
stimulated expression of autophagy-related genes LC3B-II, Atg7, atg12, and Beclin-1; and inhibited expression of fatty acid
synthesis-related genes C/EBPα, PPARc, FABP4, and FAS. Our observations suggest that taxifolin is potentially a valuable drug
for treating GBM.

1. Introduction

Glioblastoma multiforme (GBM) is the most frequently
occurring malignant tumor of the central nervous system
(CNS) [1] and is notoriously treatment-resistant [2]. Among
glial tumors, GBM is the most malignant and is charac-
terized by poor prognosis and short median survival time for
both pediatric and adult patients [3–5]. Standard therapies
are inadequate and treatment side-effects can leave patients
suffering severe morbidity [6]. ,e biology of GBM is
complex and multiple signaling pathways have been im-
plicated in GBM pathogenesis [7, 8]. Significant effort has
thus been devoted to identifying agents affecting signaling
activities relevant to GBM, for example, the testing of

numerous molecules targeting receptor tyrosine kinase
(RTK) kinase domains [9, 10].

,e PI3K/Akt/mTOR signaling pathway, activated by
growth factor RTKs, is known to be important in GBM
progression and may be a promising pathway for targeted
therapy [11]. ,e phosphatidylinositol-3-kinase (PI3K)
pathway is commonly deregulated in human cancers in-
cluding GBM [12]. PI3K translocates to the plasma mem-
brane and catalyzes phosphatidylinositol 3, 4, 5-triphosphate
(PIP3) production from phosphatidylinositol bisphosphate
(PIP2) [13]. PIP3 activates serine/threonine kinase phos-
phoinositide-dependent kinase 1 (PDK1) and AKT, which
leads to the suppression of apoptosis [14]. ,e high fre-
quency of PI3K pathway alterations observed in GBM has
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spurred interest in the identification of novel modulators of
this pathway.

Mammalian target of rapamycin (mTOR) is an im-
portant mediator of cellular responses to PI3K/Akt/mTOR
signaling and has recently emerged as a compelling can-
didate target for GBM treatment. mTOR is a member of
the serine/threonine protein kinase family and is a
downstream target of PI3K. mTOR activation leads to cell
growth, cell proliferation, and angiogenesis. mTOR sig-
naling activity is dysregulated in certain solid tumors
including GBM [15, 16]. mTOR is found as a component of
two distinct complexes. ,e mTORC1 complex comprises
mTOR, Raptor, mLST8, and PRAS40; this complex acti-
vates S6K1 and subsequently S6, leading to increased cell
proliferation and growth [17]. mTORC2 comprises mTOR,
Rictor, Sin1, and mLST8; its role is not well understood
[18]. mTOR has been the target of several preclinical
studies, including experiments using subcutaneous glioma
models in which dual inhibition of both PI3K and mTOR
was tested [19].

Testing of both PI3K and mTOR reflects a growing
consensus that inhibition of individual molecular targets is
unlikely to succeed as a therapeutic strategy for solid tumors.
,is thinking is based on greater understanding of the
complexity of signaling activities underlying malignant
transformation, as well as the ability of tumor cells to dy-
namically adapt to physiological stressors. It is increasingly
clear that many of the most effective targeted cancer ther-
apies owe their efficacy to unanticipated synergistic inhi-
bition affecting multiple targets.

Autophagy is involved in numerous cellular stress re-
sponses including cell adaptation under nutrient deprivation
and cell death. Autophagy involves the formation of auto-
phagosomes containing damaged proteins and organelles,
which are degraded by proteases following fusion with ly-
sosomes. Autophagy plays dual regulatory roles influencing
cell survival that affect the genesis and development of
tumors [20]. In the early stages of some types of cancer,
autophagy reportedly leads to the death of tumor cells and
thus functions to maintain normal organismal homeostasis
[21].

Taxifolin, also known as dihydroquercetin, is a flavanone
found in milk thistle [22]. Among other biological effects,
taxifolin exhibits antioxidant and anti-inflammatory prop-
erties [23]. Studies in colon cancer cells have identified
taxifolin as a potential cancer chemopreventive agent that
acts through an antioxidant response element- (ARE-) de-
pendent mechanism [24]. Other studies reported that
taxifolin directly inhibits kinase activities of EGFR and PI3K
and exerts strong chemopreventive effects against UV-in-
duced skin carcinogenesis [25].

We have investigated the dual inhibitory effects of
taxifolin on mTOR and PI3K in GBM. We used in silico, in
vitro, and in vivo approaches to demonstrate that taxifolin
can act synergistically on mTOR and PI3K to promote
autophagy and suppress lipid synthesis, thus inhibiting the
growth of GBM. Our findings indicate that taxifolin has the
potential to become a valuable drug for targeted molecular
therapy.

2. Materials and Methods

2.1.Molecular Docking. Docking calculations were based on
the previously determined structures of mTOR (PDB: 4jt5)
[26] and PI3K (PDB: 2wxl) [27] using AutoDock 4.0 [28]
with a Lamarckian genetic algorithm. To evaluate ligand-
receptor binding energies, AutoGrid was used to generate a
grid map of 80× 80× 80 points spaced at 0.375 Å. Docking
parameters were set to 200GA runs with an energy evalu-
ation of 25,000,000. All remaining docking parameters were
set to default values. Docked conformations were clustered
using a tolerance of 2 Å for root mean square deviations
(RMSDs) and ranked based on docking energies.

2.2. Molecular Dynamics Simulation. ,e Amber 14.0
simulation suite [29] was used for molecular dynamics (MD)
simulations and data analysis. All-atom models of mTOR
and PI3K were generated using the tleap module based on
initial models. To resolve conflicting contacts among resi-
dues, energy minimization was performed by the steepest
descent method for 500 steps followed by the conjugate
gradient method for 500 steps. Protein was then solvated
with water in a truncated tetrahedral periodic box
(76.096× 76.096× 76.096 nm). ,e TIP3P [30] water model
was used and five Na+ counterions were added to neutralize
the system. Prior to the production phase, an equilibration
protocol was applied as follows: first, the solvent was relaxed
by energy minimization while restraining protein atomic
positions with a harmonic potential. ,e system was then
energy-minimized without restraints for 2,500 steps using a
combination of steepest descent and conjugate gradient
methods. ,e system was gradually heated from 0 to 300°K
over 20 ps using the NVT ensemble. Finally, 5000 ps MD
simulation was conducted at 1 ATM, 300°K, using the NPT
ensemble. ,e SHAKE algorithm [31] was applied during
the simulation to constrain covalent bonds to hydrogen
atoms. A 2 fs time step and a nonbond interaction cutoff
radius of 12.0 Å were used. Coordinates were saved every
1 ps throughout the process. AMBER ff03 [32] was used for
protein and AMBER GAFF [33] for ligand. To develop
parameters for terpinen-4-ol, the electrostatic potential of
taxifolin was obtained fromGAUSSIAN 2003 [34] set at HF/
6-31G after geometric optimization at the same level. ,e
partial charges were derived by fitting the gas-phase elec-
trostatic potential using the restrained electrostatic potential
(RESP) method [35]. ,e ligand missing interaction pa-
rameters were generated using antechamber tools in Amber.
,e long-range electrostatic parameters were calculated
using the particle-mesh Ewald (PME) method [35]. Mo-
lecular mechanics generalized born surface area (MM-
GBSA) was used to estimate binding energies. An AMD
Opteron (tm) 192 Processor CPUs 2.0GHz was used in
simulation studies.

2.3. PI3K Kinase Inhibition Assay. ,e in vitro PI3K kinase
assay has been described previously [36]. Briefly, active PI3K
(100 ng) was incubated with taxifolin (0, 20, 40, or 80mmol/
L) or positive control LY294002 (20mmol/L) for 10min at
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37°C. Phosphatidylinositol (0.5mg/mL, MP Biomedicals)
was added and the mixture was incubated for 5min at room
temperature (RT). ,is was followed by the addition of
reaction buffer (10mmol/L Tris-HCl (pH7.6), 60mmol/L
MgCl2, and 0.25mmol/L ATP, 10mCi c-32PATP) and in-
cubation for 10min at 37°C. Termination buffer (1 part 4N
HCl, 3 parts 1 :1 chloroform: methanol) was added to stop
the reaction. After mixing, the lower (chloroform) phase was
spotted onto a silica gel plate (Merck KGaA) and 32P-labeled
phosphatidylinositol-3-phosphate (PIP3) was resolved by
thin-layer chromatography and visualized by
autoradiography.

2.4. mTOR Kinase Inhibition Assay. ,e mTOR kinase in-
hibition assay has been described previously [37]. Briefly, the
assay was performed in 30 μL of buffer (1 μg PHAS-I,
120mM NaCl, 40mM HEPES, pH 7, 0.3% CHAPS, 4mm
MnCl2, 10mM DTT, protease inhibitor (Sigma), 2 μg/mL
heparin, 100 μmATP, 2 μCi c-32P ATP). Taxifolin (0, 20, 40,
or 80mmol/L) or PI-103 (20mmol/L, positive control) was
added and triplicate measurements were made for each
concentration. ,e kinase reaction was terminated by
spotting onto nitrocellulose, which was then washed several
times with PBS. ,e radioactivity remaining on the nitro-
cellulose sheet was quantified by phosphorimaging. IC50
values were determined by fitting the data to a sigmoidal
dose-response curve.

2.5. Cell Culture. Five human glioma cell lines (U87, LN229,
SF188, A1207, and SF767) were obtained from the Chinese
Academy of Sciences. ,e lines vary in mutational status at
the PTEN or p53 loci, which are frequently inactivated in
gliomas. ,e cell lines were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) with 10% FBS at 37°C, 5%
CO2 in a humidified incubator. Taxifolin (80 μm) or PI-
103(20 μm) (in dimethyl sulfoxide, Sigma-Aldrich) was
added to cells 24 hr prior to harvesting.

2.6.WesternBlotting. Whole-cell lysates were prepared from
cells collected in lysis buffer (50mM Tris pH7.5, 150mM
NaCl, 1mM EDTA, 1% NP40, 0.5% sodium deoxycholate,
1.0% SDS, 2mM NaF, 2mM Na3VO4, and protease in-
hibitors (Roche) followed by sonication and centrifugation
at 13, 000g for 10 minutes. Tumor lysates were prepared by
homogenizing tumor tissue in lysis buffer and centrifuging
at 13, 000g for 10 minutes at 4°C. Proteins were quantified
using a BCA assay kit, separated by electrophoresis on SDS
PAGE gels, and transferred to PVDF membranes. After one
hour in blocking buffer (SuperBlock), membranes were
incubated overnight with primary antibodies. ,e following
antibodies were used: anti-p-Akt (Cell Signaling), anti-Akt
(Cell Signaling), anti-rpS6 (Abcam), anti-p-rpS6 (Abcam),
anti-mTOR (Sigma-Aldrich), anti-p-mTOR (Sigma-
Aldrich), anti-ERK (Abcam), anti-p-ERK (Abcam), anti-
LC3B-II (Abcam), anti-Atg7 (Santa Cruz Biotechnology),
anti-Atg12 (Santa Cruz Biotechnology), anti-Beclin-1
(Abcam), anti-C/EBPα (Abcam), anti-PPARc (Abcam),

anti-FABP4 (Abcam), anti-FAS (Abcam), anti-Tubulin
(Abcam), and anti-β-Actin (Santa Cruz Biotechnology). ,e
anti-Tubulin and anti-β-Actin were used as controls. Specific
protein bands were imaged using secondary antibody
conjugated with horseradish peroxidase and chemilumi-
nescent ECL reagents. Image J was used for quantification.

2.7. Cell Viability. Cell viability was determined using Cell
Counting Kit-8 (Dojindo, Japan), which employs a redox
assay similar to 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphe-
nyltetrazolium bromide (MTT).

2.8. Animal Experiments. In vivo studies to evaluate drug
effects on inhibition of tumor growth were performed using
nude mice. 2×106 U87 cells were subcutaneously trans-
planted into right and left flanks and tumor growth was
monitored daily. Drug administration was initiated when
the tumors reached a size of 100–120mm3. Mice exhibiting
no significant differences in tumor volume before drug
treatment were sorted into 3 groups of 12 mice per group.
Mice received once daily intraperitoneal (I.P.) administra-
tion of either 10% DMSO (vehicle control), taxifolin
(100mg/kg in 10% DMSO) or PI-103 (100mg/kg in 10%
DMSO). All mice were sacrificed under deep anesthesia
(pentobarbital sodium, 40mg/kg) after tumor size reached
over 1 cm in diameter in the vehicle control group. Tumor
volumes were calculated as (length∗width∗width/2). All
tumors were dissected and weighted. ,e animal protocol
was approved by Institutional Animal Care and Use
Committee (IACUC).

2.9. Quantitative PCR. RNA was isolated using Total RNA
Isolation Kit, and 1 µg was reverse transcribed using Applied
Biosystems reagents according to the manufacturer’s in-
structions. cDNA was diluted 10-fold and quantified. Du-
plicate or triplicate RT-PCR reactions were performed for
each sample using SYBR green and a QuantStudio 6 Flex
real-time PCR system. Expression was normalized to the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene. Primer sequences used for real-time RT-PCR are as
follows (Table 1).

2.10. Statistical Analysis. Data are presented as mean± SD.
Student’s t-test or one-way ANOVA was used for statistical
analysis. p< 0.05 was considered significant.

3. Results

3.1. Taxifolin Binds to the Rapamycin Binding Site of mTOR.
Molecular dynamics simulations showed that taxifolin can
bind to the rapamycin binding site of mTOR (Figure 1(a)).
Taxifolin can have an arene-cation interaction with Lys2187
and an arene-H interaction with Tyr2225 (Figure 1(c)). ,e
taxifolin-mTOR complex was stable. RMSDs of the complex
remained between 1.5 and 3 Å in three replicate molecular
dynamics simulations of 5000 ps (Figure 1(b)) and were
invariant in the final 1000 ps (Figure 1(b)). ,ese findings
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indicate that taxifolin can bind firmly to the key rapamycin
binding site of mTOR and inhibit activity. In the 3-di-
mensional structure (Figure 1(a)), taxifolin is surrounded by
amino acids around the binding pocket, which is also re-
flected in Figure 1(c).

3.2. Taxifolin Binds to the Active Site of PI3K. We also used
molecular dynamics simulations to analyze taxifolin and
PI3K. As shown in Figure 2, taxifolin can bind to the active
site of PI3K and form hydrogen bonds with Lys779, Ile825,
and Val828 (Figure 2(a)). Taxifolin is surrounded by amino
acids around the binding pocket (Figure 2(c)). ,e structure

of the complex is stable. ,roughout the entire 5000 ps
simulation (Figure 2(b)), RMSDs remained between 1.5 and
2 Å, and from 3,000 ps, the RMSD values tended to remain
stable, suggesting that taxifolin can firmly integrate into the
pocket of PI3K.

,e MM-GBSA method was used to analyze binding
free energy during molecular dynamics simulations. ,e
binding free energy of taxifolin and mTOR was −46.2, with
van der Waals forces playing an important role. ,e
binding free energy of taxifolin and PI3K was −38.9, with
electrostatic interactions playing a major role. Altogether,
these results indicate that taxifolin can stably bind both
mTOR and PI3K.

Table 1: RT-PCR primers.

Gene Forward Reverse
LC3B-II GAGAAGCAGCTTCCTGTTCTGG GTGTCCGTTCACCAACAGGAAG
ATG7 CGTTGCCCACAGCATCATCTTC CACTGAGGTTCACCATCCTTGG
ATG12 GGGAAGGACTTACGGATGTCTC AGGAGTGTCTCCCACAGCCTTT
C/EBP-α AGGAGGATGAAGCCAAGCAGCT AGTGCGCGATCTGGAACTGCAG
PPAR-c TCGGCGAGGATAGTTCTGGAAG GACCACAGGATAAGTCACCGAG
FABP4 ACGAGAGGATGATAAACTGGTGG GCGAACTTCAGTCCAGGTCAAC
FAS GGACCCAGAATACCAAGTGCAG GTTGCTGGTGAGTGTGCATTCC
Beclin-1 CTGGACACTCAGCTCAACGTCA CTCTAGTGCCAGCTCCTTTAGC
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
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Figure 1: In silico analysis of taxifolin-mTOR interactions. (a) Conformation of taxifolin and mTOR during molecular dynamics sim-
ulation. (b) Root mean square deviations (RMSD) of the taxifolin-mTOR complex. (c) Interactions between taxifolin and mTOR.
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3.3. Taxifolin Inhibits mTOR and PI3K Activities. Based on
our in silico findings, we proceeded to biochemical tests of
whether taxifolin could act as a dual inhibitor of mTOR and
PI3K. An mTOR kinase inhibition assay showed that mTOR
activity decreased with increasing taxifolin concentration
(Figure 3(a)). At 80 µm taxifolin, mTOR activity was
inhibited 68% compared to control. A PI3K kinase inhibi-
tion assay showed similar effects (Figure 3(b)). At 80 µm
taxifolin, the activity of PI3K was only 28.25% of control.
,us, biochemical studies confirm the results of in silico
analysis.

We tested the effects of taxifolin on five different
glioma cell lines: U87, LN229, SF188, A1207, and SF767.
Phosphorylation of AKT and rpS6 is key events in the
PI3K (Villanueva et al.) and mTOR [38] signaling
pathways, respectively. Western blot analysis
(Figure 3(c)) showed that treatment with taxifolin led to
decreased levels of p-AKT with total AKTunchanged and
decreased p-rpS6 without effect on total rpS6. ,e
downregulation of p-AKT and p-rpS6 levels suggested
that taxifolin effectively inhibited the activity of mTOR
and PI3K in vitro. We furthermore observed that cell
viability decreased with increasing concentrations of
taxifolin (Figure 3(d)).

3.4. Taxifolin Could Inhibit Tumors In Vivo. We then in-
vestigated whether taxifolin could inhibit tumors in vivo.
Mice inoculated in the armpits with the U87MG glioma cell
line were administrated I.P. taxifolin or vehicle control.
Tumor volumes were assessed from day 21 following tumor
cell inoculation. As shown in Figure 4(a), the tumor volumes
were significantly lower in the taxifolin group than in the
vehicle control group. By day 30, the tumor volume was
0.29 cm3 in the taxifolin group but 0.95 cm3 in the vehicle
control group. ,e tumor wet weight was also significantly
lower in the taxifolin treatment group (Figure 4(b)). ,ese
findings showed that taxifolin effectively inhibited tumor
growth in vivo. We also observed that the survival rate of
mice was significantly increased as a result of taxifolin
treatment (Figure 4(c)).

3.5. Taxifolin Inhibits mTOR and PI3K Pathway Activities in
Tumor Cells. Western blot analysis was used to investigate
the effects of taxifolin on mTOR and PI3K pathway activities
in tumor cells. As shown in Figures 5 and 6, taxifolin
treatment led to decreased levels of p-AKT, p-rpS6, p-ERK,
and p-mTOR while total AKT, rpS6, ERK, and mTOR levels
were unchanged. ,us, taxifolin associated inhibition of
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Figure 2: In silico analysis of taxifolin-PI3K interactions. (a) Conformation of taxifolin and PI3K during molecular dynamics simulation.
Red line denotes hydrogen bond. (b) RMSD of the taxifolin-PI3K complex. (c) Interactions between taxifolin and PI3K.
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tumor growth was correlated with inhibition of mTOR and
PI3K pathway activity.

3.6. Taxifolin Promoted the Expression of Autophagy-Related
Genes. Because it is known that activation of mTOR can
inhibit autophagy [39], we also examined the expression of
key autophagy pathway related proteins LC3B-II, Atg7,
atg12, and Beclin-1 (Glick et al. [40]) in tumors treated with
taxifolin. We found that levels of LC3B-II, Atg7, atg12, and
Beclin-1 proteins were increased in tumors of mice treated
with taxifolin compared to vehicle control. qPCR analysis
confirmed that LC3B-II, Atg7, atg12, and Beclin-1 mRNA
levels were increased after taxifolin treatment (Figure 7(a)).
Our results indicate that autophagy was activated in tumor
cells and suggest that taxifolin-induced inhibition of mTOR
increased autophagy activity in vivo.

3.7. Taxifolin Inhibited the Expression of Lipid Synthesis-Re-
lated Genes. In GBM, lipid metabolism is abnormal and
lipid synthesis is enhanced. mTOR is known to play an
important role in cellular lipid metabolism [41]. mTOR
activation leads to increased lipid metabolism. We, there-
fore, investigated whether taxifolin treatment inhibited lipid
synthesis in tumors. We found that expression of C/EBPα,
PPARc, FABP4, and FAS, four key proteins involved in lipid
synthesis [42], was significantly downregulated in tumors
from mice treated with taxifolin. qPCR analysis confirmed

that C/EBPα, PPARc, FABP4, and FAS mRNA levels were
decreased as a result of taxifolin treatment (Figure 7(b)).
,us, taxifolin-induced inhibition of tumor growth was
associated with lower expression of genes important for lipid
synthesis.

4. Discussion

We took in silico, biochemical, in vitro cell culture, and in
vivo tumor model approaches to demonstrate that the fla-
vonoid molecule taxifolin can inhibit mTOR and PI3K
signaling, promote autophagy, and inhibit lipid synthesis in
GBM tumor cells. Taxifolin inhibited the growth of human
glioma cell lines in culture and GBM in vivo. ,ese ob-
servations point to taxifolin as a potential drug for use in
treating GBM.

Single target therapies are limited in that they address
only one aspect of a disease process. Multitargeting drugs
have the potential advantage of eliciting synergistic effects,
especially for cancer [43]. As targeted therapies have pro-
gressed, multiple PI3K/mTOR dual inhibitors have entered
clinical trials and have shown good therapeutic effects
[44–47]. We present evidence that taxifolin is a promising
dual-targeting molecule that can inhibit both mTOR and
PI3K. Taxifolin is a naturally occurring flavonoid that can be
extracted from milk thistle. Moreover, its toxicity is very low
[48, 49]; studies have shown no obvious damage to the liver
and kidneys in mice.
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Figure 3: Taxifolin inhibition of mTOR and PI3K activity in vitro. (a) Relative activity of mTOR treated with taxifolin at various
concentrations (0, 20 μm, 40 μm, 60 μm, and 80 μm). (b) Relative activity of PI3K treated with taxifolin at various concentrations (0, 20 μm,
40 μm, 60 μm, and 80 μm). (c) Western blot analysis of total protein from five glioma cell lines (U87, LN229, SF188, A1207, and SF767)
treated with taxifolin. (d) Cell viability analysis of five glioma cell lines (U87, LN229, SF188, A1207, and SF767) treated with 0, 20 μm, 40 μm,
and 80 μm taxifolin. ∗p< 0.05, ∗∗p< 0.01, and ∗∗∗p< 0.001.
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Computer-aided drug design (CADD) has increasingly
been used for targeted drug screening and design [50].
CADD offers advantages of savings in terms of both costs
and time. It can be used to rapidly predict the binding sites of
candidate molecules on target proteins [51, 52]. More im-
portantly, it can be used to investigate specific binding
mechanisms [53]. Here, we showed using molecular dy-
namics simulation that taxifolin can bind to the rapamycin
site of mTOR involving arene-cation interaction with Lys2187
and arene-H interaction with Tyr2225. Taxifolin can also bind
to the catalytic core site of PI3K (p110α) and form hydrogen
bonds with Lys779, Ile825, and Val828. ,e binding is pre-
dicted to be stable in both cases and these data predict
potential inhibition of mTOR and PI3K activity by taxifolin.

PI3K plays an important role in GBM tumorigenesis and
growth [54]. Key factors in the PI3K-Akt signaling pathway
such as p110α are related to cellular transformation [55].
Taxifolin has been shown to effectively inhibit the activity of

p110α. As an important downstream molecule of the PI3K
pathway, mTOR is also important for GBM [37]. mTOR is a
key regulator of cell growth and proliferation, modulating
effects of diverse stimuli including growth factors and nu-
trients [56]. ,is pathway is often found to be overactivated
in GBM, promoting cell transformation and tumor pro-
gression [57]. Here, we describe experiments demonstrating
that taxifolin can bind to the key site of mTOR, thereby
inhibiting mTOR activity and eliciting antitumor effects.

mTOR is a Ser/,r kinase involved in multiple processes
including cell differentiation, ribosome production, and
metabolic regulation. Of particular interest here, mTOR
plays a key role in regulating autophagy [58]. Autophagy is
inhibited as a result of mTOR pathway activation. mTOR is
found in rapamycin-sensitive mTORC1 and rapamycin-
insensitive mTORC2 complexes. ,e ULK1-ATG13-
RB1CC1-C12orf44/Atg101 complex phosphorylates
mTORC1 and negatively regulates the formation of
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autophagosomes, reflecting the level of autophagy [59].
Autophagy can lead to type II programmed cell death and
evidence suggests that autophagy may be important in the
treatment of GBM [60, 61]. Autophagy promoting drugs,
such as temozolomide, can selectively kill apoptosis-resistant
glioblastoma cells [62, 63]. In this study, we found that
treatment with taxifolin increased the expression of auto-
phagy-related proteins including LC3B-II, Atg7, atg12, and
Beclin-1 suggesting that the autophagic pathway was acti-
vated in our tumor model.

mTOR is also closely associated with lipid metabolism
[41]. mTORC1 is activated when there is sufficient energy to
promote glycolysis, nucleic acid synthesis, and glutamine
metabolism and the mTORC1 pathway promoting anabo-
lism in tumors is often found overactivated in GBM. By
contrast, the AMPK pathway promoting catabolism is often
found inhibited [64]. ,is configuration promotes rapid cell
proliferation and transforms cellular metabolism to a tumor
profile. Altered lipid synthesis is another important meta-
bolic change characteristic of GBM [65]. Fatty acid synthesis
is overactive in tumors compared to precancerous lesions.
Fatty acids can be used to synthesize tumor-promoting lipid
signaling molecules. Effectively suppressing lipid synthesis
in tumor cells can therefore inhibit tumor growth. In our
tumor model, we found that taxifolin treatment led to re-
duced expression of genes encoding fatty acid synthesis-
related proteins C/EBPa, PPARc, FABP4, and FAS, sug-
gesting that tumor cell lipid synthesis was reduced and that
this may have contributed to the inhibition of tumor growth.

5. Conclusions

In summary, we show that taxifolin is a dual-target inhibitor
of mTOR and PI3K and represents a potential drug for
treating GBM. Based on these results, it may be fruitful to
conduct screens for additional dual-target inhibitors. It is
not yet known whether taxifolin-induced inhibition of GBM
may be mediated through effects on additional pathways.

Nevertheless, our observations indicate that further inves-
tigations are warranted to confirm taxifolin’s potential as a
treatment for GBM.
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[47] P. Kołodziej, M. Nicoś, P. A. Krawczyk et al., “,e correlation
of mutations and expressions of genes within the PI3K/Akt/
mTOR pathway in breast cancer-a preliminary study,” In-
ternational Journal of Molecular Sciences, vol. 22, no. 4,
p. 2061, 2021.

[48] L. Abenavoli, A. A. Izzo, N. Milić, C. Cicala, A. Santini, and
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