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Abstract: Background: GBM represents the most aggressive type of glioma which is featured by extremely aggres-
sive invasion and destructive malignancy with a high proliferation rate. The aim of this study was to investigate
the in vitro anti-tumor effect of icaritin in human GBM cell line U87. Methods: The effect of icaritin on In vitro cell
viability was determined by MTT assay and colony formation assay. The inducing effect of icaritin on cell cycle ar-
rest, mitochondrial membrane potential loss, apoptosis, autophagy and intracellular ROS generation was assessed
by flow cytometry. The apoptotic cell death was also confirmed by TUNEL assay. The expression levels of target or
marker molecules were examined by western blot. The activity of caspase-3, -8 and -9 was detected with ELISA kit.
Results: Our results showed that icaritin significantly induced both caspase-dependent apoptosis and autophagy in
human GBM cell line U87. Additionally, our findings revealed that icaritin exerted anti-tumor effect by modulating
Stat3 through generating ROS and subsequent activation of AMPK and inhibition of mTOR. Further investigation
also showed that icaritin-induced autophagy served as a pro-death function and possibly contributed to icaritin-
induced apoptosis. Conclusion: Icaritin potently inhibit the cell growth of human GBM cell line U87 through inducing
both caspase-dependent apoptosis and autophagy. Base on our findings, icaritin can be considered as a promising
candidate therapeutic agent for treatment of GBM, though further studies are needed.
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Introduction Cell death can occur through different ways

including apoptosis, autophagy, necrosis, corni-
Gliomas include astrocytoma, oligodendroglio- fication and tentative definitions of atypical
ma, ependymoma, mixed glioma [1]. cell death modalities [6]. Compared with apop-

tosis, which is categorized as the type-l pro-
grammed cell death (PCD) and serves as the
main mechanisms of action for most chemo-
therapeutic agents against human malignan-
cies [7], autophagy that represents caspase-
independent cell death pathway is regarded as
type-Il PCD [8]. Autophagy (also referred to as
macroautophagy) is a fundamental catabolic
process by which cellular materials including
cellular proteins, cytoplasm, organelles and

The most common primary malignant tumors in
the central nervous system are malignant
gliomas, which include anaplastic astrocytoma
(AA, WHO grade lIl), anaplastic oligodendrog-
lioma (AO, WHO grade Ill) and glioblastoma mul-
tiforme (GBM, WHO grade IV astrocytoma).
GBM, accounting for the majority of malignant
gliomas, represents the most aggressive type
of glioma which is featured by extremely aggres-
sive invasion and destructive malignancy with

a high proliferation rate [2, 3]. Despite great even the damaged cell in its entirety are encap-
advances in surgical techniques, radiotherapy sulated within vesicles and degraded by lyso-
strategies and chemotherapy modalities somes for for energy production or stress elimi-
recently, the median survival is only 12 to 15 nation [9]. In cancer cells, autophagy can
months for patients with GBM [4, 5]. These dis- serves as a cell survival pathway, because can-
mal outcomes render GBM urgent subjects of cer cells can utilize autophagy pathway to main-
cancer research and more aggressive thera- tain homeostasis in starvation and stress
peutic strategy should be developed to improve through suppressing the accumulation of harm-

prognosis. ful proteins and chromosomal instability [10].
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Moreover, cancer cells present with deficient
autophagy and acquired tolerance to cell death,
which results in cytokine production, inflamma-
tory response and genome damage, ultimately
leading to tumorigenesis [11]. However, autoph-
agy can also produce tumor-suppressive effect
by inducing autophagic cell death, either in col-
laboration with apoptosis or as a back-up
mechanism in case of the former is defective
[12, 13]. A lot of efforts studies have made to
reveal the role of autophagy in tumor develop-
ment and progression [14, 15].

Icaritin, a hydrolytic product of icariin, is one of
the main active ingredients of a traditional
Chinese herbal medicine Epimedium Genus. A
large body of evidence have revealed the phar-
macological and biological activities of icaritin,
including induction of differentiation of embry-
onic stem cells into cardiomyocytes [16], immu-
nomodulatory effect against systemic lupus
erythematosus [17], cardiopreotective effect
against myocardial ischemia and reperfusion
injury [18], anti-atherosclerotic effect [19],
hepatoprotective effect [20], neuroprotective
effect against B-amyloid-induced neurotoxicity
[24], and osteoprotective effect [22]. In addi-
tion, icaritin has been proved to be a potent
anti-cancer agent in both solid tumor and
hematological malignancies [23-25]. Therefore,
it is reasonable to postulate that icaritin can
exert inhibitory effect on the growth of GBM
cells. More importantly, it has been found that
icaritin can pass the blood brain barrier, which
makes it an ideal candidate drug for GBM treat-
ment [26]. In this study, our results revealed
that icaritin induces apoptosis and autophagy
in GBM cell line U87. Moreover, this present
study provided experimental evidence that icar-
itin exerted anti-proliferative effect by modulat-
ing Sp1 though generating ROS and regulating
AMPK/mTOR signaling.

Materials and methods

Cell culture

The GBM cell line U87 was obtained from Cell
Bank of Shanghai Institute of Biotechnology
and Cell Biology (Shanghai, China) and main-
tained at a density of 1x10° cells in DMEM
medium (Gibco, Grand Island, NY) containing
10% FBS (Hyclone, Logan, UT), 100 IU/mL peni-
cillin, and 100 mg/mL streptomycin (Sigma-
Aldrich, St. Lious, MO). The cells were keptin a
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CO, incubator at 37°C and the culture condition
was maintained as 90% humidity and 5% CO,,.

Cell viability assay

U87 cells were plated at a density of 5.0x10°
cells/well in 96-well culture plates for 24 hours
before challenged by different concentrations
of icaritin for 24 and 48 hours. The cell viability
s was determined by using a CellTiter96®
Aqueous One Cell Proliferation Assay Kit
(Promega, Madison, WI) according to the
instructions of the manufacturer. The relative
cell viability was presented after normalized to
untreated cells.

Cell apoptosis assay

Cell apoptosis was assessed using FITC
Annexin V Apoptosis Detection Kit (BD Bio-
sciences Pharmingen, San Diego, CA) accord-
ing to manufacturer’s instructions. Briefly, U87
cells were treated with various concentrations
of icaritin for 48 hours, collected and washed
with ice-cold PBS, and then suspended in 500
pl of annexin V binding buffer. 100 pl aliquot
was taken, 2 ul of annexin V-FITC and 2 pl of PI
were added, and the mixture was incubated for
5 minutes at room temperature in the dark.
After the addition of 400 pl of binding buffer,
1x10* cells were analyzed on a FACSCAN flow
cytometer (Beckman Coulter Inc, Fullerton, CA)
by using CellQuest software. Annexin V-FITC
positive cells were considered to be undergoing
apoptosis and those negative for FITC were
considered to be alive.

Caspase-3, caspase-8 and caspase-9 activity
assay

After the U87 cells were treated with various
concentration of icaritin for 48 hours, the cyto-
solic proteins were extracted in hypotoniccell
lysis buffer and subjected to Caspase Activity
Assay Kit (Beyotime, Shanghai, China) following
the manufacture’s instructions. The activity
was determined by measuring the absorbance
at 405 nm using a microplate reader (Tecan
Group Ltd., Mannedorf, Switzerland).

Mitochondrial membrane potential (MMP) as-
say

The changes in MMP were examined using fluo-
rochrome dye JC-1 following a standard proto-
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Figure 1. Icaritin inhibits cell proliferation in human GBM cell line U87. A:
Icaritin reduces cell viability in time-dependent manner. B: Icaritin reduces
cell viability in dose-dependent manner. *P<0.05, **P<0.01.

col. Briefly, U7 cells were challenged with the
indicated dose of icaritin for 48 hours before
the cells were harvested and incubated with
JC-1. The cells were then gently rinsed with PBS
to remove excessive dye before the fluores-
cence signal was quantitatively analyzed by
flow cytometry (Beckman Coulter Inc, Fullerton,
CA).

Quantification of autophagic cells by flow cy-
tometry

The autophagic cells were quantified by acri-
dine orange (AO) staining as previously
described [27]. Briefly, U87 cells were stained
with AO (1 pg/ml) for 15 minutes following
treatment with various concentration of icari-
tin. Then the florescence signal was detected
by FACSCAN flow cytometer (Beckman Coul-
ter Inc, Fullerton, CA). In flow cytometric analy-
sis of the AO stained cells, cytoplasm and
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nucleolus in non-autophagic
cells showed green fluores-
(500-550 nm, FL-1
channel) whereas acidic ve-
sicular organelles (AVO) in
autophagic cells (quadrant
A1) showed bright red fluores-
cence (650 nm, FL-3 chan-
nel). Since the red fluores-
cence intensity presents
the number of AVO in autoph-
agic cells, autophagic cells
can be quantified on the
basis of the intensity of red
fluorescence.
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Knockdown of Stat3 using
SiRNA

The siRNA oligos for Stat3
gene knockdown were pur-
chased from Santa Cruz
(Santa Cruz, CA) and a scram-
ble sequence (Ribio, Guang-
zhou, China) was used as
control. The U87 cells in loga-
rithmic growth phase were
seeded in 6-well plates at a
density of 3x10° cells per well
and incubated overnight and
then transfected with siRNA
or scramble siRNA respec-
tively using Lipofectamine
2000 (Invitrogen, Grand Island, NY) according
to the manufacturer’s protocol. Transfected
cells were incubated for another 48 hours and
the knockdown were verified by western blot
analysis.

Western blots

Western blot was performed following standard
protocol. Briefly, following incubation with vari-
ous concentration of icaritin for 48 hours, U87
cells were harvested from flasks, and lysed
with ice-cold lysis buffer (Beyotime, Shanghai,
China) for 30 minutes on ice. Then collected
proteins were subjected to SDS-PAGE gels and
transferred onto PVDF membranes (Millipore,
MA). Proteins were probed with specific primary
antibodies and a rabbit polyclonal antibody to
B-actin used as a gel loading control. Specific
primary antibodies against cytochrome C,
B-actin, PARP, caspase-3, COX IV, AMPK, phos-
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Figure 2. Icaritin induces caspase-dependent apoptosis in human GBM cell line U87. Assays are performed fol-
lowing treatment with Icaritin at indicated concentrations for 48 hours. A: Icaritin induces apoptotic cell death as
measured by flow cytometry. B: Icaritin increases caspase-3 activity as determined by ELISA assay. C: Icaritin acti-
vates PARP and caspase-3c as assessed by western blot. D: Caspase inhibitor z-VAD-fmk abolishes icaritin-induced

apoptosis as measured by flow cytometry.

phor-AMPK, beclin 1 and LC3B were purchased
from Beyotime (Shanghai, China), antibodies
against Fas, mTOR, phospho-mTOR, Stat3
and phospho-Stat3 were purchased from
Abcam (Shanghai, China). After another wash-
ing with TBST, secondary antibody (HRP-
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conjugated secondary antibody, Boster, Wuhan,
China) was added for blots detection. Signals
were detected using chemiluminescent sub-
strate (KPL., Guildford, UK) and the blot inten-
sity were quantified using BandScan software
(Glyko, Novato, CA).
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Stat3 overexpression in U87 cells

The transfection of Stat3 overexpressing plas-
mid was performed as previously described
[28]. Briefly, U87 cells were seeded in 96-well
culture plate in culture medium and grew to
70% confluence before transfection. The Stat3
overexpression plasmid was constructed by
inserting a full-length cDNA fragment obtained
with reverse transcription and PCR with the
specific primer for Stat3 primers into the pCMV
vector (Beyotime, Shanghai, China). Then, the
resulting pCMV- Stat3 vector was cloned into
U87 cells to induce exogenous Spl expression.
U8T cells transfected with an empty pCMV vec-
tor was taken as a control. Stable Stat3-
overexpressing clones were selected at 48
hours after transfection.

Statistical analysis

The data are presented as mean + SD (Standard
Deviation) and represent the results of three
separate experiments each conducted in qua-
druplicate unless otherwise stated. All statisti-
cal analysis was performed using GraphPad
Prism software (GraphPad Software Inc., La
Jolla, CA). Values were presented as the mean
+ SD. Statistical comparisons were performed
by one-way ANOVA followed by Dunnett’s t-test.
The difference with a P value less than 0.05
was defined as statistically significant.

Results
Icaritin suppresses cell growth of U87 cells

First, we examined whether icaritin could exert
anti-proliferative effect in U87cells by treating
U87 cells with different concentrations of icari-
tin for 24, 48 and 72 hours. As shown in Figure
1A and 1B, MTT results showed that icaritin
could inhibit the proliferation of U87 cells in a
dose- and time-dependent manner.

Icaritin induces caspase-dependent apoptosis

Next, we examined whether icaritin could
induce apoptosis in U87 cells. As shown in
Figure 3A, apoptotic cell proportion increased
along with the increase of icaritin concentra-
tion. When U87 cells were incubated with 10
MM icaritin for 48 hours, apoptotic cell death
occurred in 23% of cells (Figure 2A). The apop-
tosis-inducing effect of Icaritin was also sup-
ported by the findings that levels of activated
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caspase-3 and cleaved PARP were significantly
elevated (Figure 2B and 2C). Since apoptosis in
cells can occur via caspase-dependent and
caspase-independent pathways, which are
mediated by different factors, a caspase inhibi-
tor z-VAD-fmk was used to demonstrate the
mechanism by which Icaritin induced apoptosis
in U87 cells. As shown in Figure 2D, z-VAD-fmk
almost completely abolished Icaritin-induced
apoptosis in U87 cells, suggesting that Icaritin
induced apoptosis in U87 cells in a caspase-
dependent manner. Caspase-dependent apop-
tosis can be triggered by extrinsic stimuli
through cell surface death receptor or intrinsic
stimuli through mitochondrial signaling, fea-
tured by activation of caspase-8 and cas-
pase-9, respectively. Therefore, the activity of
caspase-8 and caspase-9 was examined to fur-
ther investigate the apoptosis-inducing mecha-
nism of icaritin. As shown in Figure 3A, the
activity of caspase-8 and caspase-9 was dose-
dependently increased by icaritin treatment.
The activation of intrinsic apoptotic pathway
was also confirmed by decrease in mitochon-
drial membrane potential (MMP), and release
of cytochrome C from mitochondria to cytosol
in icaritin-treated U87 cells (Figure 3B and 3C).
On the other hand, activation of extrinsic path-
way was also supported by the increased
expression of Fas in icaritin-treated U87 cells
(Figure 3D). Taken together, our results sug-
gested that ICARITIN induced apoptosis by acti-
vating both intrinsic and extrinsic caspase-
dependent pathway.

Icaritin induces autophagy in US7 cells

Next, we investigated whether icaritin induced
autophagy in U87 cells. Acridine orange (AO)
staining was performed to detect acidic vesicu-
lar organelles (AVO) in autophagic cells. As
shown in Figure 4A, a significant increase in
number of AVO was observed compared with
control cells. In addition, flow cytometric analy-
sis showed that icaritin induced autophagy in a
dose-dependent manner in U87 cells (Figure
4A). To further confirm the autophagy-inducing
effect of icaritin, we conducted western blot
analysis to examine the level of LC3 and beclin
1 protein, the prominent autophagy markers.
As shown in Figure 4B, icaritin at both 10 and
20 uM significantly increased the level of LC3B-
Il and Beclin 1, evidencing that icaritin induced
autophagy in U87 cells.

Am J Transl Res 2016;8(11):4628-4643
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Figure 3. Icaritin induces apoptosis via both intrinsic and extrinsic pathway in human GBM cell line U87. Assays are performed following treatment with icaritin at
indicated concentrations for 48 hours. A: Icaritin activates caspase-8 and caspase-9 as determined by ELISA kit. B: Icaritin leads to loss of MMP as measured by
flow cytometry following florescent staining. C: Icaritin causes release of cytochrome C from mitochondria to cytosol as assessed by western blot. D: Icaritin alters
the expression of markers Fas for extrinsic apoptosis pathway as assessed by western blot. *P<0.05, **P<0.01.
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Figure 4. Icairtin induces autophagy in human human GBM cell line U87. Assays are performed following treatment with Icairtin at indicated concentrations for 48
hours. A: Icairtin causes autophagy was detected following AO staining. B: Icaritin elevates the expression level of LC3B-Il and beclin 1 as assessed by western blot.
*P<0.05, **P<0.01.
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enhances autophagy as determined by flow cytometry. C: Inhibition of apoptosis increases the expression of LC3B-Il and beclin 1 as assessed by western blot. D:
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kit. *P<0.05.
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Interplay between icaritin-induced apoptosis
and autophagy

In the following experiments, autophagy inhibi-
tor as well as apoptosis was used to investigate
the role of autophagy in the anti-tumor effect of
icaritin. As shown in Figure 5A, inhibition of
autophagy with 3-MA (autophagy inhibitor) sig-
nificantly attenuated icaritin-induced decrease
in cell viability (3-MA itself has no marked effect
on cell viability), indicating that icaritin-induced
autophagy contributed to its anti-proliferative
effect and served as a form of cell death.
Mounting evidence have elucidated that com-
plex crosstalk presents between autophagy
and apoptosis [29, 30]. In this study, our results
showed that z-VAD-fmk (caspase inhibitor) itself
slightly increased autophagic cell death (not
significant) whereas combination of icaritin and
zVAD-fmk significantly increased the propor-
tion of autophagic cells relative to icaritin as
single agent, as demonstrated by flow cytomet-
ric analysis as well the expression level of
LC3B-Il and beclin 1, indicating that apoptotic
cell death was partially transformed into
autophagic cell death in the case of apoptosis
inhibition (Figure 5B). Then the effect of autoph-
agy inhibition on icaritin-induced apoptosis was
explored. As demonstrated by the flow cytomet-
ric results and the change in caspase-3 activity,
autophagy inhibition significantly enhanced
icaritin-induced apoptosis in U87 cells, sug-
gesting that autophagy acts as pro-apoptototic
factor here (Figure 5C).

Inhibition of Stat3 signaling is involved in icari-
tin-induced apoptosis and autophagy

The role of Stat3 in apoptosis has been well
documented in a number of cancer cells includ-
ing GBM cells [31]. Interestingly, a recent study
by Zou et al found that suppressed Stat3 acti-
vation was associated with induction of autoph-
agy in human malignant glioma cells [32].
Therefore, we investigated whether icaritin
induced apoptosis and autophagy in U87 cells
by regulating Stat3 signaling. Our results
revealed that icaritin repressed the phosphory-
lation of Stat3 in a dose-dependent manner
(Figure 6A). To verify the role of Stat3 in apop-
tosis and autophagy regulation in U87 cells,
Stat3 was knockdown using siRNA. As shown in
Figure 6B and 6C, knockdown Stat3 in U87
cells resulted in increase in both apoptotic and
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autophagic cell population, suggesting that
suppression of Stat3 signaling in cells would
promote both apoptosis and autophagy.
Moreover, our results showed that treatment of
icaritin plus knockdown of Stat3 for 48 hours
promoted both apoptosis and autophagy, indi-
cating that icaritin promoted apoptosis and
autophagy, at least partially, by modulating
Stat3 signaling.

Icaritin modulates Stat3 activation through
ROS/AMPK/mTOR signaling

Recently, a number of studies have highlighted
the role of mTOR as an upstream factor for
Stat3 signaling [33]. In this study, we examined
whether icaritin modulated the activation of
Stat3 through regulating mTOR. As shown in
Figure 7A, dose-dependent inhibition mTOR
phosphorylation was observed when U87 cells
were treated with icairtin for 48 hours. Then
mTOR atcivation was artificially manipulated to
demonstrate the role of mTOR signaling in
Stat3 regulation. Our results showed that mTOR
inhibition by rapamycin led to significantly sup-
pression in Stat3 signaling (Figure 7B). More
importantly, our results showed that the sup-
pressing effect of icaritin on Stat3 activation
was significantly attenuated by mTOR activator
(phosphatidic acid, PA) in U87 cells (Figure 7B),
suggesting that icaritin regulated the Stat3 sig-
naling by regulating mTOR.

Next, we investigated the upstream signaling
responsible for the regulatory effect of icaritin
on mTOR. A number of signaling pathways have
been found to be act as upstream modulating
factors for mTOR, including AMPK [34]. Given
the ability of icaritin to induce ROS generation
and modulating cellular metabolic functions in
cancer cell [35, 36], we postulated that icaritin
might modulate mTOR and hence Stat3 through
activating ROS/AMPK. As shown in Figure 7C,
icaritin treatment led to a dose-dependent
increase in intracellular ROS level. In addition,
western blot analysis showed that icaritin
increased phosphorylation of AMPK without
causing changes in total AMPK level (Figure
7A). Next, we examined the involvement of
ROS/AMPK signaling in the modulatory effect
of mTOR and Stat3 activation. Similar to the
effect of icaritin, both ROS activator (CoCl,) and
AMPK activator (AICAR) caused inhibition on
mTOR and Stat3 (Figure 7D). On the other hand,
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Figure 6. Icaritin induces apoptosis and autophagy via inhibiting Stat3 signaling. Assays are performed following treatment with icaritin at indicated concentra-
tions for 48 hours (the concentration of icaritin is 20 uM unless stated otherwise). A: Icaritin suppresses the activation of Stat3 as assessed by western blot. B:
Overexpression of Stat3 significantly abolishes the apoptosis-inducing effect of icaritin as determined by flow cytometry. C: Overexpression of Stat3 significantly
abolishes the autophagy-inducing effect of icaritin as determined by flow cytometry. **P<0.01.

A Icaritin (uM)

0 10 20

e s P-MTOR
— — o 1-MTOR
— — — p-AMPK
— — — | -AMPK
B-actin

480- * % * & ] oum

* * B 10uM

1 [  20uM

Relative expression (%)

p-mTOR/t--mTOR

D

t-mTOR

O

A &
ve' &\' ,&{“ 3
?}O o ox\c' Ox\da

&

e

p-AMPK/t-AMPK

‘(-\\Ge' ’é\-“(\
R

B o

RO
RN

& 'b';&o
N & <!
& O e 0
RNy <@ i

— — — m—  P-Stal3

* %

-
g
;

g
H

-

-8

e TRT

_ ractin

e & & o0
@) )
?}0 OF

o

Relative p-Stat3/Stat3 level (%)

&

t-Stat3

B-actin

[ Vehicle
[ lcaritin
B Rapamycin
El PA+Icaritin

g

§

2

Relative expression (%)

0 10

Icaritin (uM)

8

§

g

g

o

Relative intracellular ROS level (%)

x| %
*

i

* %

|

o

T
p-mTOR/t-mTOR

p-Stal3:'l-Sla|3

1ERE00

20

] oum
B 10uMm
I 20uM

Vehicle

Icaritin

AICAR

CoCl,

Compound C+lcaritin
NAC+Icaritin

Figure 7. Icaritin modulates Stat3 signaling through activating ROS/AMPK. Assays are performed following treatment with icaritin at indicated concentrations for 48
hours (the concentration of icaritin is 20 uM unless stated otherwise). A: Icaritin induces mTOR inhibition as well as AMPK activation. B: Icaritin modulates Stat3
through mTOR. C: Icaritin induces ROS generation in U87 cells in a dose-dependent manner. D: Icaritin modulates mTOR and Stat3 through ROS/AMPK signaling.

*P<0.05, **P<0.01.

4638

Am J Transl Res 2016;8(11):4628-4643



Icaritin inhibits glioblastoma cell growth

ROS inhibitor (NAC) and AMPK inhibitor (com-
pound C) were able to significantly abolish the
modulatory effect of icaritin on mTOR and Stat3
(Figure 7D). Collectively, our results showed
that icaritin regulated the Stat3 activation by
inhibiting mTOR through ROS/AMPK signaling.

Discussions

Icaritin, a prenylflavonoid derivative from me-
dicinal plant of Epimedium Genus, has been
used in folk medicine for ages. A number of
studies have made efforts to elucidate the role
of icaritin in protection of neuron, the promo-
tion of cardiac differentiation, and the preven-
tion of steroid-associated osteonecrosis [21,
37, 38]. Interestingly, the anti-cancer activities
of icaritin, first discovered in human breast can-
cer MCF-7 cells [39], have been widely investi-
gated in a variety of human cancers. Icaritin
can exert anti-cancer effect by inducing apop-
tosis [40], suppressing initiation and malignant
growth of cancer [23], activating necrosis path-
way [25], reversing multidrug resistance [41],
and blocking cell cycle progression [35]. In the
case of GBM, icaritin has been found to be able
to sensitize GBM cells to TRAIL-induced apopto-
sis [42] as well as inhibit invasion and epitheli-
al-to-mesenchymal transition [43]. The results
presented here clearly demonstrated that icari-
tin is effective in inducing both apoptotic and
autophagic cell death in GBM cell line U87.
Moreover, our findings also suggest that icaritin
induce apoptosis and autophagy in GBM cells
by targeting Stat3, which is mediated by the
ROS/AMPK,/mTOR signaling.

Accumulating evidence has proved that induc-
ing apoptosis is the major route for chemother-
apeutic agents to eradicate cancer cells [44].
Apoptotic cell death can occur through two dis-
tinct pathways, caspase-independent and cas-
pase-dependent pathways. It has well docu-
mented that AIF and Endo mediates caspase-
independent apoptosis through promoting
chromatin condensation and fragmentation of
the nucleus after translocation from the inter-
membrane space of mitochondria to the nucle-
us [45] and directly digesting nuclear DNA fol-
lowing entering the nucleus [46], respectively.
In the present study, our results showed that
caspase inhibitor almost completely abolished
the icaritin-induced apoptosis in U87 cells,
excluding the participation of caspase-inde-
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pendent pathway in apoptosis-inducing effect
of icaritin in U87 cells, which is consistent with
a previous study by Sun et al showing icaritin
inducing caspase-dependent apoptosis in
hepatocarcinoma cells [47]. Moreover, given
that caspase-dependent can occur via intrinsic
mitochondrial pathway and extrinsic death
receptor pathway [48], we then examine the
mechanism basis of icaritin-induced caspase-
dependent apoptosis. Our results showed that
icaritin caused mitochondrial dysfunction in
U87 cells. In addition, our results also revealed
that icaritin can increase the intracellular level
of Fas ligand, which can activate caspase-8 by
interacting with Fas receptor and hence induc-
ing apoptosis [49]. These results suggested
that icaritin induced apoptosis in U87 cells via
both intrinsic and extrinsic pathway, which
agrees with previous in vitro studies in human
hepatocellular carcinoma cell line and burkitt
lymphoma cell line [47, 50]. However, another
study by Wang et al revealed that icaritin trig-
gered apoptosis in human osteosarcoma cells
and prostate carcinoma cells in vitro only
through mitochondrial pathway [51, 52]. These
combined results showed that the mechanism
by which icaritin induces apoptosis might be
cell specific and relevant to activation of dis-
tinct signaling elicited by icaritin.

Autophagy in normal cells is a fundamental pro-
cess for providing homeostatic and housekeep-
ing functions through lysosome degradation of
cytoplasmic organelles or cytosolic compo-
nents [53]. In the context of cancer cells,
autophagy has been documented in responses
to various metabolic stress and anticancer
agents, but the role of autophagy in cancer
remains controversial [54]. It has been found
that autophagy can serve as survival pathway
in cancer cells [55]. On the contrary, autopha-
gic cell death, defined as Type Il PCD and pre-
sumed to result from excess autophagy, acts
as a route for cancer cell elimination [56]. Here,
we found that icaritin-induced reduction in cell
viability was partially abolished by an autopha-
gy inhibitor, 3-MA, indicating that icaritin-
induced autophagy here acts as contributing
factor to cell death. However, a very recent in
vitro study reported that icaritin acts synergisti-
cally with epirubicin to suppress bladder cancer
growth through inhibition of autophagy [57].
These conflicting results highlight the complex
role of icaritin in the autophagy in tumor cells,
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which needs to be clarified with further
studies.

Mounting evidences have showed that autoph-
agy and apoptosis are important cellular pro-
cesses which have crosstalk with each other
[30]. For example, autophagy can promote
apoptosis by degrading inhibitor of apoptosis
proteins (IAPs) or Fas-associated phosphates 1
(Fap 1) [58]. On the other hand, the cross inhi-
bition between autophagy and apoptosis has
also been noted [59]. It has been found that
blockage of autophagy by volatile oil of acori
graminei Rhizoma potentiated the proapoptotic
effect in GBM cell line, indicating a protective
role of autophagy in VOA-induced cell death
[34]. Another recent study by Cheng et al has
also showed that inhibition of autophagy by
3-MA enhanced Hono-Mag-induced apoptosis
in LN229 cells [60]. However, our results
showed that inhibition of apoptosis enhanced
icaritin-induced autophagy while inhibition of
autophagy impaired icaritin-induced apoptosis,
suggesting that icaritin-induced acts as pro-
apoptotic factor and U87 cells tends to die via
autophagy in the case of apoptosis inhibition in
response to icaritin challenge. These mixed
results suggest that the complex interplay
between autophagy and apoptosis might
occur in a stimulus-specific manner even in
same tumor cells, which requires further
investigation.

mTOR, a serine/threonine kinase activated by
signaling pathway originating from growth fac-
tors and nutrient availability but inhibited in
response to starvation, plays a crucial role in
cell proliferation, growth, survival and suppres-
sion of mTOR is required for induction of
autophagy by limiting the inhibitory effect on
the ULK1 kinase complex [61]. A number of
various signaling pathways has been proposed
to regulate mTOR signaling, including positive
regulation of mTOR (PIBK/Akt and p38 MAPK
signaling) suppressing autophagy and negative
regulation of mTOR (AMPK and p53 signaling)
promoting autophagy [62]. In present study, our
results also demonstrate that icaritin induces
apoptotic and autophagic cell death via sup-
pressing mTOR, further supporting the role of
MTOR as a target for GBM therapy.

STAT3 is a latent transcription factor that medi-
ates extracellular signals such as cytokines
and growth factors through interaction with
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polypeptide receptors at the cell surface
[63]. Following activation mainly through pri-
marily by tyrosine phosphorylation, phosphory-
lated STAT3 dimerizes, translocates to the
nucleus, and binds to sequence-specific DNA
elements for consequent transcription of target
genes [63]. STAT3 has been found to be consti-
tutively activated or is required to maintain the
transformed phenotype in human malignancies
including solid tumor and hematological malig-
nancy [64] and involved in a variety of biological
activities of cancer cells, including apoptosis,
autophagy and cell cycle progression. In our
study, the data here showed that icaritin induc-
es apoptosis and autophagy by inhibiting Stat3
signaling as a consequence of suppressing
mTOR signaling. Besides its role in apoptosis,
autophagy and cell cycle regulation, Stat3 also
plays a role in glioma metastasis and angiogen-
esis [65]. Therefore, by inhibiting Stat3, icaritin
could possibly suppress metastasis and angio-
genesis of GBM in addition to inhibiting tumor
growth.

In conclusion, our study firstly report that icari-
tin can exert anti-cancer effect in GBM in vitro
through inducing apoptosis and autophagy.
Moreover, our results showed that icaritin pro-
motes both apoptotic and autophagic cell
death by modulating Stat3 through activating
ROS/AMPK signaling and subsequent inhibiting
mTOR. The compelling results of this study war-
rant further study to evaluate the therapeutic
value of icaritin as a potential anti-neoplastic
agent.
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