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SUMMARY

Keywords

Glioblastoma is one of the most difficult cancers to treat with a 5-year overall survival rate less
than 5%. Temozolomide (TMZ) is an effective drug for prolonging the overall survival time
of patients, while drug-resistance is an important clinical problem at present. Pennogenin-3-
a-L-rhamnopyranosyl-(1—4)-[a-Lrhamno-pyranosyl-(1—2)]- B-D-glucopyranoside (N45), a
steroidal saponin, was isolated from the rhizomes of Paris vietnamensis (Takht.), which is used as
a Traditional Chinese Medicine and has been reported to possess preclinical anticancer efficacy
in various cancer types. However, the mechanism of the inhibition of N45 on glioblastoma cells
and its possible application in the treatment of chemotherapy-resistant glioblastoma cells are still
unknown. In this study, we use cellular methodological experiments including cell counting kit-8
(CCK-8) assay, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining
assay, flow cytometry assay, transmission electron microscopy (TEM) and Western blot. The results
show that N45 significantly suppresses the proliferation of glioblastoma cells and TMZ-resistant
glioblastoma cells (U87R) by inducing mitochondrial apoptosis through reactive oxygen species
(ROS)/phosphoinositide 3-kinase (PI3K)/Akt signal pathway, and the N-acetyl-L-cysteine (NAC)
combined with N45 effectively reduced N45-mediated apoptosis and reversed the inhibition of
PI3K/Akt signal pathway. In addition, N45 decreased the drug-resistance by down-regulation of
nuclear factor kappa-B p65 (NF-kB p65) to attenuate O°~-methylguanine-DNA methyltransferase
(MGMT) in TMZ-resistant glioblastoma cells (U87R). Our findings proved that N45 might be a
potential therapeutic agent against glioblastoma and TMZ-resistant glioblastoma, promising to be a
potential agent to reduce drug resistance.

Paris vietnamensis (Takht.) (N45), glioblastoma cells, temozolomide resistance, apoptosis, ROS/
PI3K/Akt pathway

1. Introduction

Glioblastoma is the most common malignant primary
brain tumor in adults, and the high rate of mortality and
relapse makes it remain to be one of the most difficult
cancers to treat with a 5-year overall survival rate less
than 5% (/). Despite this the treatment has evolved
from only single surgery to a combination treatment
of surgery with radiotherapy and chemotherapy, and
the average survival time is only 12-15 months for the
patient with glioblastoma. Especially for elders, the
survival period is less than 12 months (2,3). However,
commonly used clinical drugs cannot effectively

prolong the survival time of patients. Tumor recurrence
limits the efficacy of glioblastoma treatment, which
is mainly associated with the drug-resistance property
of glioblastoma cells (4). Temozolomide (TMZ) is
a clinical chemotherapy drug with broad-spectrum
antitumor activity. The cytotoxicity of temozolomide
is mainly achieved by methylation of O°-guanine.
However, because of the single mechanism of action
and widespread drug-resistance its drug efficacy is
limited (5). Therefore, it is urgent to develop new
therapeutic drugs for glioblastoma treatment.

Natural products are a source of leading compounds
for new drug development, especially for tumor
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treatment. For example, taxol, a natural compound,
was first isolated from the bark of Taxus brevifoliac
and has showed significant therapeutic effect against
several tumors, such as ovarian cancer, breast cancer
and so on (6,7). Steroidal saponins, a group of natural
products consisting of a steroidal aglycone moiety and
oligosaccharide moiety, with a character of resource
diversity, structural diversity and bioactive diversity,
have become an important branch of natural drug
discovery. Studies have shown that steroidal saponins
exhibit multiple pharmacological effects, such as
anti-inflammatory, anti-cancer, antiviral, immune
regulatory and cardiovascular protection, among
which anti-cancer is the most attractive one (8-10). For
instance, ginsenoside Rg3 demonstrates significant
anti-cancer effects on various tumors, such as gastric
cancer (/1), liver cancer (/2), ovarian cancer (/3), lung
cancer (/4), and melanoma (/35).

The genus Paris (Liliaceae) is a famous Traditional
Chinese Medicine listed in the Chinese Pharmacopoeia,
with 32 species and more than 10 varieties (/0).
Paris vietnamensis (Takht.) is one of the varieties of
the genus Paris, mainly distributed in Guangxi and
Yunnan provinces of China and in North Vietnam (/7).
Modern phytochemical and pharmacological research
showed that the genus Paris had anti-tumor effects and
steroidal saponins were the chief active components.
For example, Polyphyllin I (D), Polyphyllin II,
Polyphyllin III, Polyphyllin VII and paris saponin
H, which were isolated from Paris, have significant
anti-cancer effects, including ovarian cancer, liver
cancer, stomach cancer, colon cancer, breast cancer,
osteosarcoma, melanoma and glioblastoma (/6,19).
Liu et al. reported Polyphyllin I induced G2/M phase
arrest and apoptosis in U251 human glioblastoma cells
via JNK signaling pathway (20). Pang et al. discovered
that Polyphyllin VII promoted glioblastoma cells
apoptosis and autophagic cell death through ROS-
inhibited Akt activity (27). These studies demonstrate
the potential of the genus Paris in anti- glioblastoma
studies.

N45 is a steroidal saponin isolated from the
rhizomes of Paris vietnamensis, and the structures were
identified as pennogenin-3-a-L-rhamnopyranosyl-
(1—>4)-[a-Lrhamnopyranosyl-(1—2)]-B-D-glu-
copyranoside. Our previous study revealed that
N45 exhibited significant cytotoxic effects against
glioblastoma cell lines U87 and U251 (22). However,
the mechanism and the possible application in the
treatment of chemotherapy-resistant glioblastoma are
still unknown. This study was designed to evaluate the
antitumor mechanism of N45 on glioblastoma cells
and TMZ-resistant glioblastoma cells, and examine
the correlation between apoptosis and the ROS/PI3K/
Akt signal pathway. Besides, we also investigated
the mechanism of N45 reversal of drug resistance in
glioblastoma cells.

2. Materials and Methods
2.1. Materials

TMZ was supplied by Yuanye Biological Co., Ltd.
(Shanghai, China). The Cell Counting Kit-8 (CCK-8)
and the terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) assay cell death kit were
purchased from Seven-sea Biotech (Shanghai, China).
N-acetyl-L-cysteine (NAC) was supplied by Solarbio
(Beijing, China). ROS assay kit was purchased from
Beyotime Biotechnology (Shanghai, China).

2.2. Cell culture

Human glioblastoma cell lines U251 and U87 were
purchased from the Chinese Academy of Sciences Cell
Bank (Shanghai, China). TMZ-resistant variant cell line
(U87R) was obtained by exposing U87 to an increasing
concentration of TMZ (1, 5, 25, 50, 100, 200 pg/mL)
for 6 months. The cell lines were cultured in DMEM
(Corning, Beijing, China) supplemented with 10% FBS
(Ausbian, Harbin, China), maintained at 37°C with 5%
CO,. The medium was changed every 3 days.

2.3. Cell proliferation assay

The logarithmic phase cells were seeded in 96-well
plates at a density of 5 x 10’ cells/well. After 24 h, the
cells were incubated with different doses (40, 20, 10,
5, 2.5, 1.25, 0.625 0.3125 pg/mL) of N45 for 24 h.
Four replicated wells were used for each experimental
condition. After treatment, cell proliferation and
cytotoxicity were assessed using CCK-8, 10 pL CCK-
8 was added to each well and incubated at 37°C for 2 h,
measuring the absorbance at a wavelength of 450 nm
using a microplate reader.

2.4. TUNEL assay

Cells were cultured on cell plates coated with Poly-
L-Lysine (PLL) and incubated 24 h. After incubation
with N45 for 24 h, and phosphate-buffered saline
(PBS) washing twice, the cells were incubated with
fluorescein isothiocyanate (FITC)-dUTP for 15 minutes
at room temperature in the dark. Thereafter, the cells
were washed twice more with PBS. Then using a
fluorescence microscope obtained five random fields
of vision, recorded apoptotic cells (green fluorescence
cells) and normal cells (red fluorescence cells), and
calculated the apoptosis rate.

2.5. Cell apoptosis analysis
The logarithmic phase cells were cultured on 6-well

plates at density of 2 x 10’ cells and incubated for 24 h,
The cells were collected after treatment with different
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doses (0, 2, 4 pg/mL) of N45 for 24 h, three replicate
wells were used for each experimental condition. Then
washed twice in cold PBS (4°C), cells apoptosis were
performed using Annexin V-FITC/ propidine iodide
(PI) double staining. The result of AV/Pl-positive cells
was evaluated with a flow cytometer (BD FACSCalibur,
USA).

2.6. Transmission electron microscopy analysis

Cells were fixed in 2% glutaraldehyde for 2 h and
washed twice with PBS for 10 min. Then fixed in 1%
OsO, for 2 h. After gradient dehydration with ethanol,
the cells were embedded in epoxy resin and cut into
50-60 nm sections. Sections were stained with uranyl
acetate combined with lead citrate. Samples were cut
and analyzed with a JEM-1400 transmission electron
microscope (JEM-1400, JEOL, Japan).

2.7. Reactive oxygen species (ROS) detection

ROS assay kit was used according to the manufacturer's
instructions. 2 x 10" glioblastoma cells were incubated
with N45 (0, 4 pg/mL) for 24 h, then the cells were
harvested, the cells were washed twice more with PBS
and loaded with 10 uM 2', 7'-Dichlorodi-hydrofluorescein
diacetate (DCFH-DA) in serum-free medium for 30 min
at 37°C in the dark. After washing three more times with
PBS, the samples were analyzed for fluorescence by flow
cytometer, with excitation at 485 nm and emission at 525
nm.

2.8. Real time cellular analysis (RTCA)

The proliferation assay and the cell growth index
were recorded using iCELLigence system (ACEA
Biosciences, Inc. San Diego, CA, USA) as the RTCA
system. This system can monitor cell growth status in
real time. All monitoring was performed at 37°C with
regulated CO, content of 5%. E-plates (culture plates
for the iCELLigence system) containing 200 pL culture
medium per well were equilibrated to 37°C, and the
cells were seeded at 1 x 10" cells per well in cell culture
media.

2.9. Western blot analysis

Cells were treated with different doses (0, 4 pg/mL
in medium) of N45 for 24 h, and washed twice in
cold PBS. Then the treated cells were collected and
lysed in radio immunoprecipitation assay (RIPA)
lysis buffer, a bicinchoninic acid (BCA) kit was used
to determine protein concentration, and all protein
samples were quantified to be the same concentration.
Cell lysates were subjected to sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE)
and transferred onto polyvinylidene difluoride (PVDF)

membrane. Then incubated with the primary antibody at
4°C overnight after blocking with 5% non-fat dry milk,
and then incubated again with the secondary antibody in
the dark for 1 h. The protein level was corrected using
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
The band density was quantified by densitometry using
Image J software.

2.10. Statistical analysis

Results were analyzed by GraphPad Prism software
7.0, and all the data were expressed as mean + standard
deviation. One-way Analysis of Variance (ANOVA) was
used to analyze the multi-group differences, ¢ test was
used to examine the differences between two groups.
The value of p < 0.05 suggested that the difference was a
statistically significant difference.

3. Results

3.1. Established the TMZ-resistant U87 cells (U87R)
expressed high MGMT

We successfully cultured U87R cells for 175 days and
observed with light microscopy (Figure 1A). Western
blot assay was used to evaluate the levels of MGMT.
The Western blot result showed that the expression of
MGMT proteins in U87R was significantly increased
compared with the parental U87 cells (p < 0.05 and p <
0.01) (Figure 1B), and flow cytometry showed TMZ (100,
200 pg/mL) could not induce apoptosis in US7R cells
(Figure 1C). These results indicated that U87R resistant
to TMZ 200 pg/mL doses was successfully established
and we observed normal cell morphology under light
microscopy.

3.2. N45 exhibited cytotoxicity against general
glioblastoma cells in vitro

Light microscopy confirmed that 24 h treatment with
N45 on U87 and U251 cells was the optimal time for this
study (Figure 2B). The effect on general glioblastoma
cells proliferation with N45 was determined by CCK-
8 assay. The results showed that compared with control
group N45 could significantly decrease the optical
density (OD) value of U87 and U251 cells after 24h
treatment (p < 0.05 and p < 0.001). Respectively, the
IC,, values (concentration of drug inhibiting cell growth
by 50%) of U87 and U251 cells were 3.808 pug/mL and
3.39 pg/mL (Figure 2C). The results revealed that N45
suppressed cell proliferation in a dose dependent manner
in U87 and U251 glioblastoma cell lines.

3.3. N45 inhibited the viability of general glioblastoma
cells by inducing mitochondrial apoptosis

The TUNEL staining assay showed that, numbers of
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Figure 1. Culture of U87R cell lines (A) The parental cells were treated with repeatedly increased concentrations of TMZ (1, 5, 25, 50, 100 pg/mL)
for 6 months to establish US7R cells. (B) Western blot assay was used to evaluate the expression of MGMT in parental U87 and U87R (100, 200 pg/
mL) cells, and the density of MGMT was semi-quantitative by Image J software. (C) Annexin V-FITC/PI double staining was used to detect the cell
apoptosis rate after treatment with TMZ (100, 200 pg/mL) for 24 h. Data is expressed as means + SD of three independent experiments. (p < 0.05,
"p<0.01), as compared with the control.
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Figure 2. N45 showed cytotoxicity against U87 and U251 cells in a dose dependent manner. (A) Structure of compound N45. (B) U87 and U251
cells morphology were observed under light microscope after treatment with N45 10 pg/mL (24 h and 48 h). (C) U87 and U251 cells were treated
with various concentrations of N45 for 24 h and the dose response curves of U87 and U251 cells were assessed by CCKS assay. Data is expressed as

means + SD of three independent experiments. (p < 0.05, “"p < 0.001), as compared with the control group.
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Figure 3. N45 induced apoptosis of U87 and U251 cells. (A) (B) The apoptotic cell rates were determined using TUNEL staining assay after
treatment with N45 (2, 4 ug/mL) for 24 h. Green fluorescence indicates the apoptotic cells. Red fluorescence indicates both apoptotic and non-
apoptotic cells. The histograms present the apoptosis rate (positive cells/total cells). (C) (D) The proportions of living and dead cells were determined
using flow cytometry analysis after treatment with N45 (2, 4 pg/mL) for 24 h. The histograms represent the apoptosis rate. Data is expressed as
means + SD of three independent experiments. (" p <0.01 and ~"p < 0.001), as compared with the control group. ns, not significant.

green fluorescence cells significantly increased in 4 ug/
mL N45 treated U87 and U251 cells compared with the
control group (p < 0.001) (Figure 3A and B). The flow
cytometry assay showed that 4 pg/mL N45 significantly
promoted the percentage of apoptotic cells in the U87
and U251 cells compared with the control group (p <
0.01 and p < 0.001) (Figure 3C and D). According to
the results expressed in Figure 3, the concentration of
N45 was determined to be 4 pg/mL for the following
experiments.

Morphological changes of mitochondria apoptosis
were observed using TEM. TEM revealed that,

untreated cells exhibited intact cell membranes and
normal nuclei, after treatment with N45 the majority
of cells had apoptosis features, mainly including
cytoplasmic shrinkage, dilation of the ERs, and turgidity
of the mitochondrion, disarrangement, diminution and
vacuolization (Figure 4A and B).

Furthermore, we detected expression of
mitochondrial apoptosis-related proteins. Western blot
showed that, after treatment with N45 (4 pg/mL) for
24 hours, the expressions of caspase 3, cleaved-caspase
3 and cytochrome c, and the value of Bax/Bcl-2 were
significantly increased (p < 0.01 and p < 0.001) (Figure
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Figure 4. The mitochondria morphological changes of U87 and U251 cells. TEM was used to determine the morphological changes after
treatment with N45 (4pg/mL). (A) (B) Cytoplasmic shrinkage, the dilation of the ERs, and turgidity of the mitochondrion, the disarrangement and

vacuolization are shown as arrows.

A B

Control 4pg/ml

— Caspase 3
- (35KDA)

Control 4pg/ml

— — Caspase 3
(35KDA)

.. C-Caspase 3 __ C-Caspase 3
(15KDA) (15KDA)
- Bcl-2 - Bel-2
. a— B2X W s Bax
R i
s — O C o B o

- @» GAPDH

--

us7 U251 [ control

[ control E N45

©

relative protein expression
»
relative protein expression

Caspase 3 C-Caspase 3 Bax/bcl-2 Cytc Caspase 3 C-Caspase 3 Bax/bcl-2 Cytc

Figure 5. N45 induced mitochondrial apoptosis in U87 and U251
cells. After treatment with N45 (4 pg/mL) for 24 h, the expression of
Bax/Bcl-2, Caspase 3, Cleaved-Caspase 3 and cytochrome c in the
U87 (A), and U251 (B) were analyzed by Western blot, the relative
density was semi-quantitative by Image J software. Data is expressed
as means + SD of three independent experiments. ("p < 0.01 and "p
<0.001), as compared with the control group.

5A and B). These results demonstrated that N45 induced
mitochondrial apoptosis in U87 and U251 cells.

3.4. N45 induced mitochondrial apoptosis in U87R cells

CCK-8 assay and RTCA assay were performed to explore
the effect of N45 on US7R cells. The results of CCK-
8 assay showed that compared with control group, N45
significantly decreased the proliferation of U87R cells

(24 h) in a dose dependent manner (p < 0.001) (Figure
6A). Furthermore, the iCELLigence system revealed that
the logarithmic phase U87R cells were given N45 (4 pg/
mL) at 125 h. The cell index of U87R decreased rapidly,
and viability of U87R cells was inhibited in a short time
compared with the control group (Figure 6B). TUNEL
staining assay showed that, after treatment with N45 (4
ug/mL) for 24 h, the numbers of green fluorescence cells
significantly increased compared with control group (p
< 0.01) (Figure 6C). The flow cytometry assay showed
that, 4 pg/mL N45 significantly increased the percentage
of apoptotic cells in the U87R cells compared with the
control group (p < 0.001) (Figure 6D). TEM observed
that untreated cells exhibited intact cell membranes and
normal nuclei, while after treatment with N45 (4 pg/
mL) for 24 h, the majority of cells showed dilation of
the ERs, turgidity of the mitochondrion, disarrangement,
diminution and vacuolization (Figure 7A). Western blot
showed that, the U87R cells after treatment with N45 (4
ug/mL) for 24h, the expressions of caspase 3, c-caspase
3 and cytochrome c, and the value of Bax/Bcl-2 were
significantly increased (p < 0.01) (Figure 7B). These
results revealed that N45 suppressed the cell viability of
TMZ-resistant glioblastoma cells in a dose dependent
manner, and induced mitochondrial apoptosis.

3.5. N45 reduced MGMT in U87R cells

Western blots were used to detect the resistance indicator
proteins. Western blot showed that, the level of MGMT
and NF-xB p65 were significantly increased in the
U87R group compared with the parental U87 cells.
After treatment with N45 (4 pg/mL) for 24h, N45 down-
regulated the level of MGMT and NF-xB p65 in U87R
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Figure 7. N45 induced mitochondrial apoptosis in U87R cells. (A) TEM was used to determine the morphological changes of U87R cells.
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cells compared with the US7R N45 group (p < 0.05
and p < 0.01) (Figure 8A). These results suggested N45
down-regulated the expression of the drug resistance
related proteins (MGMT), and indicated that N45 could
reduce TMZ resistance.

3.6. N45 induced mitochondrial apoptosis through
ROS-mediated inactivation of PI3K/Akt signal pathway

In order to determine whether intracellular ROS involved
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Figure 8. N45 reduced MGMT in U87R cells. (A) The expression
of MGMT and NF-kB p65 in the parental U87 cells group, US7R
cells group and U87R cells + N45 (4 pg/mL) group were analyzed
by Western blot, the relative density was semi-quantitative by Image
J software. Data is expressed as means = SD of three independent
experiments. (p < 0.05 and "p < 0.001 vs. the control group. “p <0.001
vs. the N45 treated group).

mitochondrial apoptosis in U87, U251 and U87R cells,
intracellular ROS was assessed after 24 h and measured
using flow cytometry assay. The results showed that
N45 (4 pg/mL) treatment increased the levels of
intracellular ROS compared with control group (Figure
9A). Western blot showed that, after treatment with N45
(4 ng/mL) for 24 hours, the expression of PI3K, Akt and
phosphorylated Akt (p-Akt) were significantly decreased
in U87, U251 and U87R cells (p <0.05, p <0.01 and p <
0.001) (Figure 9C-E).

3.7. NAC (ROS scavenger) counteract N45-mediated
mitochondrial apoptosis

The CCK8 assay showed that, the cell viability of N45
(4 pg/mL) + NAC (4 mg/ml) group was higher than the
N45 (4 pg/mL) group, and indicated that NAC reversed
the N45 inhibition in U87, U251 and U87R cells (Figure
9B). Western blot showed that, in the N45 (4 pg/mL) +
NAC (4 mg/mL) group, the levels of PI3K and p-Akt
were up regulated compared with the N45 (4 pg/mL)
treatment group (p < 0.01 and p < 0.001) (Figure 9C-E).
These results demonstrated that ROS were negatively
correlated with the PI3K/Akt pathway. Moreover, the
NAC effectively reduced N45-mediated apoptosis in
U87, U251 and U87R cells.
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Figure 9. Effects of N45 on ROS/PI3K/Akt signaling pathway in
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U87, U251 and U87R cells. (A) Intracellular ROS were assessed by flow

cytometry after treatment with N45 (4 ng/mL) for 24 h, the relative fluorescence percentage was used to estimate intracellular ROS increase. (B)

The CCKS assay determined that 4 mg/mL NAC was the optimal dose,

in combination with N45 and could reverse the inhibition in U87, U251 and

UB7R cells. (C-E) Cells were treated with N45 (4 pg/mL) and N45 (4 pg/mL) + NAC (4 mg/ml) for 24 h. the expression of PI3K, Akt and p-Akt in
the U87, U251 and U87R cells were analyzed by Western blot, the relative density was semi-quantitative by Image J software. Data is expressed as
means + SD of three independent experiments. (‘p < 0.05, “p < 0.01 and "“p < 0.001 vs. the control group. “p < 0.01 and *p < 0.001 vs. the N45

treated group).
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4. Discussion

Natural products are a main resource for leading
compounds for new drug discovery, which have played
a critical role in cancer therapy and chemoprevention
study. Steroidal saponins with the character of
resource diversity, structural diversity and bioactive
diversity have become an important branch of natural
drug discovery and one of the most likely sources of
innovative drugs in the future. The work undertaken by
our team has isolated many anti-tumor saponins from
many plants and animals, such as Paris vietnamensis
(22), Culcita novaeguineae (23), and Anthenea
chinensis (24), and many of them have demonstrated
significant effects on various tumors. Paris
vietnamensis (Takht.) is used as a Traditional Chinese
Medicine and has been reported to possess preclinical
anticancer efficacy in various cancer types (/8,22). N45
was isolated from the rhizomes of Paris vietnamensis
(Takht.) and was supposed to have a good antitumor
effect. In this study, we investigated the antitumor
mechanism of N45 on glioblastoma cells and TMZ-
resistant glioblastoma cells.

The results showed that N45 significantly
suppressed the cell proliferation of glioblastoma
cells in a dose dependent manner (Figure 2C).
Furthermore, N45 induced cell apoptosis of U87 and
U251 cells, which was verified by TUNEL and flow
cytometry experiments (Figure 3A and B). Noticeably,
morphological changes of mitochondrial swelling and
crista disorder were observed under TEM in U87 and
U251 cells, which indicated that mitochondria might be
involved in the cell apoptosis induced by N45 (Figure
4A and B).

The participation of mitochondria in apoptosis is one
of the most important cell apoptotic pathways. PI3K is
a key signal molecule that regulates the mitochondrial
apoptosis pathway. The downstream signal molecule
of PI3K signal pathway was mainly related to caspase
family, Bax, Bcl-2 family and PI3K, Akt indicators.
Akt is activated by phosphorylation and is the primary
mediator of PI3K-initiated signaling, while Bcl-2
is a member of its downstream apoptosis-inhibitory
molecule (25,26). Apoptosis-inhibitory protein Bcl-
2 and pro-apoptotic protein Bax are both members of
the Bcl-2 family. The ratio of Bax/Bcl-2 is a key factor
in balancing mitochondrial apoptosis pathway (27).
The inactivation of PI3K/Akt could down-regulate the
expression of Bcl-2, in order to change the ratio of Bax/
Bcl-2. Increasing the ratio of Bax/Bcl-2 could release
cytochrome C from mitochondria to cytoplasm, and
then activate caspase 3, which is an important apoptosis
implementing protein. In the current study, N45
decreased the levels of PI3K, p-Akt and Bcl-2, while
it increased the expression of cytochrome C, capase 3,
cleaved caspase 3 and the ratio of Bax/Bcl-2, which
resulted in proliferation inhibition and cell apoptosis

in U87 (Figure 5A, Figure 9C) and U251 cells (Figure
5B, Figure 9D). The results revealed that N45 inhibited
proliferation and induced mitochondrial apoptosis in
glioblastoma cells through the PI3K/Akt pathway.

Intracellular ROS are mainly produced from
mitochondria. Intracellular or extracellular stimuli
lead to intracellular ROS production and increased
membrane permeabilization, whereas excessively high
levels of ROS promote cell apoptosis by activating
internal and external pathways (28). ROS interact
with many factors that directly affect cell viability and
promote cell death, thus, ROS are widely studied as
antitumor agents (29). Previous studies have reported
several bioactive compounds generated ROS to
activate apoptosis signaling in cancer cells, while ROS-
dependent compounds suppressed the activity of the
PI3K/Akt signaling pathway. Fucoxanthin induced
apoptosis in human glioblastoma cells via triggering
of ROS-mediated oxidative damage and regulation of
MAPKSs and PI3K-Akt pathways (30). Thioridazine
enhanced TRAIL-mediated apoptosis via the ROS-
mediated inhibition of Akt signaling in renal carcinoma
Caki cells (37). In this paper, N45 increased ROS
generation, which was observed by flow cytometry
experiments (Figure 9A). NAC, a ROS scavenger, was
used for the following rescue experiments. A CCK-8
experiment showed that NAC significantly attenuated
the proliferation inhibition effect of N45 in U87 and
U251 cells (Figure 9B). Moreover, NAC also reversed
the levels of PI3K and p-Akt, both of which were the
primary mediator of PI3K-initiated signaling (Figure
9C and D). That confirmed N45 induced glioblastoma
cells' mitochondrial apoptosis via ROS-mediated
inactivation of PI3K/Akt.

TMZ is the first-line chemotherapy drug for
glioblastoma and possesses a relatively good efficacy.
However, in recent years endogenous or acquired
resistance to TMZ limits its efficacy in the therapy
of glioblastoma. TMZ-induced injury can be repaired
by O°-methylguanine-DNA methyltransferase
(MGMT), which is a DNA repair enzyme and plays
a key role in TMZ resistance and has now been
commonly recognized (32). These findings suggested
that reducing the expression of MGMT might be an
effective therapeutic strategy in TMZ-resistant cancers.
Previous studies reported reducing MGMT expression
to augment chemo-sensitivity to TMZ and induced cell
apoptosis in cancers. Lingchao Chen et al. (33) and Mao
Li et al. (34) showed that the PI3K inhibitor (BKM120
and LY294002) could reduce MGMT, and overcome
TMZ resistance sensitivity in glioblastoma cells via
suppression of the PI3K/Akt signaling pathway.
However, there are few studies on steroid saponins to
reverse TMZ resistance. Thus, we cultured U87R cells
to test the effect of N45 on TMZ-resistant glioblastoma,
the result of Figure 1 showed that TMZ-resistant
glioblastoma cells were successfully established. The
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results of CCK-8, TUNEL, flow cytometry, TEM and
iCELLigence systems confirmed that N45 inhibited
proliferation and induced mitochondrial apoptosis in
U87R cells (Figure 6A-D, Figure 7A). Western blots
revealed that N45 treated U87R cells reacted the same
as it worked in U87 and U251 cells (Figure 7B, Figure
9E). The results of rescue experiments also confirmed
N45 induced mitochondrial apoptosis via ROS-
mediated inactivation of PI3K/Akt signal pathway in
US87R cells.

NF-«xB is a member substrate in the downstream
PI3K/Akt pathway, which contributes to the resistance of
chemotherapy. NF-xB p65, a transcription factor, is the
key subunit in the NF-«xB family (35-37). In glioblastoma
cells, due to the over-activation of PI3K/Akt signaling
pathway, NF-kB p65 translocated into the nucleus and
subsequently initiated transcription of numerous genes,
including MGMT (33,38). In this paper, US7R cells
significantly expressed NF- kB p65 and MGMT. After
treatment with N45, the expression of MGMT and NF-
kB p65 was decreased compared with the untreated
US87R cells (Figure 8A). The results indicated that N45
suppressed TMZ-resistance and induced apoptosis in
US87R cells by decreasing the expression of PI3K/Akt
and its downstream protein NF- kB p65 to attenuate
MGMT.

In conclusions, these results suggest that ROS-
mediated inactivation of PI3K/Akt played an important
role in N45 induced mitochondrial apoptosis in
glioblastoma cells and TMZ-resistant glioblastoma cells.
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