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Recently we isolated CN-3, a new asterosaponin from starfish Culcita novaeguineae, and reported that astero-
saponin arrests glioma cell cycle via SCUBES3. However, the multiple mechanisms underlying CN-3 anti-glioma
action remains poorly known. Thus, the focus of this study was to evaluate the inhibitory effect of CN-3 on human
glioma cells and its underlying molecular mechanisms. U87 and U251 cells were incubated with various concen-
trations of CN-3, and CCK-8, transmission electron microscopy, ICELLigence, TUNEL, flow cytometry, N-ace-
tyl-L-cysteine, and western blot were conducted. As a result, it was found that CN-3 significantly inhibited U87
and U251 cell viability and proliferation in a time- and dose- dependent manner, and also induced mitochondrial
apoptosis. Furthermore, we detected that CN-3 downregulated PI3K, P-Akt, AKT and BCL-2, and upregulated
cytochrome C and BAX in U87 and U251 cells. Moreover, ROS triggered the inhibition and cell apoptosis for
CN-3 via inactivation of P-Akt and activation of cytochrome C. In conclusion, these findings suggest that CN-3

may be a promising candidate for the development of a therapy of glioma.

1. Introduction

Glioma is the most lethal primary tumor of the central nervous
system, accounting for about 80% of malignant brain tumors
(Zhou et al. 2015, Huang et al. 2017). The survival rate in patients
with glioma is low, and with a median survival of about 14 months
(Prados et al. 2009). The current treatment strategy for malignant
glioma is surgical resection followed by radiotherapy and chemo-
therapy (Zuo et al. 2019). However, the overall survival of patients
has not improved significantly (Ding et al. 2020). Therefore, there
is an urgent need to develop new effective chemotherapy drugs for
glioma. Natural products are important sources for the discovery
and development of new medicines (Fang et al. 2014; Huang et al.
2014; Zhang et al. 2018), and saponins have been reported to have
significant anti-cancer activities (Zong et al. 2016) including those
isolated from Anemone tomentosa (Wang et al. 2013), Clematis
argentilucida (Zhao et al. 2014), Anemone taipaiensis (Wang et
al. 2011; Li et al. 2013; Wang et al. 2013; Ji et al. 2016), Ardisia
pusilla (Lin et al. 2008; Tang et al. 2009), starfish Culcita novae-
guineae (Cheng et al. 2006) and sea cucumbers (Wu et al. 2006a,
b; Zhang et al. 2006; Sun et al. 2007; Wu et al. 2007). Recently,
we isolated CN-3, a new asterosaponin, from starfish Culcita
novaeguineae, and reported that the asterosaponin arrests glioma
cell cycle via SCUBE3 (Qiu et al. 2020). Saponins could induce
remarkable apoptosis to glioma, but we know little about whether
CN-3 could induce apoptosis in cancer, especially in glioma. Thus,
we continue to discuss the anti-cancer effect and mechanism of
CN-3 on U87 and U251 cells, indicating that CN-3 induces apop-
tosis of glioma cell lines via ROS-mediated P-Akt and cytochrome
C pathways.
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2. Investigations and results

2.1. CN-3 inhibited glioma cell proliferation in a dose-
and time-dependent manner

CN-3 is as white, amorphous powder which gives positive Lieber-
mann-Burchard and Molish tests. The structure of CN-3 is shown
in Fig. 1A. To detect the effect of CN-3 on the proliferation of
glioma cells, CCK8 and ICELLigence system were used. U87
and U251 cells were each treated with different doses of CN-3
(20, 10, 5, 2.5, 1.25, 0.625, 0.3125, 0. 15625 and 0.078125 pg/ml)
for 24 h. CCK8 shows the IC, values of CN-3 inhibited U87 and
U251 were 1.124 pg/mL and 1.5 pg/mL, respectively (Fig. 1B). A
real-time cell analysis method ICELLigence was used to measure
the cell proliferation. According to the IC, values, 3 ng/mL CN-3
was used as high dose, and 1.5 pg/mL CN-3 was used as low dose
(Fig. 1C). The results confirmed that CN-3 had anti-proliferative
effects in the glioma cells in a dose-dependent and time-dependent
manner.

2.2. CN-3 induced mitochondrial apoptosis in U87 and
U251 cells through PI3K/Akt pathway

There is a close relationship between cell apoptosis and cell
proliferation (Lankadasari et al. 2018). In order to determine the
relationship between CN-3 and glioma cell apoptosis, flow cytom-
etry assay, TUNEL, transmission electron microscopy (TEM) and
Western blot were performed. Results of flow cytometry showed
that both low (55.2%) and high (67.8%) doses of CN-3 could
induce apoptosis in U87, and high (22.7%) dose of CN-3 could
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Fig. 1:

CN-3 showed cytotoxicity against U87 and U251 cells in a dose- and time-dependent manner. (A) Structure of the new asterosaponin. (B) U87 and U251 cells were treated

with different concentrations of CN-3 for 24 h and CCKS assay results showed IC, values of CN-3 inhibited U87 and U251 cells were 1.124 ug/mL and 1.5 pug/mL,
respectively. (C) The cell growth index, recorded using ICELLigence system, showed U87 and U251 cells decreased in a short time and in a dose- and time-dependent

manner when they were treated with CN-3.

induce apoptosis in U251 cells (Fig. 2A). To evaluate the degree of
apoptosis in the glioma cells treated with CN-3, TUNEL staining
was performed, and apoptotic cells showed green fluorescence.
The result indicated that the expression of green fluorescence
in the glioma cells was increased in 3 pg/mL CN-3 treated U87
and U251 cells (Fig. 2B). TEM is often used to observe typical
apoptotic morphology. Phenotypic changes of U87 and U251 cells
treated by CN-3 were directly observed under TEM. The cells are
characterized by apoptosis, including the cytoplasmic shrinkage,
the dilation of the ERs, and turgidity of the mitochondrion, the
disarrangement, diminution and vacuolization (as the arrow).
These features were not observed in normal glioma cells as the
control group (Fig. 2C). That indicated CN-3 may induce mito-
chondrial apoptosis in U87 and U251 cells.

To further explore the molecular mechanism under CN-3 induced
apoptosis to glioma cells, the expression of apoptosis-related
proteins was evaluated by Western blot assay. After U87 and U251
cells were treated with CN-3 for 24 h, the expressions of BAX and
cytochrome C were significantly increased, and PI3K, AKT, phos-
phorylated AKT (P-Akt) and Bcl-2 were significantly decreased
(Fig. 2D). These results demonstrated that CN-3 induced mito-
chondrial apoptosis in U87 and U251 cells via PI3K/AKT pathway.

2.3. ROS mediated CN-3 inhibition in U87 and U251
cells via P-Akt/cytochrome C pathway

To determine whether ROS mediated CN-3-induced apoptosis,
NAC, a ROS scavenger, was used to attenuate ROS generation.
CCK-8 results confirmed that the CN-3 inhibition was reversed
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whit NAC in both U87 and U251 cells, and 8 mg/mL NAC was
the optimal dose (Fig. 3A). Western blot showed NAC can signifi-
cantly reverse the levels of P-Akt and cytochrome C in CN-3
treated U87 and U251 cells (Fig. 3B). These results demonstrated
that ROS mediated CN-3 induced mitochondrial apoptosis in U87
and U251 cells via P-Akt/cytochrome C pathway.

3. Discussion

Malignant glioma is the most general type of primary brain tumour
of the central nervous system (Wang et al. 2016), with a high inci-
dence and mortality rate (Wu et al. 2018; Li et al. 2020). At present,
the most commonly used strategy for glioma is surgical resection
combined with chemotherapy and radiotherapy (Komotar et al.
2008; Jovcevska et al. 2019). However, due to the high recurrence
rate of glioma, the overall cure rate of glioma is very low (Liang
et al. 2020). Therefore, there is meaningful to develop new safe
and effective chemotherapy drugs for glioma. Natural products are
important sources of new drug development (da Silva Gomes et
al. 2014; Ali et al. 2017), even against cancer (Eldhose et al. 2014;
Liu and Dey 2017, Wu et al. 2020). In recent years, marine natural
products were more and more recognized as a potential source of
new drug candidates (van Weelden et al. 2019). Saponins have
been reported to possess various anti-cancer activities (Zong et al.
2016). CN-3 is a new asterosaponin isolated from starfish Culcita
novaeguineae. Previously, CN-3 was reported to arrest U251 cell
cycle at low concentration (Qiu, Lu et al. 2020). The current study
aimed to evaluate the relation between CN-3 and glioma apoptosis.
We investigated the effect of CN-3 (Fig. 1A) on proliferation of
glioma cells by CCK-8 and ICELLigence assays. CCK-8 showed
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Fig. 2:  CN-3 induced mitochondrial apoptosis to U87 and U251 cells. (A) Flow cytometry showed CN-3 induced apoptosis to U87 and U251 cells. (B) The apoptotic cell rates of
U87 and U251 were determined using TUNEL staining assay after treatment with CN-3 (0, 1.5, 3 ug/mL) for 24 h. Green fluorescence indicates the apoptotic cells. Red
fluorescence indicates both apoptotic and non-apoptotic cells. The representative pictures shown are from one of three independent experiments. (C) Some mitochondria
slightly swelling and endoplasmic reticulum swelling were observed in CN3 treated U87 and U251 cells (pointed by arrows) under TEM. The representative pictures
shown are from one of three independent experiments. (D) Western blot showed CN-3 increased Bax and cytochrome C, and decreased PI3K, P-Akt, AKT, and Bcl-2 in
U87 and U251 cells (n = 3; “+” represents positive, and “~” represents negative).

Flow cytometry and TUNEL were used to detect the apoptosis of

that CN-3 significantly inhibited the cell growth of U87 and U251
1.5 ug/mL (low dose) or 3 ug/mL (high dose) inducing to the glioma

cells in a dose dependent manner, and the IC, values of U87 and

U251 were 1.124 ug/mL and 1.5 pug/mL, respectively (Fig. 1B).
Therefore 1.5 pg/mL was used as a low dose and 3 pg/mL was used
as a high dose of CN-3 for treating U87 and U251 cells. ICELLi-
gence results confirmed that CN-3 inhibited the proliferation of
the U87 and U251 cells in a time- and dose-dependent manner
(Fig. 1C).
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cells. Flow cytometry showed that CN-3 could induce apoptosis in
U87 (low dose: 55.2%; high dose: 67.8%) and U251 (high dose:
22.7%) cells (Fig. 2A). We used TUNEL staining to evaluate the
degree of CN-3 induced apoptosis of U87 and U251 cells. Green
fluorescence indicates the apoptotic cells, and red fluorescence
indicates both apoptotic and non-apoptotic cells. TUNEL staining
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Fig. 3: CN-3 induced mitochondrial apoptosis in U87 and U251 cells through ROS-mediated activation of P-Akt/cytochrome C pathway. (A) The CCK8 assay determined that
8 mg/mL NAC was the optimal dose, in combination with CN-3 and could reverse the inhibition in U87 and U251 cells (***p < 0.001, as compared with CN-3 treatment
alone). (B) Western blot showed CN-3 increased cytochrome C and decreased P-Akt in U87 and U251 cells, while NAC reversed the trends caused by CN-3 (n = 3; “+”
represents positive, and “—” represents negative; “e®” represents added, and “O” represents un-added).

showed that almost no green fluorescence was detected in U87 and
U251 cells of the control group, however, the expression of green
fluorescence treated with CN3-3 was significantly increased in
U87 and U251 cells (Fig. 2B).

Mitochondria are the vital organelles for the regulation of the
cellular apoptosis pathway. Phenotypic changes of U87 and U251
cells treated by CN-3 were directly observed under TEM. The
cells are characterized by apoptosis, including the cytoplasmic
shrinkage, the dilation of the ERs, and turgidity of the mitochon-
drion, the disarrangement, diminution and vacuolization (as the
arrow). In contrast, these feature were not observed in normal
glioma cells as the control group (Fig. 2C). That indicated CN-3
may induce mitochondrial apoptosis in U87 and U251 cells. This is

Pharmazie 76 (2021)

consistent with the observation of TUNEL staining, and indicated
CN-3 may issue in mitochondrial apoptosis in U87 and U251
cells. Studies have shown that induction of tumor cell apoptosis
is an effective way to treat patients (Che et al. 2018; Yang et al.
2019; Pitucha et al. 2020). Curcumin induces cancer cell apop-
tosis and inhibits tumor growth and proliferation (He et al. 2019).
Mitochondrial outer membrane permeabilization (MOMP) and
mitochondrial swelling are the signature feature and plays a major
role in apoptosis (Geng et al. 2017). By changing mitochondrial
membrane permeability, the drug induce the release of cytochrome
C and the activation of caspase-3, thus leading to mitochondrial
apoptosis (Bai et al. 2017; Reheman et al. 2020). Bcl-2 family
is an important regulator of mitochondrial apoptosis (Zhao et al.
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Fig. 4: Schematic illustration of CN-3 induces ROS-dependent apoptosis in U87 and U251.

2016; Jiang et al. 2018). Bcl-2 promotes cell survival by stabilizing
mitochondria and endoplasmic reticulum, while BAX inhibits cell
survival (Yin et al. 2017; Hussain et al. 2018). The PI3K-AKT
pathway played an critical role in regulating cell growth and apop-
tosis (Xu et al. 2012). P-Akt inhibited Bad and Bax and increased
the expression of Bcl-2 in BCL family members (Li et al. 2020).
In our study, western blot showed that CN-3 downregulated PI3K,
P-Akt, AKT and BCL-2 and upregulated cytochrome C and BAX
in U87 and U251 cells (Fig. 2D). Those indicated that CN-3 down-
regulated PI3K/AKT pathway to induce mitochondrion turgidity
and cytochrome C release, which triggered cell death, thus leading
to mitochondrial apoptosis.

The generation of reactive oxygen species plays an important role
in signaling pathway activation and apoptosis (Wang et al. 2008;
Tang et al. 2014). Excessive ROS leads to mitochondrial swelling
and MOMP of mitochondria-mediated apoptosis by inducing the
release of cytochrome C (Li et al. 2014, 2018). To investigate
the role of ROS in mitochondrial apoptosis induced by CN3 in
glioma cells U87 and U251, we used reactive oxygen scavenger
N-acetyl cysteine (NAC). Studies have reported that natural prod-
ucts generate ROS to induce apoptosis, like dioscin in cervical
carcinoma HelLa and SiHa Cells through ROS-mediated DNA
damage and the mitochondrial signaling pathway (Zhao et al.
2016). Nanoparticle delivery of curcumin induces cellular hypoxia
and ROS-mediated apoptosis via modulation of Bcl-2 in human
neuroblastoma (Pan et al. 2018). Previously, we found that ROS
mediated the apoptosis induced by a steroidal saponin from Paris
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vietnamensis (Takht.) in US7R (Pan et al. 2018). In this study, the
reactive oxygen scavenger NAC was used, and the results showed
that NAC reduced CN-3 induced apoptosis, and ROS mediated the
inhibitory effect of CN-3 on U87 and U251 cells (Fig. 3A). AKT
is activated by phosphorylation and P-Akt is as the key factor in
PI3K/AKT pathway (Li 2020). Cytochrome C release is the result
of mitochondrial swelling and triggered cell death (Bai et al. 2017;
Reheman et al. 2020). Western blot was used to investigate the
mechanism of NAC reversing the inhibition of CN-3 in the mito-
chondrial apoptosis. The results showed that NCA reversed the
upregulation levels of cytochrome C and downregulation levels of
P-Akt caused by CN-3 (Fig. 3B). This suggests that CN-3 induced
glioma cells U87 and U251 mitochondrial apoptosis via ROS-me-
diated inactivation of P-Akt and activation of cytochrome C.

Our results showed that CN-3 induced mitochondrial apoptosis to
U87 and U251 cells through PI3K/AKT pathway. That ROS-me-
diated inactivation of P-Akt and activation of cytochrome C trig-
gered the mitochondrial apoptosis caused by CN-3 (Fig. 4). This
suggested that CN-3 may be an effective chemotherapeutic agent
for the inhibition of proliferation and induction of apoptosis in
glioma cells.

4. Experimental
4.1. Cell culture

Human glioma cell lines U87 and U251 were obtained from the Cell Bank of Chinese
Academy of Science (Shanghai, China). The cell lines were cultured in DMEM
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(Corning, Beijing, China) supplemented with 10% FBS (Ausbian, Harbin, China),
maintained at 37 °C with 5% CO,. The medium was changed every three days.

4.2. Cell proliferation assay

The logarithmic phase cells were cultured in 96-well plates at density of 5x10°
cells/well, and treated with different doses (20, 10, 5, 2.5, 1.25, 0.625, 0.3125,
0.15625, 0.078125 pg/ml) of CN-3 for 24 h, four replicated wells were set for each
experimental condition. Cell proliferation and cytotoxicity were assessed using Cell
Counting Kit-8 (CCK-8), 10 ul CCK-8 was added to each well and incubated at 37
°C and 5% CO, for 2 h, measuring the absorbance at wavelength of 450 nm using
a microplate reader.

4.3. Flow cytometric analysis

The logarithmic phase cells were cultured at 6-well plates at density of 2x10° cells,
were treated with different doses (0, 1.5, 3 pg/ml) of CN-3 for 24 h, three repli-
cated wells were used for each experimental condition. Then the treated cells were
digested with trypsin and washed in cold PBS (4 °C) twice, cells apoptosis was
determined using Annexin V Apoptosis Detection kit I. The result was evaluated
by a flow cytometer (BD Bioscience) after the cells were labeled with Annexin-V
and PI.

4.4. Transmission electron microscopy analysis

Cells were fixed in 2% glutaraldehyde for 2 h and washed two times 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. The 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).

4.5. TUNEL assay

Cells were cultured on cell plates coated with poly-L-lysine (PLL) and incubated for
24 h. After incubation with CN-3 for 24 h, and PBS washing twice, the cells were
incubated with fluorescein isothiocyanate (FITC)-dUTP for 15 min at room tempera-
ture in the dark. Thereafter, the cells were washed additional two times with PBS.
Then, under a fluorescence microscope five random fields of vision were inspected,
while apoptotic cells (green fluorescence cells) and normal cells (red fluorescence
cells) were recorded.

4.6. Real time cellular analysis (RTCA)

The proliferation assay and the cell growth index were recorded using ICELLigence
(ACEA Biosciences, Inc., San Diego, CA, USA) as the real time cell analysis
(RTCA) system. All monitoring was performed at 37 °C with regulated CO, content
5%. E-plates (culture plates for the ICELLigence system) containing 200 pl culture
medium per well were equilibrated to 37 °C, the cells were seeded at 5000 cells per
well in cell culture.

4.7. Western blot analysis

Cells were treated with different doses (0, 3 ug/ml) of CN-3 for 24 h, and washed
twice in cold PBS. Then the treated cells were collected and lysed in RIPA lysis
buffer. Bicinchoninic acid (BCA) kit was used to determine protein concentra-
tion, all the protein samples were quantified to be the same concentration. Cell
lysates (50 pg) were subjected to sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE) and transferred onto polyvinylidene difluoride (PVDF)
membrane. Then incubated with the primary antibody anti-PI3K (proteintech
Inc, China, product code: 20584-1-AP), anti-P-Akt (Affinity Biosciences, Inc.,
USA, product code: AF0908), anti-AKT (Servicebio Inc., China, product code:
GB13427), anti-BAX (Servicebio Inc., China, product code: GB11690), anti-cyto-
chrome C (Servicebio Inc., China, product code: GB11080), anti-BCL2 (Wanleibio
Co, China, product code: WL0234), and anti-GAPDH (Santa Cruz Biotechnology,
Inc., USA, product code: sc-32233) at 4°C overnight after blocked with 5% non-fat
dry milk, wash with 0. 1% PBST for 3 times for 5 minutes each time, and then
incubated again with the secondary antibody in a dark place for 1 h, and repeat the
washing process. The protein level was corrected using glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The band density was quantified by densitometry using
Image J software.

4.8. Statistical analysis

Results presented were analyzed by the GraphPad Prism software 7. 0, and all the
data were expressed as mean+standard deviation, and the one-way Analysis of Vari-
ance (ANOVA) was used to analyze the multigroup differences. A t test was used to
examine the differences between two groups. The value of p < 0.05 suggested that the
difference was statistically significant differences.
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