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Background: Cyclovirobuxine D (CVBD), a steroidal alkaloid, has multiple
pharmacological activities, including anti-cancer activity. However, the anti-cancer effect
of CVBD on glioblastoma (GBM) has seldom been investigated. This study explores the
activity of CVBD in inducing apoptosis of GBM cells, and examines the related mechanism
in depth.

Methods: GBM cell lines (T98G, U251) and normal human astrocytes (HA) were treated
with CVBD. Cell viability was examined by CCK-8 assay, and cell proliferation was
evaluated by cell colony formation counts. Apoptosis and mitochondrial superoxide
were measured by flow cytometry. All protein expression levels were determined by
Western blotting. JC-1 and CM-H2DCFDA probes were used to evaluate the
mitochondrial membrane potential (MMP) change and intracellular ROS generation,
respectively. The cell ultrastructure was observed by transmission electron microscope
(TEM). Colocal izat ion of cofi l in and mitochondr ia were determined by
immunofluorescence assay.

Results: CVBD showed a greater anti-proliferation effect on the GBM cell lines, T98G and
U251, than normal human astrocytes in dose- and time-dependent manners. CVBD
induced apoptosis and mitochondrial damage in GBM cells. We found that CVBD led to
mitochondrial translocation of cofilin. Knockdown of cofilin attenuated CVBD-induced
apoptosis and mitochondrial damage. Additionally, the generation of ROS and
mitochondrial superoxide was also induced by CVBD in a dose-dependent manner. N-
acetyl-L-cysteine (NAC) and mitoquinone (MitoQ) pre-treatment reverted CVBD-induced
apoptosis and mitochondrial damage. MitoQ pretreatment was able to block the
mitochondrial translocation of cofilin caused by CVBD.
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Conclusions: Our data revealed that CVBD induced apoptosis and mitochondrial
damage in GBM cells. The underlying mechanism is related to mitochondrial
translocation of cofilin caused by mitochondrial oxidant stress.
Keywords: cyclovirobuxine D (CVBD), glioblastoma (GBM), apoptosis, mitochondrial damage, oxidative stress
INTRODUCTION

Glioma, which is the most common central nervous system
cancer, accounts for about 40% to 50% of all intracranial
tumors (1). Glioblastoma (GBM), classified as grade IV by the
World Health Organization (WHO), is the most fatal and
malignant type of glioma (2). The median survival time of
GBM patients is about 18 months, and only about 30% of
patients achieve 2-year survival (3, 4). At present, the standard
therapy for GBM is surgical resection combined with local
radiotherapy, and adjuvant chemotherapy with the alkylating
agent temozolomide (TMZ) (5). Although patients treated with
TMZ have a significantly higher survival than those treated with
radiotherapy alone, the overall prognosis is still poor, and the
resistance of GBM cells to TMZ is often to blame (6, 7).
Therefore, there is an urgent need to find a novel and effective
anti-GBM agent.

Accumulated evidence has revealed that natural products
have marvelous anti-cancer effects, such as inhibiting cell
proliferation, inducing apoptosis and mitochondrial damage,
and promoting oxidative-stress (8–12). Cyclovirobuxine D
(CVBD) is an alkaloid derived from Buxus sinica and other
plants of the same genus (13). Published studies suggest that
CVBD has an effect on various cancer cells. For instance, CVBD
inhibits colorectal cancer tumorigenesis via the CTHRC1-AKT/
ERK-Snail signaling pathway (14), and exerts anticancer effects
by suppressing the EGFR-FAK-AKT/ERK1/2-Slug signaling
pathway in human hepatocellular carcinoma (15). Moreover,
CVBD inhibits cell proliferation and induces mitochondria-
mediated apoptosis in human gastric cancer cells (16), and
induces autophagy-associated cell death via the Akt/mTOR
pathway in MCF-7 human breast cancer cells (17). However,
the anticancer effects and detailed mechanism of CVBD action
against GBM have rarely been investigated.

Cofilin is from the actin-depolymerizing factor (ADF) family,
which is best known as a key regulator of actin filament dynamics
(18). Recent discoveries have increased our knowledge of cofilin
beyond its well-characterized roles. Cofilin has a pivotal role in
cancer progression, invasion, and apoptosis (19). Increasing
evidence indicates that the function of cofilin is strongly
associated with apoptosis mediated by mitochondrial
functioning and dynamics (20). After induction of apoptosis,
dephosphorylated cofilin is translocated from the cytosol into the
mitochondria before the release of cytochrome c (21). The
excessive generation of reactive oxygen species (ROS) can be
harmful to cells, and cancer cells are more vulnerable to damage
by increased oxidative stress caused by exogenous agents (22).
ROS play a key role in cell growth, progression, differentiation,
and death, especially the increased ROS involved in the fate of
2

cancer cells (23, 24). Several studies have revealed that ROS
participate in the activation of the classic apoptosis pathway and
mitochondrial damage, through molecules and proteins
associated with either mitochondrial function or cell death
(25–28). Mitochondria are the main cellular organelles for
bioenergetics, metabolism, biosynthesis, and cell death (29).
Several reports have shown that the over-generation of
mitochondrial superoxide could promote GBM cell death via
phosphorylation of JNK (30). Mitochondrial superoxide
accumulation could activate the intrinsic apoptosis pathway in
multiple myeloma cells (31).

In our present study, the mechanism of CVBD for inducing
mitochondrial damage and apoptosis in GBM cells was revealed.
This work generates fresh insight into the association of CVBD-
induced GBM cell apoptosis with the mitochondrial superoxide -
mediated translocation of cofilin.
MATERIALS AND METHODS

Chemicals and Antibodies
Cyclovirobuxine D (Cat.no. A0075) was purchased from
CHENGDU MUST BIO-TECHNOLOGY CO., LTD (Chengdu,
China); Z-VAD-FMK (Cat.no. HY-16658), Mitoquinone (Cat.no.
HY-100116A) and CCCP (Cat.no. HY-100941) were purchased
from MedChemExpress (Monmouth Junction, NJ, USA); N-acetyl-
L-cysteine (NAC) (Cat.no. ST1546) was purchased from Beyotime
(Shanghai, China); DMSO (Cat.no. D8418) was purchased from
Sigma–Aldrich Chemical Co. (St. Louis, MO, USA); antibodies
against C-Caspase3 (Cat.no. 9116S), GAPDH (Cat.no. 2118),
phospho -AKT (Cat.no. 4060S) were purchased from Cell
Signaling Technology (Beverly, MA, USA); cofilin (Cat.no.
ab42824), phospho-Cofilin (S3, Cat.no. ab12866), VDAC1
(Cat.no. ab14734), phospho-ERK (Cat.no. ab50011), AKT
(Cat.no. ab200195) and ERK (Cat.no. ab17942)were obtained
from Abcam (Cambridge, UK); PARP (Cat.no. 13371-1-AP), and
cytochrome c (Cat.no. 10993-1-AP) were purchased from
Proteintech (Rosemont, IL, USA).

Cell Lines and Cell Culture
The GBM cell lines, T98G and U251, were obtained from the
American Type Culture Collection (ATCC, Manassas, VA,
USA). Human astrocytes (HA) and growth medium were
obtained from Scien Cell Research Laboratories (Carlsbad, CA,
USA). DMEM medium (Cat.no. SH30022.01, Hyclone
Laboratories, Inc. Logan, UT, USA) and 10% fetal bovine
serum (Cat.no. 10099141C, Gibco, Carlsbad, CA, USA) were
used for culturing the T98G and U251 cells. All cell lines were
cultured in a humidified atmosphere at 37 °C in 5% CO2.
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CCK-8 Cell Viability Assay
Cells were seeded in 96-well plates with 5 × 103 cells/well and
incubated for 24 h, followed by treatment with CVBD (0, 40, 80,
120, 160 mM) for different periods of time (0, 12, 24, 36, 48 h).
Additionally, the cells were treated with CVBD (120 mM) for 24 h
after being pre-treated with NAC (20 mM) for 2 h or MitoQ
(0.5 mM) for 30 min. Subsequently, a 10 mL Cell Counting Kit-8
(CCK-8, MCE, Cat.no. HY-K0301, Monmouth Junction, NJ,
USA) was added to each well and incubated at 37 °C and 5%
CO2 for 2 h before the absorbance at 450 nm was measured with
a microplate reader (Agilent Technologies, CA, USA). The cell
viabilities are expressed as a percentage.

Cell Colony-Forming Assay
Cells were seeded in six-well plates with 500 cells/well and then
incubated for 24 h, followed by treatment with different doses of
CVBD (0, 40, 80, 120, 160 mM) for 24 h. The medium containing
CVBD was then replaced with fresh complete medium and the
cells were incubated at 37 °C and 5% CO2, changing the culture
medium every three days. After 15 days, the colonies were fixed
for 10 min with 4% paraformaldehyde (PFA) (Cat.no. C0121,
Beyotime, Shanghai, China), followed by staining for 15 min
with crystal violet staining solution (Cat.no. P0099, Beyotime,
Shanghai, China). The colonies were scanned with CanoScan
Lide (Canon, Japan).

Apoptosis Assay
Cells were stained with Annexin V/FITC and PI (Cat.no. 556547,
BD Biosciences, Franklin Lakes, NJ, USA) following the
manufacturer’s specifications. Briefly, 2 × 105 cells/well were
collected and centrifuged at 600 g for 5 min. Cell pellets were
resuspended with 1 mL PBS. Centrifugation and resuspension
were repeated twice. Then, cells were stained with 2 ml Annexin
V/FITC and 5 ml PI in 1× binding buffer for 15 min at room
temperature in the dark. Quantitative analysis of apoptotic cells
was undertaken by flow cytometry (Accuri C6, BD Biosciences,
Franklin Lakes, NJ, USA).

Measurement of Mitochondrial Membrane
Potential (MMP)
Cells were seeded in six-well plates with 2 × 105 cells/well and
cultured for 24 h. Cells were stained with a JC-1 probe (Cat.no.
C2006, Beyotime, Shanghai, China) according to the
manufacturer’s instructions. After staining, cells were washed
twice and 2 ml/well of medium was added. The green and red
fluorescence were observed by fluorescence microscope (Thermo
Fisher Scientific, Waltham, MA, USA). The level of
mitochondrial membrane potential (MMP) is expressed as the
relative ratio of red (J-aggregates) and green (monomer)
fluorescence. Quantification of fluorescence intensity was
obtained through analysis using Image J software (National
Institutes of Health, Bethesda, MD, USA).

Transmission Electronic Microscopy (TEM)
Cells were treated according to the previous method, and the
collected cell pellets were fixed at 4 °C overnight in 2.5%
Frontiers in Oncology | www.frontiersin.org 3
glutaraldehyde, then were fixed at room temperature for 1.5 h
in 2% osmium tetroxide using uranyl acetate/lead citrate to
embed and stain the cells after fixation. The cell sections were
carried out using a transmission electron microscope at 60 kV.

RNA Interference Assay
The target shRNA sequence was constructed by Gene Chem Co.
Ltd. (Shanghai, China). The sequence of the cofilin shRNA was
as follows: 5′–CCGGAAGGTGTTCAATGACATGAAAC
TCGAGTTTCATGTCATTGAACACCTTTTTTTG–3′. The
control shRNA plasmid was purchased from Santa Cruz
Biotechnology, Inc. (Cat.no. sc-108060, Dallas, TX, USA).
293FT cells were co-transfected with the lentiviral packing
vectors pLP1, pLP2, and pLP/VSVG (Invitrogen, Carlsbad, CA,
USA), along with the shCofilin or shCon plasmid, using
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) for 48 h.
The supernatant containing the lentivirus was harvested and
used for infection of T98G and U251 cells. Subsequently, selected
stable cell lines were treated with 4 mg/ml puromycin (Cat.no.
P9620. Sigma–Aldrich, St. Louis, MO, USA).

Measurement of Intracellular ROS
Generation
Cells were seeded in six-well plates with 2 × 105 cells/well and
incubated for 24 h. They were treated with the indicated
concentrations of CVBD for 24 h, or pre-treated with NAC for
2 h before being treated with CVBD. Following replacement of
the cell medium, we incubated the cells with 10 mM CM-
H2DCFDA serum-free culture medium for 30 min at 37 °C
(Cat.no. C6827, Molecular Probes, Thermo Fisher Scientific,
Waltham, MA, USA). Subsequently, the cells were washed
twice with PBS. The green fluorescence change of intracellular
ROS was observed using a fluorescent microscope (Thermo
Fisher Scientific, Waltham, MA, USA), and Image J software
(National Institutes of Health, Bethesda, MD, USA) was used to
quantify the ROS fluorescence intensity.

Measurement of Mitochondrial Superoxide
Generation
Cells were seeded in six-well plates with 2 × 105 cells/well and
cultured for 24 h. The cells were treated with the indicated
concentrations of CVBD for 24 h, or were pre-treated with Mito
Q for 30 min before being treated with CVBD. After the drug
treatments, cells were incubated with MitoSOX™ Red
(Invitrogen, Carlsbad, CA, USA) for 30 min at 37 °C.
Quantification of mitochondrial superoxide was by flow
cytometry (Accuri C6, BD Biosciences, Franklin Lakes,
NJ, USA).

Immunofluorescence
Cells were seeded on coverslips and cultured for 24 h. According
to the manufacturer’s protocol, mitochondria were stained with
MitoTracker (Deep Red FM) (Cat.no. M22426, Invitrogen,
Carlsbad, CA, USA) for 30 min at 37 °C. Cells were fixed with
4% paraformaldehyde (PFA) for 30 min in the dark, and
permeated with 0.1% Triton 100 (Cat.no. ST795, Beyotime,
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Shanghai, China) for 5 min. After being blocked in normal goat
serum for 30 min at room temperature, cells were incubated with
antibody overnight at 4 °C, followed by washing and incubating
with the appropr ia te secondary ant ibodies . Af ter
immunostaining, cells were stained for 3–5 min with DAPI
nuclear stain. Cells were observed using confocal microscopy
(Cat.no. LSM 780NLO, Carl Zeiss, Germany).

Extraction of Cell Mitochondria
Cells were seeded in 100mm cell culture dish and cultured for
24 h. Cell mitochondria isolation as performed using the Cell
Mitochondria Isolation Kit (Cat.no. C3601, Beyotime, Shanghai,
China) according to the manufacture’s protocol. Cells were
collected and suspended with mitochondrial extraction agent.
After being centrifugating, the precipitate was followed by
washing twice with mitochondrial lysate agent. After being
centrifugating again, the supernatant was collected as
mitochondrial protein. Finally, the concentration of
mitochondrial protein sample was quantified by BCA assay.

Western Blotting
Cells were collected for lysis with RIPA buffer (Cat.no. P0013,
Beyotime, Shanghai, China), and the concentration of each
protein sample was quantified by BCA assay. The protein
samples (15–30 mg) were separated by 10–12% SDS-PAGE and
transferred to PVDF membranes (Cat.no. ISEQ00010, Millipore,
Billerica, MA, USA). The membranes were incubated overnight
with primary antibodies at 4 °C after being blocked with 5% milk
for 1 h. Subsequently, the membranes were incubated with
horseradish peroxidase (HRP)-conjugated antibodies for 2 h
and visualized using an enhanced chemiluminescence (ECL)
substrate (Cat.no. 1705060, Bio-Rad, Hercules, CA, USA). We
used the Image J software (National Institutes of Health,
Bethesda, MD, USA) to determine the gray density of the
protein bands.

Statistical Analysis
Colocalization correlation coefficients were determined using
Image J software. All experimental data are represented as the
mean ± SD from three independent experiments. The
comparisons were performed using a one-way analysis of
variance (ANOVA) or t-test by SPSS 19.0 (IBM Corporation,
Armonk, NY, USA). * P < 0.05, ** P < 0.01 or *** P < 0.001 was
considered statistically significant.
RESULTS

CVBD Inhibits Cell Proliferation in Human
GBM Cells
The chemical structure of cyclovirobuxine D (CVBD) indicated
in Figure 1A. To study the effect of CVBD on the growth of
human GBM cells and normal human astrocytes (HA), the cell
viabilities were determined by CCK-8 assay. We found that the
cell viabilities were decreased in a dose-dependent manner in
T98G and U251 cells treated with CVBD. The cell viability of
Frontiers in Oncology | www.frontiersin.org 4
normal human astrocytes (HA) was affected only rarely
(Figure 1B). In addition, we also evaluated the effect of CVBD
on cell clone formation in T98G and U251 cells. As shown in
Figures 1C, D, treating T98G and U251 cells with CVBD clearly
reduced cell clone formation in a dose-dependent manner. These
results suggest that CVBD could inhibit GBM cell proliferation.

CVBD Induces Apoptosis in Human GBM
Cells
To determine whether CVBD causes GBM cell death, the
apoptosis of T98G and U251 cells was detected by flow
cytometry. Treatment of cells with CVBD for 24 h noticeably
induced apoptosis of T98G and U251 cells in a dose-dependent
manner (Figures 2A, B). Consistent with these findings, CVBD
treatment caused activation of cleaved- caspase3 and degradation
of PARP with formation of cleaved-PARP (Figures 2C, D).
Furthermore, T98G and U251 cells were pre-treated with Z-
VAD-FMK, a pan-caspase inhibitor, and this significantly
attenuated the apoptotic rate induced by CVBD (Figures 2E, F).
Western blotting results showed that pre-treatment with Z-VAD-
FMK could markedly attenuate the upregulation of C-PARP and
C-Caspase3 induced by CVBD, and inhibit the degradation of
PARP induced by CVBD (Figures 2G, H). Overall, these results
indicated that CVBDmay induce caspase-dependent apoptosis of
T98G and U251 cells.

CVBD Induces Mitochondrial Damage in
Human GBM Cells
Several studies have suggested that cell apoptosis can be caused
by mitochondrial damage. To determine the effect of CVBD on
mitochondrial damage in T98G and U251 cells, the
mitochondrial membrane potential (MMP) was detected using
a fluorescent probe JC-1.,and CCCP as an classical
mitochondrial proton carrier uncoupling agent, which can
increase the proton permeability of the mitochondrial
membrane and destroy the mitochondrial membrane potential.
As shown in Figures 3A, B, treatment with CVBD or CCCP
enhanced the green fluorescence intensity and weakened the red
fluorescence intensity in T98G and U251 cells, which indicates
that the mitochondrial membrane potential (MMP) was
decreased. Notably, the result of MitoTracker (Deep Red FM)
staining showed the average length of mitochondria of cells
exposed to CVBD was shorter than those exposed to placebo
(control), which indicates that CVBD could lead to marked
mitochondrial fragmentation (Figures 3C, D). To determine
the morphology of mitochondria in T98G and U251 cells treated
with CVBD, the ultrastructural changes of cells were examined
by transmission electron microscopy (TEM). As shown in Figure
3E, themitochondrial morphology of cells treated with CVBDwas
shrunken and rounded compared to the control group. The release
of cytochrome c (Cyto C) from mitochondria into the cytoplasm
indicated the activation of the intrinsic pathway of apoptosis,
which mitochondrial dependent. Therefore, we evaluated the
expression level of Cyto C in the cytosolic fraction by Western
blotting analysis. As shown in Figures 3F, G, CVBD significantly
increased the expression level of Cyto C in the cytosolic fraction.
March 2021 | Volume 11 | Article 656184

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. CVBD Induces Glioblastoma Cells Apoptosis
Together, these results show that CVBD induces mitochondrial
damage in GBM cells.

Mitochondrial Translocation of Cofilin Is
Required for CVBD-Induced Mitochondrial
Damage and Apoptosis in GBM Cells
We detected the effect of CVBD on de-phosphorylation and
mitochondrial translocation of cofilin in T98G and U251 cells.
Western blotting showed that CVBD decreased the expression
level of phospho-cofilin in whole cell lysate (WCL), but increased
the expression level of cofilin in the mitochondria fraction and
decreased it in the cytosolic fraction in a dose-dependent manner
(Figures 4A, B). To further confirm whether cofilin was
translocated to mitochondria, the colocalization of cofilin and
mitochondria was detected by immunofluorescence analysis. As
shown in Figures 4C, D, the colocalization of the green puncta of
cofilin and MitoTracker (Deep Red FM) was observed in cells
treated with CVBD. The colocalization correlation coefficient of
CVBD treatment group significantly higher than control group
(Figure 4E).Overall, these results suggested that CVBD induced
mitochondrial translocation of cofilin in GBM cells.

Based on the above studies, we further investigated whether
mitochondrial translocation of cofilin is required for CVBD-
induced mitochondrial damage and apoptosis. Therefore, we
knocked down the cofilin with shRNA to clarify the role of cofilin
in CVBD-induced mitochondrial damage and apoptosis.
Western blotting results showed that knockdown of cofilin
significantly inhibited the high expression level of cofilin in the
mitochondria fraction induced by CVBD (Figures 4F, G).
Knockdown of cofi l in inhibited the mitochondria l
Frontiers in Oncology | www.frontiersin.org 5
fragmentation (Figures 4H, I) and attenuated the apoptosis
induced by CVBD (Figures 4J, K). Consistent with these
findings, knockdown of cofilin reduced the CVBD-mediated
upregulation of C-PARP and C-Caspase3 and the release of
Cyto C from the mitochondria, and inhibited the degradation of
PARP induced by CVBD (Figures 4L, M). Taken together, these
results suggest that mitochondrial translocation of cofilin is
essential for CVBD-induced mitochondrial damage
and apoptosis.

CVBD Induces Accumulation of Reactive
Oxygen Species (ROS) in GBM Cells
We explored the effect of CVBD on ROS generation in GBM
cells, in which the green fluorescence of the CM-H2DCFDA
probe indicated intracellular ROS generation. As shown in
Figures 5A, B, green fluorescence was enhanced in a dose-
dependent manner in cells treated with CVBD. Subsequently,
cells pre-treated with N-acetyl-L-cysteine (NAC) showed
lower green fluorescence intensity than those treated with
CVBD alone (Figures 5C, D). In Figure 5E, the cell viability
of cells pre-treated with NAC is higher than in those treated
with CVBD alone. To further investigate whether ROS were
involved in CVBD-induced cell apoptosis, cells were pre-
treated with NAC for 2 h, and apoptosis was detected by
flow cytometry. As shown in Figures 5F, G, cells pre-treated
with NAC significantly decreased the apoptotic rate induced
by CVBD. Western blotting results showed that pre-treatment
with NAC significantly obstructed the CVBD-induced
upregulation of C-PARP and C-Caspase3 and the release of
Cyto C, and inhibited the degradation of PARP induced by
A B

D
C

FIGURE 1 | CVBD inhibits cell proliferation and colony formation in glioblastoma (GBM) cells. (A) The chemical structure of cyclovirobuxine D (CVBD). (B) GBM cells
(T98G and U251) and normal human astrocytes (HA) were treated with CVBD (40, 80, 120, 160 mM) for 12, 24, and 48 h. Cell viability was measured by CCK-8
assay, and 0 mM CVBD was used as a control group. (C, D) Colony formation was assessed by plate clone formation assay in T98G and U251 cells (mean ± SD of
three independent experiments, *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control group).
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CVBD (Figures 5H, I). These findings indicated that
intracellular ROS accumulation resulted in CVBD-meditated
apoptosis in GBM cells.

CVBD Induces Mitochondrial Superoxide
Production in GBM Cells
To further clarify the role of mitochondrial oxidative stress in
apoptosis induced by CVBD, mitochondrial superoxide
production was detected by MitoSOX™ Red staining and flow
cytometry. As shown in Figures 6A, B, the percentage of
mitochondrial superoxide production in GBM cells was
Frontiers in Oncology | www.frontiersin.org 6
gradually increased after CVBD treatment. Subsequently, cells
pre-treated with MitoQ showed a lower percentage of
mitochondrial superoxide than those treated with CVBD alone
(Figures 6C, D). In Figure 6E, pretreatment with MitoQ, a
mitochondrial superoxide inhibitor, reversed the decrease in cell
viability induced by CVBD. To further investigate whether Mito
ROS are involved in CVBD-induced cells apoptosis, cells were pre-
treated with MitoQ and apoptosis was detected by flow cytometry.
As shown in Figures 6F, G, pre-treatment with MitoQ
significantly decreased the apoptotic rate induced by CVBD.
Consistent with the above findings, Western blotting results
A B

D

E F

G H

C

FIGURE 2 | CVBD induces apoptosis in GBM cells. (A, B) T98G and U251 cells were exposed to various concentrations of CVBD (80, 120, 160 mM) for 24 h, and
0 mM CVBD was used as the control group. Apoptosis was detected by AnnexinV-FITC/PI staining and flow cytometry. (C, D) T98G and U251 cells were treated as
indicated in (A, B). The total cellular extracts of T98G and U251 cells were determined by Western blotting using antibodies against total PARP, cleaved PARP
(C-PARP), and cleaved-Caspase3 (C-Caspase3) (mean ± SD of three independent experiments, *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control
group). GAPDH was used as a loading control. (E, F) T98G and U251 cells were pre-treated with Z-VAD-FMK (20 mM, 2 h) and post-treated with CVBD (120 mM)
for 24 h. Apoptosis was detected by AnnexinV-FITC/PI staining and flow cytometry. (G, H) T98G and U251 cells were treated as indicated in (E). The expression
level of PARP, C-PARP, and C-Caspase3 were determined by Western blotting analysis. GAPDH was used as a loading control (mean ± SD of three independent
experiments, ***P < 0.001 compared with CVBD treatment alone).
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A B

D

E

F G

C

FIGURE 3 | CVBD induces mitochondrial damage in GBM cells. (A, B) T98G and U251 cells were exposed to various concentrations of CVBD (80, 120, 160 mM)
for 24 h, and 0 mM CVBD was used as the control group. CCCP was used as the positive control (50 mM, 30 min). The mitochondrial membrane potential (MMP)
was detected by a fluorescence microscope using JC-1 probe staining (mean ± SD of three independent experiments ***P < 0.001 compared with the control
group). (C, D) T98G and U251 cells were treated with CVBD (120 mM) for 24 h. Mitochondrial morphology was observed using MitoTracker (Deep Red FM) staining
followed by confocal microscopy. Scale bars: 10 mM. The average length of the mitochondria was measured by Image J software (mean ± SD of three independent
experiments, ***P < 0.001 compared with the control group). (E) Representative TEM images of T98G and U251 cells, treated as indicated in (C). Red arrows
indicate mitochondria. Scale bars: 0.5 mM. (F, G) T98G and U251 cells were treated with various concentrations of CVBD for 24 h. The expression level of Cyto C in
the cytoplasm was detected by Western blotting analysis. GAPDH was used as a loading control (mean ± SD of three independent experiments, **P < 0.01, ***P <
0.001 compared with the control group).
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A B

D E

F G

IH J

K L M

C

FIGURE 4 | CVBD induces mitochondrial translocation of cofilin, and knockdown of cofilin attenuates CVBD-mediated mitochondrial damage and apoptosis.
(A, B) T98G and U251 cells were exposed to various concentrations of CVBD for 24 h. The expression level of p-cofilin and cofilin in the whole cell lysate (WCL) and
cofilin in the mitochondrial fractions was determined by Western blotting analysis. GAPDH and VDAC1 were used as loading controls. GAPDH was also used as
cytosolic marker (mean ± SD of three independent experiments, *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control group). (C, D) T98G and U251 were
treated with CVBD (120 mM) for 24 h; the colocalization of MitoTracker (red) and cofilin (green) was observed by confocal microscopy. Scale bars: 10 mM. For
(E) Quantitative analysis of colocalization of MitoTracker (red) and cofilin (green). Colocalization correlation coefficients were represented as mean ± SD (***P < 0.001
compared with the control group). For (F–M), T98G and U251 cells were stably knocked down and exposed to CVBD (120 mM) for 24 h. (F, G) The expression level
of cofilin in the WCL and mitochondrial fractions was determined by Western blotting. GAPDH and VDAC1 were used as loading controls. GAPDH was also used as
cytosolic marker. (H, I) The mitochondrial morphology was observed using MitoTracker (Deep Red FM) staining, followed by confocal microscopy. Scale bars: 10
mM. The mitochondrial average length was measured with Image J software. (J, K) Apoptosis was detected by Annexin V-FITC/PI staining and flow cytometry.
(L, M) The expression level of PARP, C-PARP, C-Caspase3, and Cyto C (C) was determined by Western blotting analysis. GAPDH was used as a loading control
(mean ± SD of three independent experiments, ***P < 0.001).
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showed that pre-treatment with MitoQ significantly reduced the
upregulation ofC-PARP andC-Caspase3 and the release ofCytoC
induced by CVBD, and could inhibit the degradation of PARP
induced by CVBD (Figures 6H, I). These results suggested that
apoptosis of T98G and U251 induced by CVBD was caused by
mitochondrial superoxide production.
Frontiers in Oncology | www.frontiersin.org 9
Inhibited Mitochondrial Superoxide
Production Blocked CVBD-Meditated
Mitochondrial Translocation of Cofilin
To investigate whether the generation of mitochondrial
superoxide is related to the mitochondrial translocation of
cofilin induced by CVBD, we used Western blotting and an
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FIGURE 5 | CVBD induces ROS generation and NAC inhibits ROS generation, attenuating CVBD-mediated apoptosis. (A, B) T98G and U251 cells were exposed
to various concentrations of CVBD for 24 h, and 0 mM CVBD was used as the control group. The ROS generation was observed by fluorescence microscopy using
a CM-H2DCFDA probe (mean ± SD of three independent experiments, **P < 0.01, ***P < 0.001 compared with the control group). (C, D) T98G and U251 cells were
pre-treated with NAC (20 mM, 2 h) and post-treated with CVBD (120 mM) for 24 h, and the ROS generation was observed by fluorescence microscopy using CM-
H2DCFDA probe staining. (E) T98G and U251 cells were treated as indicated in (C), and the cell viability was examined by CCK-8 assay. (F, G) T98G and U251
cells were treated as indicated in (C), and apoptosis was detected by AnnexinV-FITC/PI staining and flow cytometry. (H, I) T98G and U251 cells were treated as
indicated in (C), and the expression of PARP, C-PARP, C-Caspase3, and Cyto C (C) was determined by Western blotting analysis. GAPDH was used as a loading
control (mean ± SD of three independent experiments, ***P < 0.001 compared with CVBD treatment alone).
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immunofluorescence assay to evaluate the mitochondrial
translocation of cofilin. In Figures 7A, B, Western blotting
results show that pre-treatment with MitoQ markedly
decreased the CVBD-induced upregulation of cofilin in the
Frontiers in Oncology | www.frontiersin.org 10
mitochondria fraction, and reversed the downregulation of p-
cofilin in the whole cell lysate (WCL). We subsequently
determined the colocalization of cofilin and mitochondria by
immunofluorescence assay. As shown in Figures 7C, D,
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FIGURE 6 | CVBD induces mitochondrial superoxide generation and MitoQ inhibits mitochondrial superoxide production, which attenuates CVBD-mediated
apoptosis. (A, B) T98G and U251 cells were exposed to various concentrations of CVBD for 24 h, and 0 mM CVBD was used as the control group. The

mitochondrial superoxide generation was detected by flow cytometry using MitoSOX™ Red staining (mean ± SD of three independent experiments, **P < 0.01,
***P < 0.001 compared with the control group). (C, D) T98G and U251 cells were pre-treated with MitoQ (0.5 mM, 30 min) and post-treated with CVBD (120 mM) for

24 h. The mitochondrial superoxide generation was detected by flow cytometry using MitoSOX™ red staining. (E) T98G and U251 cells were treated as indicated in
(C), and the cell viability was examined by CCK-8 assay. (F, G) T98G and U251 cells were treated as indicated in (C), and the apoptosis was detected by AnnexinV-
FITC/PI staining and flow cytometry. (H, I) T98G and U251 cells were treated as indicated in (C), and the expression of PARP, C-PARP, C-Caspase3, and Cyto C
(C) was determined by Western blotting analysis. GAPDH was used as a loading control (mean ± SD of three independent experiments, **P < 0.01, ***P < 0.001
compared with CVBD treatment alone).
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pre-treatment with MitoQ obviously decreased the CVBD-
mediated colocalization of cofilin ’s green puncta and
MitoTracker (Deep Red FM). The colocalization correlation
coefficient of pre-treatment with MitoQ group significantly
lower than CVBD treatment alone (Figure 7E). These results
indicated that inhibited mitochondrial superoxide generation
blocked CVBD-meditated mitochondrial translocation of cofilin.
DISCUSSION

Cyclovirobuxine D (CVBD), a steroidal alkaloid extracted from
Buxus sinica, has a long history of treating cardiovascular
diseases (13). However, studies are increasingly reporting that
CVBD shows remarkable suppressive effects in various cancers,
such as colorectal cancer, hepatocellular carcinoma, gastric
cancers, and breast cancer. In terms of mechanism, several
studies have found that CVBD, through the CTHRC1-AKT/
ERK-Snail pathway or EGFR-FAK-AKT/ERK1/2-Slug pathway,
Frontiers in Oncology | www.frontiersin.org 11
inhibit cancer tumorigenesis through CVBD inducing
mitochondrial apoptosis in cancer cells. Moreover, CVBD
causes cancer cell death of autophagy associated with the AKT/
mTOR pathway (14–17). Meanwhile, CVBD could active AKT/
ERK signaling pathway in T98G and U251. In our current study,
we found that CVBD inhibited proliferation and induced
apoptosis of GBM cells. Mechanistically, we further found that
CVBD triggered apoptosis by causing mitochondrial
dysfunction, which is primarily attributed to the mitochondria
translocation of cofilin via the activation of mitochondrial
oxidative stress.

As previous published studies have mentioned, cofilin is best
known as an actin depolymerizing factor, and it could increase
the rate of actin depolymerization through regulating actin
dynamics (32, 33). Several studies reveal that cofilin, a member
of the cofilin/actin depolymerizing factor (ADF) family, plays a
critical role in mitochondrial function and apoptosis. Recently, it
was reported that de-phosphorylation and mitochondrial
translocation of cofilin are connected with mitochondrial
A

B
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FIGURE 7 | Inhibited Mitochondrial superoxide production attenuates CVBD-induced mitochondrial translocation of cofilin. (A, B) T98G and U251 cells were pre-
treated with MitoQ (0.5 mM, 30 min) and post-treated with CVBD (120 mM) for 24 h. The expression level of p-cofilin and cofilin in the whole cell lysate (WCL), and
cofilin in the mitochondrial fractions, was determined by Western blotting analysis. GAPDH and VDAC1 were used as loading controls. GAPDH was also used as
cytosolic marker (mean ± SD of three independent experiments, ***P < 0.001 compared with CVBD treatment alone). (C, D) T98G and U251 cells were treated as
indicated in (A), and the colocalization of MitoTracker (red) and cofilin (green) was observed by confocal microscopy. Scale bars: 10 mM. (E) Quantitative analysis of
colocalization of MitoTracker (red) and cofilin (green). Colocalization correlation coefficients were represented as mean ± SD (***P < 0.001 compared with CVBD
treatment alone).
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damage (34). Cofilin is also involved in the malignant invasion of
cancer cells (35), and has been identified as a key protein
involved in the initiation phase of oxidative stress-mediated
mitochondrial apoptosis (21, 36). Recent research suggested
that mitochondrial translocation of cofilin is an early stage in
cell apoptosis (21). Mitochondrial translocation of cofilin
induced by cyclohexene was found to be the underlying
mechanism of anti-leukemia (37). Cofilin was confirmed to
translocate to the mitochondria after isoalantolactone-induced
apoptosis in GBM (38). These results indicated that
mitochondrial translocation of cofilin is pivotal for inducing
cell apoptosis. However, only dephosphorylated cofilin could
translocate to the mitochondria and lead to mitochondrial
damage and cell apoptosis (21). During apoptosis, the
dephosphorylated expression level of cofilin is increased, and
cofilin is translocated from the cytosol to the mitochondria,
resulting in cytochrome c release and activating caspase-
dependent apoptosis (39). Consistent with these reports, our
study confirmed that cofilin dephosphorylates and translocates
to the mitochondria during CVBD-induced apoptosis, leading to
mitochondrial damage. CVBD treatment decreased the
expression level of phospho-cofilin in the whole cell lysate
(WCL) and increased the expression level of cofilin in the
mitochondria fraction. Knocking down cofilin reduced the
mitochondrial translocation of cofilin induced by CVBD.
Third, knocking down cofilin weakened the apoptosis induced
by CVBD, reduced the upregulation of cleaved-PARP and
cleaved-Caspase3 expression levels, and inhibited the release of
cytometry c from the mitochondria mediated by CVBD.
Therefore, these results further support the idea that
mitochondrial translocation of cofilin is required for CVBD-
induced apoptosis.

It has been demonstrated that ROS play a key role in cell
proliferation and differentiation (40, 41), but excessive
generation of ROS can lead to oxidative damage of lipids,
proteins, and DNA (42). ROS and oxidant stress of cells have
been associated with cancer; increased ROS plays an important
part in initiation and progression of cancers (23, 43). Previous
reports have suggested that excessive production of ROS by
exogenous means is more harmful to cancer cells (22). For
instance, increasing ROS by exogenous drugs can cause
apoptosis, DNA damage, or mitochondrial dysfunction of
several cancers, including colorectal cancer, oral cancers, and
breast cancer cells (44–46). We found that the effect of CVBD in
inducing GBM cell apoptosis is related to the increase of
intracellular ROS. First, CVBD increased the level of
intracellular ROS in a dose-dependent manner. Second, NAC,
as a ROS inhibitor, exhibited clear effects by decreasing the level
of intracellular ROS induced by CVBD. Third, NAC pre-
treatment significantly attenuated the CVBD-induced apoptosis
in T98G and U251 cells. Thus, we explicated that CVBD-induced
apoptosis of GBM occurs by upregulating the level of
intracellular ROS.

Mitochondria play a pivotal role in cellular energy metabolism
and cell apoptosis (29, 47). In the literature we found that
Frontiers in Oncology | www.frontiersin.org
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approximately 90% of intracellular ROS is produced by the
mitochondria, which are the main source of superoxide radicals
(48, 49). Excessive mitochondrial oxidant stress could lead to
cytochrome c release from the mitochondria to the cytosol, and
activate caspase-apoptosis and DNA damage in cancer cells (50).
Mitochondrial superoxide production results in caspase activation
and pancreatic cancer cell apoptosis (51, 52). Scavenging MitoSOX
could effectively attenuate the mitochondria impairment and
apoptosis induced by DOX (53, 54). Consistent with these
findings, in our study we found that the effect of CVBD in
inducing GBM cell apoptosis is related to the increase of
mitochondrial superoxide. First, the level of mitochondrial
superoxide was increased by CVBD treatment in a concentration-
dependent manner. Second, MitoQ, as a mitochondrial–targeted
antioxidant, inhibited the generation of mitochondrial superoxide
aroused by CVBD. Third, pre-treatment with MitoQ also
significantly weakened the apoptosis caused by CVBD in T98G
and U251 cells. These results could be explained by the fact that
inhibition of the production of mitochondrial superoxide can
largely suppress the apoptosis-inducing effect of CVBD. We also
clarified the relationship between the generation of ROS and
mitochondrial superoxide with apoptosis induced by CVBD. In
light of this, we speculated whether ROS or mitochondrial
superoxide production can give rise to the mitochondrial
translocation of cofilin. A recent study demonstrated that methyl
antcinate A (MAA) activated the generation of ROS in Huh7 cells,
and that MAA led to mitochondrial translocation of cofilin. Pre-
treatment of Huh7 cells with NAC markedly attenuated the
apoptosis and mitochondrial translocation of cofilin induced by
MAA (55). However, whether mitochondrial superoxide
production is the reason for mitochondrial translocation of cofilin
has not yet been studied. Surprisingly, we found that the level of
cofilin in the mitochondria in GBM cells was decreased following
pre-treatment with MitoQ, compared to CVBD treatment alone.
Likewise, pre-treatment with MitoQ led to the colocalization of
cofilin and mitochondria being dramatically inhibited. These results
indicated that mitochondrial superoxide production could lead to
the mitochondrial translocation of cofilin.
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Martinez-Ruiz L, et al. Combination of melatonin and rapamycin for head
and neck cancer therapy: Suppression of AKT/mTOR pathway activation, and
activation of mitophagy and apoptosis via mitochondrial function regulation.
J Pineal Res (2018) 64(3):e12461. doi: 10.1111/jpi.12461

28. Kleih M, Böpple K, Dong M, Gaißler A, Heine S, Olayioye MA, et al. Direct
impact of cisplatin on mitochondria induces ROS production that dictates cell
fate of ovarian cancer cells. Cell Death Dis (2019) 10(11):851. doi: 10.1038/
s41419-019-2081-4

29. Hu Q, GaoM, Feng G, Liu B. Mitochondria-Targeted Cancer Therapy Using a
Light-Up Probe with Aggregation-Induced-Emission Characteristics.
Angewandte Chemie Int Edition (2014) 53(51):14225–9. doi: 10.1002/
anie.201408897

30. Zheng L, Wang C, Luo T, Lu B, Ma H, Zhou Z, et al. JNK Activation
Contributes to Oxidative Stress-Induced Parthanatos in Glioma Cells via
Increase of Intracellular ROS Production. Mol Neurobiol (2016) 54(5):3492–
505. doi: 10.1007/s12035-016-9926-y

31. Shi L, Wu Y, Dl L, Feng L. Scutellarein selectively targets multiple myeloma
cells by increasing mitochondrial superoxide production and activating
intrinsic apoptosis pathway. Biomed Pharmacother (2019) 109:2109–18.
doi: 10.1016/j.biopha.2018.09.024

32. Bravo-Cordero JJ, Magalhaes MAO, Eddy RJ, Hodgson L, Condeelis J.
Functions of cofilin in cell locomotion and invasion. Nat Rev Mol Cell Biol
(2013) 14(7):405–15. doi: 10.1038/nrm3609

33. Van Troys M, Huyck L, Leyman S, Dhaese S, Vandekerkhove J, Ampe C. Ins
and outs of ADF/cofilin activity and regulation. Eur J Cell Biol (2008) 87(8-
9):649–67. doi: 10.1016/j.ejcb.2008.04.001

34. Hu J, Zhang H, Li J, Jiang X, Zhang Y, Wu Q, et al. ROCK1 activation-
mediated mitochondrial translocation of Drp1 and cofilin are required for
March 2021 | Volume 11 | Article 656184

https://www.frontiersin.org/articles/10.3389/fonc.2021.656184/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.656184/full#supplementary-material
https://doi.org/10.1093/neuonc/nou087
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1200/JCO.2017.73.0119
https://doi.org/10.1038/s41590-019-0433-y
https://doi.org/10.1038/s41590-019-0433-y
https://doi.org/10.1016/j.redox.2019.101220
https://doi.org/10.1016/j.gendis.2016.04.007
https://doi.org/10.1016/j.canlet.2019.06.006
https://doi.org/10.1016/j.ejmech.2018.08.036
https://doi.org/10.1016/j.bbcan.2020.188338
https://doi.org/10.3390/antiox9030228
https://doi.org/10.1111/cpr.12894
https://doi.org/10.3390/antiox9100977
https://doi.org/10.1016/j.fitote.2011.04.016
https://doi.org/10.3892/ijo.2020.5038
https://doi.org/10.1089/dna.2019.4990
https://doi.org/10.3390/molecules201119729
https://doi.org/10.1254/jphs.14013FP
https://doi.org/10.1242/jcs.187849
https://doi.org/10.1016/j.tcb.2010.01.001
https://doi.org/10.1038/s41388-017-0064-4
https://doi.org/10.1038/ncb1070
https://doi.org/10.1038/nrd2803
https://doi.org/10.1016/j.ccr.2006.08.015
https://doi.org/10.1016/j.bbamcr.2016.09.012
https://doi.org/10.1186/s13046-016-0457-1
https://doi.org/10.1007/s13402-018-0398-0
https://doi.org/10.1111/jpi.12461
https://doi.org/10.1038/s41419-019-2081-4
https://doi.org/10.1038/s41419-019-2081-4
https://doi.org/10.1002/anie.201408897
https://doi.org/10.1002/anie.201408897
https://doi.org/10.1007/s12035-016-9926-y
https://doi.org/10.1016/j.biopha.2018.09.024
https://doi.org/10.1038/nrm3609
https://doi.org/10.1016/j.ejcb.2008.04.001
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. CVBD Induces Glioblastoma Cells Apoptosis
arnidiol-induced mitochondrial fission and apoptosis. J Exp Clin Cancer Res
(2020) 39(1):649–67. doi: 10.1186/s13046-020-01545-7

35. Chang C-Y, Leu J-D, Lee Y-J. The Actin Depolymerizing Factor (ADF)/
Cofilin Signaling Pathway and DNA Damage Responses in Cancer. Int J Mol
Sci (2015) 16(2):4095–120. doi: 10.3390/ijms16024095

36. Bamburg JR, Wiggan ONP. ADF/cofilin and actin dynamics in disease. Trends
Cell Biol (2002) 12(12):598–605. doi: 10.1016/s0962-8924(02)02404-2

37. Zheng Y, Ouyang Q, Fu R, Liu L, Zhang H, Hu X, et al. The cyclohexene
derivative MC-3129 exhibits antileukemic activity via RhoA/ROCK1/PTEN/
PI3K/Akt pathway-mediated mitochondrial translocation of cofilin. Cell
Death Dis (2018) 9(6):656. doi: 10.1038/s41419-018-0689-4

38. Xing JS, Wang X, Lan YL, Lou JC, Ma B, Zhu T, et al. Isoalantolactone inhibits
IKKb kinase activity to interrupt the NF-kB/COX-2-mediated signaling
cascade and induces apoptosis regulated by the mitochondrial translocation
of cofilin in glioblastoma. Cancer Med (2019) 8(4):1655–70. doi: 10.1002/
cam4.2013

39. Liao PH, Hsu HH, Chen TS, Chen MC, Day CH, Tu CC, et al.
Phosphorylation of cofilin-1 by ERK confers HDAC inhibitor resistance in
hepatocellular carcinoma cells via decreased ROS-mediated mitochondria
injury. Oncogene (2016) 36(14):1978–90. doi: 10.1038/onc.2016.357

40. Boonstra J, Post JA. Molecular events associated with reactive oxygen species
and cell cycle progression in mammalian cells. Gene (2004) 337:1–13.
doi: 10.1016/j.gene.2004.04.032

41. Feng Y, Hua X, Niu R, Du Y, Shi C, Zhou R, et al. ROS play an important role
in ATPR inducing differentiation and inhibiting proliferation of leukemia cells
by regulating the PTEN/PI3K/AKT signaling pathway. Biol Res (2019) 52
(1):26–9. doi: 10.1186/s40659-019-0232-9

42. Perry G, Raina AK, Nunomura A, Wataya T, Smith MA. How important is
oxidative damage? Lessons from Alzheimer’s disease. Free Radical Biol Med
(2015) 28(5):831–4. doi: 10.1016/s0891-5849(00)00158-1

43. Pelicano H, Carney D, Huang P. ROS stress in cancer cells and therapeutic
implications. Drug Resist Updates (2004) 7(2):97–110. doi: 10.1016/
j.drup.2004.01.004

44. Gurunathan S, Jeyaraj M, Kang M-H, Kim J-H. Melatonin Enhances
Palladium-Nanoparticle-Induced Cytotoxicity and Apoptosis in Human
Lung Epithelial Adenocarcinoma Cells A549 and H1229. Antioxidants
(2020) 9(4):357. doi: 10.3390/antiox9040357

45. Tang J-Y, Wu K-H, Wang Y-Y, Farooqi AA, Huang H-W, Yuan S-SF, et al.
Methanol Extract of Usnea barbata Induces Cell Killing, Apoptosis, and DNA
Damage against Oral Cancer Cells through Oxidative Stress. Antioxidants
(2020) 9(8):694. doi: 10.3390/antiox9080694

46. Yu T-J, Tang J-Y, Lin L-C, Lien W-J, Cheng Y-B, Chang F-R, et al.
Withanolide C Inhibits Proliferation of Breast Cancer Cells via Oxidative
Stress-Mediated Apoptosis and DNA Damage. Antioxidants (2020) 9(9):873.
doi: 10.3390/antiox9090873

47. Pathania D, Millard M, Neamati N. Opportunities in discovery and delivery of
anticancer drugs targeting mitochondria and cancer cell metabolism.
Frontiers in Oncology | www.frontiersin.org 14
Advanced Drug Delivery Rev (2009) 61(14):1250–75. doi: 10.1016/
j.addr.2009.05.010

48. Sabharwal SS, Schumacker PT. Mitochondrial ROS in cancer: initiators,
amplifiers or an Achilles’ heel? Nat Rev Cancer (2014) 14(11):709–21.
doi: 10.1038/nrc3803

49. Zhang W, Hu X, Shen Q, Xing D. Mitochondria-specific drug release and
reactive oxygen species burst induced by polyprodrug nanoreactors can
enhance chemotherapy. Nat Commun (2019) 10(1):1704. doi: 10.1038/
s41467-019-09566-3

50. Xu L, Wu T, Lu S, Hao X, Qin J, Wang J, et al. Mitochondrial superoxide
contributes to oxidative stress exacerbated by DNA damage response in
RAD51-depleted ovarian cancer cells. Redox Biol (2020) 36:101604.
doi: 10.1016/j.redox.2020.101604

51. Pati ML, Hornick JR, Niso M, Berardi F, Spitzer D, Abate C, et al. Sigma-2
receptor agonist derivatives of 1-Cyclohexyl-4-[3-(5-methoxy-1,2,3,4-
tetrahydronaphthalen-1-yl)propyl]piperazine (PB28) induce cell death via
mitochondrial superoxide production and caspase activation in pancreatic
cancer. BMC Cancer (2017) 17(1):51. doi: 10.1186/s12885-016-3040-4

52. Semkova S, Zhelev Z, Miller T, Sugaya K, Aoki I, Higashi T, et al. Menadione/
Ascorbate Induces Overproduction of Mitochondrial Superoxide and Impairs
Mitochondrial Function in Cancer: Comparative Study on Cancer and
Normal Cells of the Same Origin. Anticancer Res (2020) 40(4):1963–72.
doi: 10.21873/anticanres.14151

53. Luanpitpong S, Chanvorachote P, Nimmannit U, Leonard SS, Stehlik C, Wang
L, et al. Mitochondrial superoxide mediates doxorubicin-induced keratinocyte
apoptosis through oxidative modification of ERK and Bcl-2 ubiquitination.
Biochem Pharmacol (2012) 83(12):1643–54. doi: 10.1016/j.bcp.2012.03.010

54. Yin J, Guo J, Zhang Q, Cui L, Zhang L, Zhang T, et al. Doxorubicin-induced
mitophagy andmitochondrial damage is associated with dysregulation of the PINK1/
parkin pathway. Toxicol Vitro (2018) 51:1–10. doi: 10.1016/j.tiv.2018.05.001

55. Hsieh YC, Rao YK, Wu CC, Huang CYF, Geethangili M, Hsu SL, et al. Methyl
Antcinate A from Antrodia camphorata Induces Apoptosis in Human Liver
Cancer Cells through Oxidant-Mediated Cofilin- and Bax-Triggered
Mitochondrial Pathway. Chem Res Toxicol (2010) 23(7):1256–67.
doi: 10.1021/tx100116a

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Zhang, Fu, Duan, Li, Li, Ming, Li, Ni and Chen. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
March 2021 | Volume 11 | Article 656184

https://doi.org/10.1186/s13046-020-01545-7
https://doi.org/10.3390/ijms16024095
https://doi.org/10.1016/s0962-8924(02)02404-2
https://doi.org/10.1038/s41419-018-0689-4
https://doi.org/10.1002/cam4.2013
https://doi.org/10.1002/cam4.2013
https://doi.org/10.1038/onc.2016.357
https://doi.org/10.1016/j.gene.2004.04.032
https://doi.org/10.1186/s40659-019-0232-9
https://doi.org/10.1016/s0891-5849(00)00158-1
https://doi.org/10.1016/j.drup.2004.01.004
https://doi.org/10.1016/j.drup.2004.01.004
https://doi.org/10.3390/antiox9040357
https://doi.org/10.3390/antiox9080694
https://doi.org/10.3390/antiox9090873
https://doi.org/10.1016/j.addr.2009.05.010
https://doi.org/10.1016/j.addr.2009.05.010
https://doi.org/10.1038/nrc3803
https://doi.org/10.1038/s41467-019-09566-3
https://doi.org/10.1038/s41467-019-09566-3
https://doi.org/10.1016/j.redox.2020.101604
https://doi.org/10.1186/s12885-016-3040-4
https://doi.org/10.21873/anticanres.14151
https://doi.org/10.1016/j.bcp.2012.03.010
https://doi.org/10.1016/j.tiv.2018.05.001
https://doi.org/10.1021/tx100116a
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Cyclovirobuxine D Induces Apoptosis and Mitochondrial Damage in Glioblastoma Cells Through ROS-Mediated Mitochondrial Translocation of Cofilin
	Introduction
	Materials and Methods
	Chemicals and Antibodies
	Cell Lines and Cell Culture
	CCK-8 Cell Viability Assay
	Cell Colony-Forming Assay
	Apoptosis Assay
	Measurement of Mitochondrial Membrane Potential (MMP)
	Transmission Electronic Microscopy (TEM)
	RNA Interference Assay
	Measurement of Intracellular ROS Generation
	Measurement of Mitochondrial Superoxide Generation
	Immunofluorescence
	Extraction of Cell Mitochondria
	Western Blotting
	Statistical Analysis

	Results
	CVBD Inhibits Cell Proliferation in Human GBM Cells
	CVBD Induces Apoptosis in Human GBM Cells
	CVBD Induces Mitochondrial Damage in Human GBM Cells
	Mitochondrial Translocation of Cofilin Is Required for CVBD-Induced Mitochondrial Damage and Apoptosis in GBM Cells
	CVBD Induces Accumulation of Reactive Oxygen Species (ROS) in GBM Cells
	CVBD Induces Mitochondrial Superoxide Production in GBM Cells
	Inhibited Mitochondrial Superoxide Production Blocked CVBD-Meditated Mitochondrial Translocation of Cofilin

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


