Molecular Biology Reports (2021) 48:539-549
https://doi.org/10.1007/511033-020-06087-x

ORIGINAL ARTICLE q

Check for
updates

The natural flavones, acacetin and apigenin, induce Cdk-Cyclin
mediated G2/M phase arrest and trigger ROS-mediated apoptosis
in glioblastoma cells

Anil Khushalrao Shendge'® - Dipankar Chaudhuri' - Nripendranath Mandal’

Received: 27 July 2020 / Accepted: 12 December 2020 / Published online: 4 January 2021
© The Author(s), under exclusive licence to Springer Nature B.V. part of Springer Nature 2021

Abstract

Brain and CNS-related cancers are rare; however, 0.3 million incidences and 0.24 million deaths in 2018 demonstrates the
unrelenting associated dangers. Glioblastoma is a brain cancer of star-shaped glial cells. It is almost universally fatal within 2
years of diagnosis despite maximal medical therapies. This study aims to evaluate the in-depth anticancer activity of acacetin
and apigenin on glioblastoma cells (U87). In the present report, we have isolated two flavonoids, acacetin and apigenin; and
studied the in-depth anticancer activity on U87 cells. Selective cytotoxicity of acacetin and apigenin was observed towards
the U87 cells (ICs,: 43.73 +1.19 and 48.18 +1.37 pM, respectively). The flow cytometer-based result revealed the induc-
tion of G2/M phase arrest along with the increase in sub G1 population upon compound treatment. Annexin-V-FLUOS
and DAPI staining also confirmed the apoptosis-inducing effects of compounds. Flow cytometer and confocal microscopy-
based DCFH-DA staining showed ROS-inducing effect of the compounds. The up-regulation of p21 and down-regulation
of Cyclin-Al, Cyclin-B1, and Cdk-1 revealed the G2/M phase arrest mechanism of acacetin and apigenin. Furthermore,
western blotting result confirmed the activation of intrinsic pathway of apoptosis upon acacetin treatment and activation of
both extrinsic and intrinsic pathways of apoptosis upon apigenin treatment through the regulation of Bax, t-Bid, caspase 8,
caspase 9, caspase 3, and PARP. The obtained result showed a significant effect (P <0.05) of acacetin and apigenin on U87
cells. Acacetin and apigenin-induced ROS is responsible for the induction of cell cycle arrest and activation of caspase-
cascade pathways in U87 cells.
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Introduction cancer development, and cancer is the second leading cause

of death globally. In 2018 alone, nearly 18.1 million cases

Abnormal cellular behavior and uncontrolled prolifera-
tion of cells are the fundamental characteristics of can-
cer. Almost every part of the human body is vulnerable to
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were diagnosed, and 9.6 million deaths were estimated. The
brain and CNS-related cancers are rare; nearly 0.3 million
cases were reported worldwide only in 2018 [1]. While the
incidences of brain and other nervous system cancers are
relatively less compared to other cancers, the high mortal-
ity rate makes such cancers more dangerous. For example,
breast cancer, the most common type of cancer, has nearly
55.2% of crude incidences rate and 16.6% of crude mor-
tality rate. In contrast, brain and CNS-related cancers have
a 3.5% of crude incidence rate and 2.8% of crude mortality
rate. This translates to almost 0.24 million people losing
their lives from the 0.3 million brain and CNS-related cancer
cases reported in 2018. In the USA, almost 23-thousand new
cases were found, with 18-thousand deaths only in the year
2020. Brain and CNS-related cancer represent only 1.3% of
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all new cancer cases in the USA; however, it represents 3.0%
of all cancer deaths [2].

The most common histological type of primary CNS can-
cer is glioma, a group of malignant brain tumors. Glioblas-
toma, a brain cancer of glial origin, is almost universally
fatal within 2 years of diagnosis despite maximal surgical
and medical therapy [3]. The primary cause of most adult
brain and CNS related cancer is not known. However, cer-
tain genetic syndromes may increase the risk of a central
nervous system tumor [4]. Although many drugs have been
approved to treat the brain and CNS-related cancers, the
5-year survival rate for people with a brain or CNS tumor is
almost 36%. Natural resources have a long history as drugs
to treat various detrimental diseases, and they continue to
be an inspiration source for drug discovery.

Natural resources include a diverse group of substances
from numerous plants, fungi, algae, bacteria, insects, and
marine organisms. Among the substances, flavonoids are
secondary metabolites that play a significant role in color
and aroma formation in the flowers. Many flavonoids have
been previously reported for their numerous biological activ-
ities [5, 6]. The genus Clerodendrum is widely distributed
throughout the tropical and subtropical regions of the world
[7]. Several species of Clerodendrum have been used in tra-
ditional medicine [8, 9]. Some of them have been studied for
antioxidants, iron chelation, anticancer, and anti-inflamma-
tory potentials [10—12]. Therefore, this study aims to evalu-
ate in-depth anticancer activity of acacetin and apigenin on
a glioblastoma cell line (U87).

Materials and methods
Chemicals

Dulbecco’s Modified Eagle’s Medium (DMEM), antibiotics,
and sodium bicarbonate were provided by HiMedia Labo-
ratories Pvt. Ltd., Mumbai, India. HyClone Laboratories,
Inc., Utah, USA, provided Fetal bovine serum (FBS). Roche
Diagnostics (Mannheim, Germany) provided cell prolifera-
tion reagent (WST-1), Annexin-V-FLUOS staining kit, and
polyvinyl difluoride (PVDF) membrane. Triton X-100,
RNAase A, and 4',6-diamidino-2-phenylindole (DAPI) were
provided by MP Biomedicals, France. Dichloro-dihydro-flu-
orescein diacetate (DCFH-DA) was purchased from Alexis
Biochemicals, San Diego, USA. Anti-Cdk-1, anti-Cyclin A1,
and anti-Cyclin B1 antibodies were provided by Bioss Anti-
bodies Inc., Massachusetts, USA. The anti-Bcl-2 antibody
was purchased from AnaSpec, Inc., USA. Anti-p21 (WAFI,
Cipl) antibody was purchased from eBioscience San Diego,
USA. Anti-Bax, anti-caspase 3, anti-caspase 9, anti-PARP,
and anti-f-actin antibodies were purchased from OriGene
Technologies, Inc., Rockville, USA. The Cell Signalling
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Technology Inc. (Danvers, Massachusetts, USA) provided
the alkaline phosphatase-conjugated anti-rabbit secondary
antibody. All the other used reagents and chemicals were
purchased from reputed companies.

Sample collection

Clerodendrum viscosum leaves were collected from the Dar-
jeeling and Siliguri region of West Bengal, India. The tax-
onomist, Prof. A. P. Das authenticated the collected sample,
and the same has been stored at the Herbarium of Botany
Department, University of North Bengal, India, with acces-
sion number 9617.

Isolation and structure elucidation of compounds

The C. viscosum leaves were collected and prepared the
70% methanolic extract and named as CVLME (C. visco-
sum leaves methanol extract). CVLME was further frac-
tionated with various solvents according to the previously
reported protocol [13]. The 31 g of collected CVLE (ethyl
acetate fraction of C. viscosum) was then subjected to silica
gel column chromatography and then eluted with increasing
hexane: ethyl acetate solvent using a step gradient of 10%
(100:0-0:100) and obtained 11 sub-fractions (EAF1-11).
The detailed experimental design is provided in Fig. S1.

Isolation and structure elucidation of CE1

The collection of ethyl acetate sub-fraction 5 (EAFS) was
obtained after applying 10 1 of 25% ethyl acetate in hexane.
EAFS5 was further concentrated using a rotary evaporator at
37 °C. The concentrated sample itself gets crystallized in
a round bottom flask. The sample was dissolved in 5 ml of
20% methanol in DCM at 40 °C and recrystallized it. The
isolated crystals were stored at 4 °C by naming CE1. The
CE1 was used for structure elucidation by using LC-MS, IR
spectra, and finally, NMR. LC-MS spectra indicated the par-
ent mass (m/z)-283.1, Melting Point—260-265 °C. IR spec-
tra showed the characteristic peaks of the broad hydroxyl
group at 3429, 3021 (Strong), methoxy group at 2960,
2927, ester carbonyl group at 1723, aromatic unsaturation
at 1645 cm-1 (Fig. S2). Finally, the NMR technique 1H 1D
NMR, 13C 1D NMR, and DEPT-135 1D NMR were used to
elucidate the compound’s structure (Fig. S3). The structure
of CE1 was confirmed to be an acacetin. The structure of
acacetin is shown in Fig. la.

NMR data 1H NMR (500 MHz, DMSO d6)-8: 3.85 (1H,
s, C4’-OCH3), 6.205 (1H, d, j=2.5, Ar-2'H), 6.506 (1H,
d, j=2, Ar-3'H, 5'H), 6.83 (1H, s, C3-H), 7.107 (1H, dd,
J=15,J=1.5,C7-0OH, C8), 8.016 (1H, dd, J=1.5,J=1.5,
C5-0H, C6), 12.898 (1H, s, 6'H).
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Fig.1 Structure and cytotoxic potential of isolated compounds from
C. viscosum leaves. (a) Structure of acacetin, (b) structure of api-
genin, (c¢) cytotoxic effect of acacetin on U87 and WI-38 cells, (d)

13C NMR (500 MHz, DMSO d6) 8: 55.61 (C-4'-OCH3),
94.14 (C-8), 98.99 (C-6), 103.54 (C-3), 103.79 (C-10),
114.697 (C-3, C5'), 122.84 (C 1'), 128.39 (C-2', C-6"),
157.42 (C-9), 161.48 (C-5), 162.39 (C-4"), 163.44 (C-2),
164.32 (C-7), 181.84 (C-4).

Isolation and structure elucidation of CE3

The collected EAF7 was further used for a re-column pro-
cess followed by HPLC. We have collected one major peak
using preparative HPLC at retention time of 32.8 min. The
collected sample was further concentrated by using a rotary
evaporator and stored at 4 °C by naming CE3. The detailed
isolation and structure elucidation process of CE3 was
described in a previously published report [14]. The struc-
ture of apigenin is showed in Fig. 1b.

In vitro anticancer study
Cell lines

The glioblastoma (U87) and normal lung fibroblast (WI-
38) cell lines were purchased from the National Center for
Cell Sciences (NCCS) Pune, India. Both the cell lines were
supplied with DMEM containing 100 U/ml of penicillin G,
100 pg/ml of streptomycin, 50 pg/ml of gentamycin sulfate,
2.5 pg/ml of amphotericin-B, and 10% FBS. The cell lines
were maintained in a 37 °C incubator with a constant supply
of 5% CO,.

WST-1 cell viability assay
WST-1 cell proliferating reagent was used to evaluate the

cytotoxic potential of acacetin and apigenin on U87 cells
[15]. For the assay, 1x 10* U87 cells were seeded in a

Acacetin Concentration (uM)
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cytotoxic effect of apigenin on U87 and WI-38 cells. The results were
expressed as cell viability (% of control). All data were expressed as
mean+SD (n=6). *p <0.05, **p <0.01 and ***p <0.001 vs. 0 pM

96-well plate and treated with different concentrations of
acacetin and apigenin (0-50 pM). After the 24 h of treat-
ment, the cells were washed with PBS (phosphate-buffered
saline) and incubated with 10 pl of WST-1 containing media
for 2-3 h. The absorbance was recorded at 460 nm on micro-
plate ELISA reader MULTISKAN EX (Thermo Electron
Corporation, USA).

Cell cycle phase distribution analysis

To study the cell cycle analysis, the U87 cells were seeded in
a 12-well plate and treated with different concentrations of
acacetin and apigenin (0-50 pM) for 24 h. After treatment,
the cells were pelleted down and washed with PBS. The cells
were further dislodged and incubated with 70% methanol for
3 min at —20 °C. After incubation, the cells were fully re-
suspended in a 0.5 ml cold PBS solution containing RNase
A and incubated at 37 °C for a minimum 1 h. The cells
were further stained with propidium iodide (PI) dye, and cell
cycle phase distribution was analyzed using a flow cytometer
(FACS Verse, Becton Dickinson) [15].

Apoptosis study using Annexin-V-FLUOS staining kit

Apoptotic inducing effect of acacetin and apigenin
(0-50 pM) on U87 cells was confirmed through Roche pro-
vided annexin-V-FLUOS staining kit following a standard
protocol [15]. The acacetin and apigenin-treated U87 cells
were analyzed using a flow cytometer (FACS Verse, Bec-
ton Dickinson), and the % of the apoptosis population was
quantified.

Study the fragmentation of DNA using DAPI staining

The acacetin and apigenin-induced apoptosis were further
confirmed through the confocal microscopy using a DAPI
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staining as described previously [16]. Briefly, the seeded
cells were treated with acacetin and apigenin (0-50 pM) for
24 h. The cells were further fixed with 4% paraformaldehyde
and incubated the plate in a CO, incubator for 30 min. After
gentle washing, the cells were permeabilized with 0.5%
Triton X-100 for 10 min at room temperature. After PBS
washing, the cells were stained with DAPI solution (10 pg/
ml) and incubated for 30 min in the CO, incubator. The mor-
phological changes in the drug-treated and untreated nuclei
were observed under a laser scanning confocal microscope
(Leica TCS SPS8, Illinois, United States).

ROS measurement using DCFH-DA staining

The effect of acacetin and apigenin treatment (0-50 pM)
on ROS induction in U87 cells was evaluated through the
DCFH-DA staining as described previously [17]. 1x 103
cells were seeded in a 12-well culture plate and treated with
acacetin and apigenin for 24 h. Upon incubation, the cells
were washed with PBS and incubated with 20 pM DCFH-
DA for 30 min. After PBS washes, the intensity of intracellu-
lar ROS was measured using a flow cytometer (FACS Verse,
Becton Dickinson).

Western blotting analysis

Proteins of acacetin and apigenin-treated (50 uM) and
untreated U87 cells were extracted using a cell lysis buffer,
and total protein quantification was performed using a Folin
Lowry method. Equal amounts of protein from each sample
was used to resolve on 12% SDS-PAGE and transferred to
PVDF membrane using a transfer buffer. Transferred blots
were then blocked with a blocking buffer containing 5%
skimmed milk and incubated at 4 °C overnight. After block-
ing, the blots were incubated with the following primary
antibodies (Anti-Cyclin A1, anti-Cyclin B1, anti-Cdk-1,
anti-p21, anti-Bax, anti-Bcl-2, anti-caspase 3, anti-caspase
9, anti-PARP, and anti-p-actin) at room temperature. Further,
the blots were incubated with secondary antibody (alkaline
phosphatase-conjugated anti-rabbit IgG) for 4 h at room
temperature [15]. Finally, the blots were developed using
the substrate (BCIP/NBT), and images were taken using the
EC3 Chemi HR imaging system (UVP, USA). The p-actin
was used as a loading control.

Statistical analysis

All the experimental data were reported as the mean + SD
of minimum three measurements. The statistical analysis
was performed by using KyPlot (version 2.0 beta 15 (32
bit)). When A1 =ICs;,, Y =response (Y =100% when X =0),
X =inhibitory concentration. Y =100 X A1/(X+ A1) for-
mula was used to calculate the ICs, values. The ICs; values

@ Springer

were compared by paired t-test and values with P <0.05
were considered significant.

Results
In vitro anticancer study
Cell viability assay

Cell proliferation was quantified using the WST-1 cell pro-
liferation reagent. It was found that acacetin and apigenin
showed a potent cytotoxic effect towards the U87 cells with
an ICsy: 43.73 +£1.19 and 48.18 +1.37 pM, respectively.
Interestingly, none of the compounds showed cytotoxic effect
on normal fibroblast cell line WI-38 (ICs,: 964.27 +92.24
and 912.29 +36.40 pM, respectively) (Fig. Ic, d).

Analysis of cell cycle and apoptosis using flow cytometer

Cell cycle phase distribution of the acacetin and apigenin-
treated U87 cells was analyzed through a flow cytometer.
The results showed an increase in the G2/M phase popula-
tion in U87 cells upon the treatment of both the compounds.
The 18.94% G2/M population was observed in untreated
U87 cells, while 30 pM concentration of acacetin-treatment
increases the G2/M cell population to 27.18%. The 50 pM
concentration of the apigenin showed a 25.31% G2/M cell
population in U87 cells, which may be due to the excess
death of the cells in high drug concentration. Moreover,
acacetin increases the sub-G1 population in U87 cells from
0.54% to 28.32% (Fig. 2a). On the other hand, apigenin
also induces G2/M phase cell cycle arrest in U87 cells. It
increases G2/M phase population from 19.78% to 27.28%
with increase of sub-G1 population from 0.74% to 22.29%
(Fig. 3a). The annexin-V-FLUOS staining also confirmed
the apoptotic effect of both the compounds on U87 cells.
The annexin plot showed a negligible apoptotic population
(0.04%) in untreated U87 cells, while the highest dose of
acacetin and apigenin-treatment showed 33.18% and 28.00%
apoptotic population in the U87 cells, respectively (Figs. 2b
and 3b).

Morphological analysis using a confocal microscopy

Morphological analysis of the cell nuclei was done using a
DAPI Staining and observed through the laser scanning con-
focal microscope. The Fig. 4a, b revealed that untreated U87
cells were found with normal morphology and intact nuclei.
In contrast, the acacetin and apigenin-treated (50 pM) U87
cells showed condensed and fragmented nuclei, which are a
characteristic of apoptosis.
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Fig.2 Cell cycle and apoptosis analysis of acacetin-treated U87 cells
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Fig. 3 Cell cycle and apoptosis analysis of apigenin-treated U87 cells
through a flow cytometer. (a) Sub GI1, Gl, S, and G2/M phases of
U87 cells treated with the indicated doses of apigenin for 24 h. The

Selective induction of ROS in U87 cells

DCFH-DA is a fluorescent dye that is used to determine
the intracellular ROS levels. The ROS-inducing effect of
acacetin and apigenin was evaluated on the U87 cells. The
flow cytometric observations showed the dose-dependent
ROS induction effect of acacetin and apigenin in U87
cells. Nearly twofold increased ROS levels were observed
in acacetin-treated U87 cells, while almost 2.5 fold
increased were observed in apigenin-treated U87 cells.
Interestingly, none of the compounds showed ROS induc-
tion in normal fibroblast cells (WI-38) (Fig. 4c, e). The
results were further confirmed by visualizing U87 cells
under a laser scanning confocal microscope by DCFH-DA
staining, and visual results also support the data of a flow
cytometer (Fig. 4d, f).
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Western blotting analysis of cell cycle regulatory proteins

Western blotting was performed to analyze the expres-
sion of the cell cycle and apoptosis regulatory proteins.
The western blotting results of cell cycle regulatory pro-
teins also confirmed the previously reported G2/M phase
arrest in U87 cells upon acacetin and apigenin-treatment.
Acacetin and apigenin-treatment showed down-regulated
expressions of Cyclin A1, Cyclin B1, and Cdk-1. Moreo-
ver, the activation of p21 was also observed upon the
treatment with both the compounds. Along with the G2/M
phase cell cycle arrest, the apoptosis regulatory proteins
were also analyzed upon acacetin and apigenin-treatment
on U87 cells. Results revealed that the up-regulation of
Bax and down-regulation of Bcl-2 in a time-dependent
manner led to the increase in the Bax/Bcl-2 ratio. Further
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Fig.4 Apoptosis and ROS inducing effect of acacetin and apigenin
on US87 cells. (a) Nuclei of acacetin-treated/untreated U87 cells
were stained with DAPI solution and observed under a confocal
microscope (b) nuclei of apigenin-treated/untreated U87 cells were
stained with DAPI solution and observed under a confocal micro-
scope. The white arrows indicated in figure showed the fragmented
and condensed nuclei of U87 cells upon acacetin and apigenin treat-
ment, (¢) ROS inducing ability of acacetin in U87 and WI-38 cells.

activation of caspase 9 and subsequent activation of cas-
pase 3 in acacetin-treated U87 cells showed the initiation
of the intrinsic pathway of apoptosis (Fig. 5a). On the
other hand, truncation of Bid, activation of caspase 8,
caspase 9, and caspase 3 evidenced the initiation of both
extrinsic and intrinsic apoptosis mechanisms in apigenin-
treated U87 cells (Fig. 5b). Finally, the treatment of both
compounds leads to the cleavage of PARP protein, which
plays a vital role in the continuation of the apoptosis
process.
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Apigenin (50 pM)

b Control

Acacetin (50 pM)

Apigenin (50 uM)

The acacetin-treated/untreated cells were stained with DCFH-DA dye
and observed through a flow cytometer, (d) acacetin-treated U87 cells
were stained with DCFH-DA and observed under a confocal micro-
scope, (e) ROS inducing ability of apigenin in U87 and WI-38 cells.
The apigenin-treated/untreated cells were stained with DCFH-DA dye
and observed through a flow cytometer, (f) apigenin-treated U87 cells
were stained with DCFH-DA and observed under a confocal micro-
scope

Discussion

Cancer is an increasing burden on the scientific com-
munity due to late diagnoses, high metastasis, increased
resistance, and the enormous side effects of available
drugs. The Global Cancer Observatory (GCO) has pro-
jected annual diagnoses of nearly 24 million cases by 2030
and 29 million cases by 2040, corresponding to about 16
million deaths by cancer each year by 2040 [1]. Currently,
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Fig.5 The U87 cells were treated with or without acacetin/apigenin.
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50 pM acacetin for different time intervals (0-24 h) and analyzed the

numerous treatments are available for brain and other
types of cancers, but their efficacies are limited due to their
extensive side effects. As such, the scientific community
is largely focused on the development of new drugs with
mitigated side effects. More than 50% of cancer drugs have
been developed from natural resources.

Since ages, many flavonoids have contributed to drug
discoveries for many diseases, including cancers. Wang
et al. recently reported the traditional uses and pharma-
cological properties of phytochemicals present in Clero-
dendrum. The review article has reported nearly 280 com-
pounds from Clerodendrum genus. Among them, various
phytochemicals have been reported for anti-inflammatory,
antinociceptive, antioxidant, anti-hypertensive, anticancer,
antimicrobial, anti-diarrheal, hepatoprotective, and neuro-
protective properties. Clerodendrum trichotomum is widely
studied for anticancer activities [18]. Uncinatone, Trichoto-
mone, Mandarone E, Teuvincenone E, and (20R,22E,24R)-
stigmasta-5,22,25-trien-3f,7f-diol have been isolated from
C. trichotomum and studied for anticancer activities against
various cancer cell lines [18-23]. In this report, we have iso-
lated two natural flavonoids acacetin and apigenin from C.
viscosum leaves and studied the in-depth anticancer mecha-
nism on U87 glioblastoma cell line. The measurement of cell
viability upon drug treatment is the primary mechanism for
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expression of cell cycle arrest and apoptosis-related proteins, (b) The
U87 cells were treated with 50 uM apigenin for different time inter-
vals (0-24 h) and analyzed the cell cycle arrest and apoptosis-related
proteins. The expression of f-actin was used as a protein loading con-
trol

understanding the cytotoxic nature of drugs towards cancer
and normal cells. Previously, other scientific groups have
reported the cytotoxic effect of acacetin [24-28], and api-
genin [14, 29-31] on various cancer cell lines. Some scien-
tific groups also studied the effect of apigenin on glioblas-
toma cell lines GL-15, U251 [32], A172, and T98G [33].
Santos et al. reported the migration and invasion inhibitory
activity as well as apoptosis death mechanism of apigenin
on human glioblastoma cell lines [32]. However, very lit-
tle is known about the effect of acacetin and apigenin on
U87 cells. Chen et al. reported the reduction of viability
and induction of apoptosis upon the apigenin-treatment. The
report revealed the anticancer effect of apigenin through pro-
moting miR-16 (microRNA-16) and suppression of BCL2
and NF-xB/MMP-9 [34]. Recently, Palma et al. also showed
the effect of berberine on U87 cells, where berberine-treat-
ment induces oxidative stress in U87 cells. The treatment
also leads to the induction of G1 phase cell cycle arrest
followed by apoptosis in U87 cells [35]. Correspondingly,
our results also supported the cytotoxic nature of acacetin
and apigenin on U87 cells (ICs, value: 43.73+1.19 and
48.18 +1.37 pM respectively).

The cell cycle is the most crucial and controlled machinery
for the growth of cellular organisms. The machinery is well-
controlled by numerous factors, mainly cell cycle regulatory
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proteins [36]. However, dysregulation of cell cycle-related
proteins can produce uncontrolled cell growth and prolifera-
tion. Hence, cell cycle regulatory factors are emerging as an
attractive target for cancer therapies. Several reports are avail-
able in which a drug induces arrest in a specific cell cycle
phase and hinders the further proliferation of the cells, ulti-
mately leading to cell death [37, 38]. The previous report also
showed the cell cycle arrest mechanism of acacetin in lung
cancer (A549) [24], liver cancer (Hep G2) [27], and prostate
cancer (DU145) [28]. Similarly, apigenin also showed a cell
cycle arrest mechanism in cervical cancer (HeLa) [39], lung
cancer (H460) [40], and liver cancer (Huh-7) [41]. We treated
the U87 cells with acacetin and apigenin and found that both
the compounds induce G2/M phase arrest in U87 cells.
Plasma membrane integrity is the major characteristics
of healthy cells. The ruptured plasma membrane is the
hallmark of necrosis, while the apoptosis mechanism leads
to cell death without physical damage to the plasma mem-
brane [42]. The plasma membrane is composed of lipids
and proteins. Mainly, sphingomyelin and phosphatidylcho-
line present in the outer membrane, whereas the inner leaflet
consists of phosphatidylserine and phosphatidylinositol. The
symmetry of lipids is maintained by flippases and floppases
enzymes involved in the translocation of phospholipids
along the membrane [43]. During apoptosis, the membrane
phospholipid, phosphatidylserine translocate to the outer
leaflet of the plasma membrane from the inner leaflet. The
translocation of phosphatidylserine is the major hallmark in
the initiation of apoptosis. We have evaluated the acacetin
and apigenin-induced apoptosis in U87 cells through the
annexin-V-FLUOS staining kit. Figures 2b and 3b showed
the dose-dependent increase of apoptosis population in U87
cells upon acacetin and apigenin-treatment. The release of
phosphatidylserine is the initiation of the apoptosis process,
which we have analyzed through a flow cytometer.
Moreover, cleavage and fragmentation of DNA are also
characteristics of apoptosis. Mainly, endonucleases like cas-
pase 3 activated DNase (CAD) carried out the process of cel-
lular DNA cleavage in apoptotic cells [44]. To confirm the
compound-mediated apoptosis, next, we have performed the
DAPI staining. DAPI (4',6-diamidino-2-phenylindole) is a flu-
orescent dye that binds to AT (adenine-thymine) rich region of
the DNA. The stained U87 cells were observed under a confo-
cal microscope, and results showed the fragmented DNA upon
the treatment with acacetin and apigenin (Fig. 4a, b).
Furthermore, it has been well reported that balanced
reactive oxygen species (ROS) are crucial for maintaining
normal physiological functions [45]. However, excess ROS
generation in the biological system is very detrimental for
DNA and proteins, which may ultimately lead to cause
cell death. It is very contradictory to discern whether
ROS-elevating therapies are helpful in cancer treatment
or not? However, many well-known anticancer drugs such
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as doxorubicin and cisplatin are responsible for the induc-
tion of oxidative stress and target the cancer cells [46—48].
Previous reports suggest that acacetin also induces ROS in
gastric cancer cells (AGS) [49] and breast cancer (MCF-
7) cells [26]. Moreover, apigenin also responsible for the
induction of ROS in the cervical and lung cancer cells [31,
40]. Our data also supported the ROS inducing effect of
acacetin and apigenin on U87 cells (Fig. 4c, e).

Targeting the cell cycle regulatory proteins is one of
the most important steps towards cancer therapy. Several
drugs cause cell cycle arrest, hinder the proliferation, and
initiate the cancer cell death [37, 38]. CDKs and Cyclins
are the fundamental molecules responsible for regulat-
ing cell cycle as well as other important functions. Most
importantly, Cyclin A1/Cdk-1 and Cyclin B1/Cdk-1 com-
plexes play a vital role in the transition of G2 phase to
M phase of the cell cycle [50, 51]. As mentioned earlier,
acacetin, and apigenin showed a G2/M phase cell cycle
arrest in U87 cells. To confirm the compound-induced
arrest mechanism, we evaluated the expression of cell
cycle regulatory proteins through the western blot tech-
nique. The CDK inhibitor p21, a small 165 amino acid
containing protein, is involved in diverse functions includ-
ing, cell cycle regulation, and apoptosis. The overexpres-
sion of p21 inhibits the CDK1 and halts the cells in the
G2/M phase [52]. Thus the protein expression of Cdk-1,
Cyclin-A, Cyclin -B, and p21, clearly revealed the G2/M
cell cycle phase arrest mechanism of acacetin and apigenin
in U87 cells. Moreover, as described earlier, Annexin-V-
FLUOS staining and DAPI staining also revealed the apop-
tosis mechanism of both the compounds in U87 cells.

To further clarify the results, we have evaluated the
expression of apoptosis regulatory protein upon treatment
of the compounds. The ratio of Bax (pro-apoptotic) and
Bcl-2 (anti-apoptotic) proteins is essential during cell fate
decisions. If the Bax/Bcl-2 ratio increases, the cell is sup-
posed to undergo apoptosis, while if the ratio decreases,
the cell is supposed to follow the survival mechanism [53,
54]. The results showed that the protein expression of Bax
in compound-treated U87 cells was increased while Bcl-2
was decreased. Bax activates the intrinsic pathway of apop-
tosis through the interaction with the mitochondrial mem-
brane. The interaction leads to the release of cytochrome ¢
from mitochondria and activates the caspase 9 through the
formation of the apoptosome complex. Activated caspase
9 (cleaved caspase 9) then activates executioner caspase,
caspase 3. From Fig. 5, it was concluded that acacetin and
apigenin-treatment in U87 cells was responsible for the
activation of initiator caspase, caspase 9. Further activation
of caspase 9 (cleaved caspase 9) activates the executioner
caspase, caspase 3. Cleaved caspase 3 further carry out the
cleavage of nuclear DNA, which was confirmed through the
increased level of cleaved PARP. Relatedly, cleavage and
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Fig.6 Proposed anticancer mechanism of (a) acacetin, and (b) apigenin on U87 cells

fragmentation of nuclear DNA were previously confirmed
through the DAPI staining.

Bid (BH3 interacting-domain death agonist) is a pro-
apoptotic protein and plays a vital role in the activation of the
extrinsic pathway of apoptosis [55]. Truncated Bid (t-Bid) also
connects the extrinsic pathway of apoptosis with the intrinsic.
We have evaluated the effect of acacetin and apigenin on pro-
tein expression of Bid and t-Bid. Acacetin-treatment activates
the intrinsic pathway of apoptosis in U87 cells. Interestingly,
apigenin-treatment activates both the extrinsic and intrinsic
pathways of apoptosis, which was confirmed through the acti-
vation of caspase 8 followed by t-Bid and activation of intrinsic
pathway regulatory proteins, as mentioned above. The com-
bined results reveal the potent anticancer effects of acacetin
and apigenin towards the U87 glioblastoma cell line. We have
also proposed the possible mechanism of action of acacetin
and apigenin on U87 cell lines (Fig. 6). The report will also be
helpful in the development of combination therapy or adjuvant
therapy to treat the rare glioblastoma.

Conclusion

In conclusion, herein, we have reported the anticancer
effect of acacetin and apigenin on the glioblastoma cell
line, U87. Acacetin and apigenin-treatment induce ROS

in U87 cells, which may increase oxidative stress. The
oxidative stress may be responsible for the induction of
G2/M phase cell cycle arrest. Acacetin-treatment further
triggers the intrinsic pathway of apoptosis through activa-
tion of Bax, caspase 9, caspase 3, and PARP. Furthermore,
apigenin-treatment triggers both extrinsic and intrinsic
pathways of apoptosis through the activation of caspase
8, Bid, Bax, caspase 9, caspase 3, and PARP. The present
report will help the scientific community to develop bet-
ter and safer drugs against brain and CNS related cancers.
Nevertheless, future investigation of synergistic effect of
these two compounds will evince the diverse treatment
option against rare glioblastoma.
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