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Graviola (Annona muricate) is a coveted tropical plant that has been found to be effective against many
human cancers. Malignant glioblastoma multiformes are the most common and aggressive malignant
forms of astrocytoma in the central nervous system. MUDENG (Mu-2-related death-inducing gene,
MuD) is involved in cell death signaling. In this study, we investigated the impact of extracts from graviola
leaves (from Korea and Africa), fruits and seeds against human astroglioma cells. Interestingly, graviola
leaf extract-Korea (GLE-K), graviola leaf extract-Africa (GLE-A) and graviola fruit extract-Africa (GFE-A)
exhibited significant cytotoxic effects on the cell proliferation in a dose-dependent manner and altered
the MuD expression pattern. Cell cycle analyses revealed that GLE-A and GLE-K triggered no significant
induction of apoptosis at concentrations up to 5% in U251-MG cells, while in GLE-K treated cells at 10%
concentrations, there were much fewer apoptotic cells (33.64%) compared to those in GLE-A (73.55%)
treated cells. In the case of GFE-A treated cells, 5% graviola extract (GE) concentration resulted in
predominant cells entering the apoptotic phase (59.31%), whereas almost no significant increase in
apoptotic cells was observed in GSE-A treated cells (1.38%) even up to 25% of graviola extract (GE)
concentration. While using stable transfectants knock-out (KO)(—)-and overexpressing (OE)-MuD(+),
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Accepted 24th February 2019 significant and consistent differences in the cell viability (enhanced anti-astroglioma effect of GEs) were
observed in KO-MuD(-) cells. This validated the functional consequence of MuD in the anti-astroglioma
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Introduction

Astrocytes, also known collectively as astroglia, are the most
abundant cell types in the brain and have important physiological
properties as they contribute to homeostasis in the central nervous
system (CNS). They affect neuronal function by releasing neuro-
trophic factors, guiding neuronal development, and contributing
to the metabolism of neurotransmitters." Astrocytes influence the
formation and maintenance of the blood-brain barrier, a structure
that serves to limit the entry of blood-borne components into the
CNS. Malignant glioblastoma multiformes are heterogeneous
high-grade gliomas containing multiple genetically aberrant
clones. It is the most common and aggressive malignant form of
astrocytoma in the CNS.> The median survival of patients with
glioblastomas is only 12-15 months, post diagnosis.

MUDENG (Mu-2-related death-inducing gene, MuD) is a novel gene
discovered while screening for genes associated with Fas-mediated
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followed by the leaf extracts (GLE-A/K). This is the first report that highlights the MuD aspect of GEs.

apoptosis.> MuD protein contains a Mu (i) homology domain
found in adaptor proteins that play important roles in intracellular
trafficking pathways and is known to be involved in the initial
stages of cell death in cytotoxic T cells.* Furthermore, we have re-
ported that MuD possesses anti-apoptotic functions® and is involved
in silver nanoparticle (AgNP)-induced astroglioma hormesis.®
Graviola (Annona muricate) is commonly called as soursop or
Brazilian paw paw and belongs to the Annonaceae family,
scientifically known as Annona muricate.” The bark, leaves,
roots, fruits, and seeds have their own unique uses and specific
properties.”® Ethnomedicinal practices in Africa and South
America exploit this plant's extracts in their conventional and
alternative medicine. The anti-convulsant, anti-parasitic, anti-
arthritic, anti-malarial, anti-diabetic, hepatoprotective and
anti-cancer properties of this plant are well established.”® Bio-
logical and biochemical characterization of the extracts indicate
that annonaceous acetogenins are the main ingredients of
graviola.'®'* Principally, graviola plays a predominant role in
promoting anticancer activity. Graviola leaves have been sub-
jected to investigation against human diseases, of which cancer
is the most reported.*” In the United States and Europe, graviola
is sold as a popular adjunctive natural therapy for cancer. The
key biomolecules responsible for the bioactive properties of
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graviola are the acetogenins. These acetogenins have demon-
strated to be highly versatile and display selective toxicity to
tumor cells at even trace dosages (1 part per million). Acetoge-
nins in graviola further demonstrated their strong anti-
cancerous, anti-tumor and anti-viral properties.”**?

This study validates the impact of extracts from graviola
leaves (from Korea and Africa), fruits and seeds against human
astroglioma cells. The anti-cancer effects of various plant parts
of graviola and within the same plant part (leaf) obtained from
geographically different sources have been compared for their
variations in anti-cancer activity. We present for the first time
the correlation between graviola anti-cancer activity and MuD.
This study reveals the underlying mechanism for the anti-
cancer activity of graviola extracts from a MuD perspective.

Materials and methods
Preparation and characterization of graviola extracts (GESs)

Dried graviola leaves were procured from Gyeongdong market (a
big traditional market in Seoul, Korea), and dried leaves, fruits
and seeds were obtained from Uganda, Africa. Four grams of the
respective sample was used for the extraction procedure. A co-
boiling water extraction methodology was practiced, since our
previous experiments'* had confirmed that the co-boiling
method was more efficient. Previous authors mostly employed
a methodology where the leaves were introduced into boiling
water, while in our extraction methodology, leaves were added to
water and boiled together (co-boiled). The leaves were added to
200 mL sterile water in a flask and the contents were boiled until
they were evaporated to half the original volume. The evaporation
procedure was performed to concentrate the bioactive compo-
nents in the extracts. The leaves were added to 200 mL sterile
water in a flask and the contents boiled until evaporated to half
the original volume. The extracts of the graviola leaves from
Korea was coded as GLEK (graviola leaf extract-Korea), and that
from Africa (A) was coded as GLE-A. Codes GFE-A and GSE-A
referred to graviola fruit and graviola seed extracts from Africa.
These codes will be used in the subsequent sections. The extracts
were characterized using a Nanodrop ND-1000 v3.3.1 spectro-
photometer (Nanodrop Technologies, Wilmington, USA) by
scanning in the range of 200-700 nm, and using Fourier-
transform infrared spectroscopy (FTIR) (Shimadzu FTIR-8300
spectrometer, San Diego, CA, USA).

Cell viability assay

For this study, human malignant glioblastoma multiforme
U251-MG and T98G cells were used. U251-MG was obtained
from Dr Benveniste EN (University of Alabama at Birmingham,
Birmingham, AL, USA). T98G cells were obtained from Dr Lee ]J.
H. (Department of Biochemistry, College of Medicine, The
Catholic University of Korea, Seoul, Korea). Both cell types (5 x
10" cells per well), grown in 24-well plates overnight, were
treated for 24 h with the indicated percentage concentrations
(0-50%) of the four different graviola extracts (GLE-K, GLE-A,
GFE-A, and GSE-A). Wild type (wt) U251-MG, U251-MuD
knock-out (KO), and U251-MuD over-expressing (OE) cells (1 x
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10> cells per well), cultured in 24-well plates overnight, were
treated for 12 h with the indicated percentage concentrations
(0-50%) of each GE. Cell viability was measured in 24-well
plates using a colorimetric assay with 2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium mono-
sodium salt (WST-1) reagent. The absorbance was determined
at 450 nm using a microplate reader (Bio-Tek, Winooski, VT,
USA). The absorbance was directly proportional to the number
of viable cells since the tetrazolium salts in WST-1 cleave into
formazan by mitochondrial dehydrogenases in the cells. All
experiments were performed in triplicate and the relative cell
viability (%) was expressed (in percentage) relative to the
untreated control cells.

Immunoblot analysis

Grown cells were lysed in lysis buffer (1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris-Cl, 0.02% sodium azide,
and 150 mM NaCl; supplemented with 1 mM phenyl-
methylsulfonylfluoride, 2 pg mL™" aprotinin, 1 ug mL™" leu-
peptin, 1 pug mL™ "' pepstatin A, 2 mM sodium fluoride, and
1 mM sodium orthovanadate). Cell lysates (30 pg) were sub-
jected to sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred onto a polyvinyl difluoride
membrane, which was then blocked with 5% non-fat milk. The
membrane was incubated with the prepared antibodies over-
night at 4 °C followed by incubation with HRP-conjugated
secondary antibodies at room temperature for 2 h. The bands
were detected via enhanced chemiluminescence (Bio-Rad,
Hercules, CA, USA).

Flow cytometric analysis

Flow cytometry (ACEA Biosciences, San Diego, CA, USA) was
used to characterize the effect of GEs on cell cycle distribution.
Cells incubated with GEs for 24 h were collected and centri-
fuged at 1500 rpm for 5 minutes. The harvested cells were fixed
with pre-cooled 70% ethanol at —20 °C for 15 minutes. Cells
were then subjected to propidium iodide (PI) staining for 15
minutes in the dark. Apoptotic cells with hypodiploid DNA
content were measured using NovoExpress software (ACEA
Biosciences).

Statistical analysis

Data are presented as the mean + standard deviation from
triplicates of independent experiments. Statistical analysis was
performed using IBM SPSS for Windows version 12.0 (SPSS Inc.,
Chicago, IL, USA). A one-way analysis of variance (ANOVA) was
used to determine the statistical significance of multiple
comparisons by Duncan's multiple range test. A p-value lower
than 0.05, 0.01, and 0.001, respectively, was considered statis-
tically significant.

Results and discussion
Anti-astroglioma activity of GEs

The cytotoxicity of the four different extracts on U251-MG and
T98G astroglioma cells was evaluated. GLE-K and GLE-A, both

This journal is © The Royal Society of Chemistry 2019
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extracts from graviola leaves but from geographically different
locations, were assessed for their effects on the astroglioma
cells. In terms of cytotoxic activity, very subtle variation with
negligible significance was observed between the cells treated
with GLE-K and GLE-A. These results show that differences in
geographical distribution did not have any profound impact on
graviola's anti-astroglioma properties. However, a significant
anti-astroglioma activity was evident for the GLE-K, GLE-A and
GFE-A extracts. These results show that differences in
geographical distribution did not have any profound impact on
graviola's anti-astroglioma properties. Yet, significant anti-
astroglioma activity was evident from the GLE-K, GLE-A and
GFE-A extracts. As observed from Fig. 1, extract concentrations
ranging from 0 to 1, 5, 10, 25, and 50% were examined. In terms
of cytotoxic activity very subtle and marginal variation, that
which we can say of negligible significance was observed
between GLE-K and GLE-A. However, significant anti-
astroglioma activity was evident for GLE-K, GLE-A and GFE-A
extracts. As usually reported, the effect was more pronounced
for U251-MG (Fig. 1A) than for the usually more resistant T98G
cells (Fig. 1B). Recently, Ryu et al. reported that T98G cells were
more resistant to TMZ and Valproic acid than U251-MG cells.*
These differences show that even the same human malignant
glioblastomas could show profoundly varied responses to
drugs. Consolidating the comparative study of the different
plant parts of graviola, it was confirmed that the fruit (GFE-A)
presented the highest activity, which was followed by the leaf
extracts (GLE-A and GLE-K) and the lowest activity or almost
insignificant activity was presented by the seed extracts (GSE-A).
Interestingly, GLE-K and GFE-A (at 25% extract concentrations)
were also successful against the more resistant T98G cells.

GE-MuD impact assessment

The fact that the viability and the expression level of the MuD
protein decreases following tumor necrosis factor-related
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apoptosis-inducing ligand (TRAIL) treatment was already re-
ported.® Furthermore, since MuD was identified during
a screening for genes associated with death-receptor-mediated
apoptosis,® it was affirmed that MuD exhibited an anti-
apoptotic function following TRAIL treatment in astroglioma
cells. Choi et al.® have correlated that MuD had an important
role in TRAIL-mediated apoptotic signaling.

The impact of the extracts on MuD expression was evaluated
on U251-MG and T98G cells; Fig. 2A and B give the results of this
assessment. As observed from the figures, MuD expression was
altered upon the exposure of astroglioma cells to different
concentrations of GEs. Although, no systematic trend was evident
with various concentrations of extracts, significant correlations
between the four different extracts on MuD expression were
observed. GLE-A presented the highest antagonistic activity
against MuD expression, followed by GFE-A and GLE-K.

The effect of GEs on the various phases in the cell cycle of
astroglioma cells was also studied. The effects of GLE-A, GLEK,
GFE-A and GSE-A on G1, S, G2/M phases of cell cycles, and the
percentage (%) of cell population undergoing apoptosis are pre-
sented in Fig. 3. With respect to U251-MG cells, GLE-A and GLE-K
treated cells showed no significant induction of apoptosis at
concentrations up to 5% (Fig. 3A-a and A-b), while for GLE-K
treated cells at 10% concentration, apoptotic cells were much
lesser (33.64%, Fig. 3A-b) when compared with those for GLE-A
treated cells (73.55%, Fig. 3A-a). In the case of GFE-A, 5% GE
concentration resulted in predominant cells entering the apoptotic
phase (53.59%, Fig. 3A-c), whereas almost no significant increase
in apoptotic cells was observed in GSE-A treated cells even up to
25% of GE concentration (1.38%, Fig. 3A-d). Fig. 3B presents the
results for T98G cells, which clearly portray that T98G cells are
much more resistant than U251-MG cells. Even concentrations up
to 50% in the case of GLE-A, GLE-K and GSE-A did not result in
significant apoptosis. Interestingly, 25-50% concentrations of GFE-
A resulted in the induction of apoptosis even in the T98G cells.
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Fig.1 Effects of GEs on U251-MG and T98G cell viability. Cells were incubated for 24 h with various concentrations of GEs (GLE-A/GLE-K/GFE-
A/GSE-A, 0-50%). After 24 h treatment, cell viability was determined using a WST-1 assay. The cell viabilities at the mass concentrations are
shownin (A, U251-MG) and (B, T98G), respectively. The results presented are the mean £ SD of three experiments (significant versus control, *p <

0.05, **p < 0.01, ***p < 0.001).
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Fig. 2 MuD expression upon GEs stimulation. U251-MG and T98G cells (3 x 10° cells per well) grown in 6-well plates were treated with various
concentrations of GEs (0—25%) for 12 h. Cell lysates were separated by 10% SDS-PAGE, then transferred onto a PYDF membrane. The pattern of MuD
protein expression was analyzed using anti-MuD MADb; B-actin served as a loading control. Results shown are representative of three experiments.

Apoptosis, or programmed cell death, is integral for normal an organism, thereby limiting the development and/or spread
development and tissue homeostasis in most multicellular of cancer."” In many cancers, however, the gene(s) regulating
organisms.'® Apoptosis plays a vital role in destroying cells that apoptosis are faulty, which leads to uncontrolled proliferation.*®
are selectively unnecessary or present a threat to the integrity of The ability to induce cellular apoptosis in tumor tissues is the

A. U251-MG B. T98G

a. GLE-A (%) 0 1 5 10 25 50 GLE-A (%) 0 1 5 10 25 50
Apoptosis (%) 0.92 1.44 3.07 73.55 7395  76.85 Apoptosis (%) 0.69 4.50 7.46 7.45 11.66 1559
G, (%) 67.97 72.10  77.63 25.10 22.10  21.47 G, (%) 77.08 74.95  65.01 61.84 77.35  80.44
S (%) 9.91 9.24 8.14 1.20 3.39 1.31 S (%) 11.16 8.46 7.58 7.14 5.02 2.05
G,M (%) 21.83 1722 11.16 0.15 0.65 0.37 G,M (%) 11.07 12.09 1995 23.57 5.97 1.92
b. GLE-K (%) 0 1 5 10 25 50 GLE-K (%) 0 1 5 10 25 50
Apoptosis (%) 0.93 0.78 1.74 33.04 30.03  40.36 Apoptosis (%) 0.54 1.30 0.26 1.84 14.25  20.87
G, (%) 65.93 7749  74.17 50.79 53.66  49.41 G, (%) 78.94 76.18  71.32 76.79 61.34  42.66
S (%) 14.40 7.16 8.79 7.80 7.50 4.47 S (%) 9.46 9.60 9.15 10.15 738  12.18
G,M (%) 18.74 14.57 1530 7.77 8.81 5.76 G,M (%) 11.06 12.92 13.27 11.22 17.03  24.29
c. GFE-A (%) 0 1 5 10 25 50 GFE-A (%) 0 1 5 10 25 50
Apoptosis (%) 0.51 16.81  53.59 59.31 73.30  80.15 Apoptosis (%) 0.68 322 2242 26.13 5528 69.84
G, (%) 77.01 59.77  36.39 34.90 18.60  18.33 G, (%) 78.41 71.29  58.08 56.04 34.59 28.75
S (%) 12.27 14.95 4.08 3.80 3.94 1.01 S (%) 10.15 13.57  10.87 9.32 4.59 1.36
G,M (%) 10.21 8.47 5.94 1.99 4.16 0.51 G,M (%) 10.76 11.92 8.63 8.51 5.54 0.05
d. GSE-A (%) 0 1 5 10 25 50 GSE-A (%) 0 1 5 10 25 50
Apoptosis (%) 1.577 1.93 1.38 0.23 0.560  6.81 Apoptosis (%) 1.62 1.33 1.08 1.99 1.66 3.75
G, (%) 79.98 81.11  81.01 84.44 83.37  43.89 G, (%) 67.81  65.97 61.77 70.39 68.12  58.03
S (%) 5.19 7.29 6.18 7.40 6.81 21.98 S (%) 18.88  21.85 25.37 19.18 20.08 2532
G,M (%) 13.26 9.78 1143 7.93 9.26 2732 G,M (%) 11.69 10.85 11.78 8.44 10.14  12.90

Fig. 3 Cell cycle analyses after GEs stimulation. U251-MG (A) and T98G cells (B) (3 x 10° cells) was incubated in 1.5 mL serum free media with
GEs (0-50%) at 37 °C in a 6-well plate. After incubation for 48 h, cells were suspended in 1 mL of PBS by pipetting after washing once with ice-
cold PBS. Full volume of re-suspended cells was added dropwise into 4 mL of cold absolute ethanol and then incubated for 15 min at —20 °C.
Ethanol was discarded and the cells were pelleted and re-suspended in 1 mL of 20 uM PI solution (catalog no. P21493) (Thermo Fisher Scientific,
Lafayette, CO, USA). After 15 min incubation at RT, FACs analysis was performed using a NovoCyte flow cytometer (ACEA Biosciences, San Diego,
CA, USA). Data was analyzed using a NovoExpress software (ACEA Biosciences). Data presented is representative of three experiments.
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key to finding a successful natural product as an anti-cancer
agent.'®*

In order to discern the positive correlation of MuD expres-
sion in the anti-astroglioma activity of GEs, stable transfectants
knock-out (KO)(—)-and overexpressing (OE)-MuD(+) were
generated; the transfectants for further experiments were
selected based on the presence and absence of MuD protein
expression as determined by western blot analysis (Fig. 4A). Cell
viability of the stable transfectants upon GEs stimulation was
analyzed by WST-1 assay. KO-MuD(—) and OE-MuD(+) cells were
exposed to GLE-A, GLE-K, GFE-A and GSE-A extracts. Fig. 4B-E
presents the results of this evaluation. As clearly observed,
significant and consistent differences in cell viability (an
enhanced anti-astroglioma effect of GEs) were observed in KO-
MuD(—) cells, suggesting the functional consequence of MuD in
the anti-astroglioma activity of GEs. The results of our study
confirmed that graviola fruit extracts (GFE-A) possess the
highest anti-astroglioma activity, followed by leaf extracts (GLE-
A > K). Ioannis et al.,"” in their recent review, have also placed
fruit extracts as the ones with higher anti-cancer activity fol-
lowed by leaf extracts.

Graviola-derived compounds have been well correlated with
a variety of anti-cancer effects that include cytotoxicity,>***
induction of apoptosis,* necrosis,* and inhibition of prolifer-
ation**?® on a variety of cancer cell lines, including breast,*®
prostate,* colorectal,”* lung,** leukemia,* renal,® pancreatic,*
hepatic,” oral,** melanoma,* cervical,>® and ovarian
cancers.****

The major bioactive components that have been extracted
from various graviola parts are known as annonaceous aceto-
genins. These are derivatives of long-chain (C32 or C34) fatty
acids derived from the polyketide pathway.’® These derivatives
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are said to display selective toxicity to cancer cells, and are
successful even in multidrug-resistant cancer cell lines.” Anno-
naceous acetogenins are reported to induce -cytotoxicity,
primarily by inhibiting mitochondrial complex I, which is
involved in oxidative phosphorylation and ATP synthesis.*® As
cancer cells have a higher demand for ATP than the normal
cells, mitochondrial complex I inhibitors have huge potential
for selective and targeted cancer therapy.*”

For a long time GEs were used as indigenous home reme-
dies; it is in the recent years that the scientific validation of this
medicinal plant has become widespread. However, so far there
has been no direct correlation of the anti-cancer activity of GEs
with respect to MuD. This is the first report that is expected to
streamline a new direction in the anti-cancer mechanism of
these extracts.

The four different GEs used in this study were characterized
using UV-Vis spectrophotometry and FTIR to ascertain the
variations in their activities toward their bioactive acetogenin
contents. Fig. 5A gives the UV-Vis scan from 220 nm to 600 nm
and shows broad peaks, wherein the highest peak intensities of
GFE-A and GLE-A followed by GLE-K were observed in the 220~
230 nm range. Moreover, the GSE-A extract that showed least
anti-astroglioma activity and negative correlation with MuD,
showed a significantly reduced shoulder in this region. UV-Vis
absorbances at wavelengths of 210 nm, 213 nm, and 216-
234 nm correlate with acetogenins.*® According to the previous
study,*® the absorption in the range of 220-230 nm is associated
with the amine conjugated © — m* transition. Ketolactone
aromatic C-H appear in the wavelength ranging from 216 to
234 nm.*’ Absorption at the wavelength of 230 nm indicates the
presence of tetrahydrofuran group. According to Alali et al.,*
the UV-Vis test results in a high absorbance at wavelengths

B C
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Fig. 4 MuD affects cell viability during exposure to GEs. wtU251-MG, U251-MG-MuD(-), and U251-MG-OE-MuD(+) cells were seeded at
a density of 3 x 10° cells in 6-well plates, respectively. Twelve hours after seeding, cells were treated with each GE (0-25%) for 24 h. Cell viability
was measured using WST-1 reagent. Data presented are the mean + SD of three experiments (significant versus control, *p < 0.05, **p < 0.01,
**%p < 0.001). The cells used in (B—E) experiments were lysed, subjected to 10% SDS-PAGE, and the amount of MuD was analyzed by western blot
using anti-MuD MAD (A, up). The blot was re-probed with anti B-actin (A, down).
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between 222 and 230 nm, marking the presence of cluster
ketolactone and tetrahydrofurans. Further, the absorbance at
210 nm, which is expected to more precisely indicate acetoge-
nins,*® was recorded for the four extracts. As observed from
Fig. 5B, the acetogenin levels followed the same order in terms
of absorbance intensity as their anti-astroglioma activity, i.e.,
GFE-A > GLE-A > GLE-K > GSE-A.

FTIR studies were also conducted to further validate the
bioactive compounds present in the extracts. Acetogenin
compounds have a characteristic form of the lactone group at
one end that could be revealed using infrared spectroscopy.** To
detect the presence of acetogenin, the absorption of infrared
radiation in the range of 4.000-400 cm™ " was scanned. The
results of the FTIR spectroscopy are shown in Fig. 6. The
absorption at 3397.76 cm ' indicates the presence of O-H

group, the absorption band at 2928.07 cm™' denotes
——GLE-A
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GFE-A
120
100 )
R e g/
5 “ Y
£ 80Tty YT — Y "
€ lml | | // »‘l\ 1 ' -(/ L
é t | fl/ - - | F \\V
= 604 \ . A 1 oy !
R 1 1]\ f1 J | i W\\ r“'l rL\l [‘l
/e . [ '
40 \ /L . Y I\ |
A Vi 1 1 \
AN 1| ‘J . ! i
27 T T T T l = Il l - II
4000 3500 3000 2500 2000 1500 1000

Wavelength (cm™)

Fig. 6 FTIR spectra of GLE-A, GLE-K, GFE-A and GSE-A showing
characteristic IR bands; highlighted regions are the regions of interests
that correlate to the bioactive components in GEs.
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asymmetric C-H and 2851.88 cm™ ' signifies symmetric C-H.

The absorption at 1743.72 cm ™' indicates the presence of ace-
togenin lactone, derived from C=O on vy-butirolakton (ring
consisting of five members).*> The broad peak at 3262.75 cm ™
= OH groups, 2936.15 cm™ ' = CH, and CH alkenes groups, the
peak at 1394.17 cm™ ' = CH; alkane groups, and 1261 cm ' =
COC ester group.*® As observed in our FTIR results, GSE-A that
showed no anti-astroglioma activity did not demonstrate any
prominent acetogenin (lactone) band and other significant
bands. In contrast, acetogenin bands were prominent in the
spectra of GFE-A, GLE-A and GLE-K extracts.

The active isolates of graviola leaves also contain a class of
compounds known as terpenoids.**** These can inhibit the cell
cycle at the G2/M phase of mitosis, through inhibiting spindle
formation. Additionally, terpenoids can trigger apoptosis
through inhibition of the enzyme topoisomerase.”® One group of
terpenoids, namely, monoterpenoids, has anti-tumor activity.
The mechanism of action of monoterpenoids is to suppress anti-
tumor activity.*® Thus, from previous reports we can consolidate
that graviola components modulate the network of cellular
processes, such as the inhibition of signaling downstream
pathways of the epidermal growth factor-receptor (EGF-R) and
the downregulation of phosphatidylinositol-4,5-bisphosphate 3-
kinase (PI3-K/Akt), RAS, nuclear factor (NF)-kB and Janus kinase/
signal transducers and activators of transcription (JAK/STAT).*
They also modulate the inhibition of hypoxia-inducible factor
(HIF)-1a, glucose transporter (GLUT)-1, and GLUT-4 (ref. 23)
followed by pro-inflammatory cytokine expression (inflamma-
tion) and the generation of reactive oxygen species* via upregu-
lation of enzyme systems like catalase (CAT), superoxide
dismutase (SOD), and heme-oxygenase (HO-1) expression.***

Modulus operandi of acetogenins via MuD

Annonaceous acetogenins (AAs), are reported to be highly

potent inhibitors of mammalian mitochondria NADH-

This journal is © The Royal Society of Chemistry 2019
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ubiquinone reductase (complex I).** To date, over 400 compo-
nents of this compound have been discovered, all reputed to
possess high cytotoxicity and anti-tumor activity,* which was
also further proven in the case of the astroglioma cells in this
study. Mitochondria are the central relay station for apoptotic
signal transduction. In response to apoptotic stimulus, per-
meabilized mitochondria release cytochrome ¢ into the cyto-
plasm, where cytochrome ¢ forms an apoptosome with Apaf-1
and caspase-9, which further triggers the caspase cascade. The
key caspase in this cascade is caspase-3, which is cleaved and
activated to transduce the apoptotic signal.**** Mitochondria
can also release the apoptosis-inducing factor (AIF) to initiate
caspase-independent cell death.>»*> The mitochondrial flavo-
protein AIF is a caspase-independent cell-death-inducing
factor.”® At the time of apoptotic signaling, AIF gets released
from the mitochondria when the mitochondrial membrane is
permeabilized and is later translocated to the nucleus where it
induces cell death/apoptosis by triggering chromatin conden-
sation and large-scale DNA fragmentation.**>* Han et al.>®
confirmed that acetogenins trigger caspase-3-independent cell
death, mediated by AIF through elaborate targeted experiments.
Thus, acetogenins may trigger apoptosis via a MuD pathway
interference.

Conclusions

The present study validates the impact of extracts from graviola
leaves (from Korea and Africa), fruits and seeds against human
astroglioma cells. The anti-cancer effects of various plant parts
of graviola and within the same plant part (leaf) obtained from
geographically different sources have been compared for their
variations in anti-cancer activity. For the first time, we presented
the correlation between graviola anti-cancer activity and MuD.
This study exposed the underlying mechanism of the anti-
cancer activity of graviola extracts from a MuD perspective.
Further studies in this direction could help to shed more light
on the exact mechanism behind this MuD perspective of grav-
iola extracts.
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