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from Sphaerocoryne affinis seeds inhibits cell
proliferation and activates apoptosis on Hela
cells
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Abstract

Background Cervical cancer is a major global health concern with a high prevalence in low- and middle-income
countries. Natural products, particularly plant-derived compounds, have shown immense potential for develop-
ing anticancer drugs. In this study, we aimed to investigate the anticancer properties of the pericarp and seeds

of Sphaerocoryne affinis fruit on human cervical carcinoma cells (Hel.a) and isolate the bioactive compound

from the active fraction.

Methods We prepared solvent fractions from the ethanol extracts of the pericarp and the seed portion by partition-
ing and assessing their cytotoxicity on Hela cells. Subsequently, we collected acetylmelodorinol (AM), an anticancer
compound, from the ethyl acetate fraction of seeds and determined its structure using nuclear magnetic resonance.
We employed cytotoxicity assay, western blotting, Annexin V apoptosis assay, measurement of intracellular reactive
oxygen species (ROS) levels, 4',6-diamidino-2-phenylindole (DAPI) staining, and a terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) assay, to evaluate the anticancer properties of AM on Hela.

Results The solvent fractions from the seed displayed considerably higher cytotoxic activity against Hela cells

than those of the pericarp. We isolated and identified acetylmelodorinol as an anticancer compound from the ethyl
acetate fraction from S. affinis seed extract. Treatment with acetylmelodorinol inhibited Hel a cell proliferation

with an ICy, value of 2.62 +0.57 ug/mL. Furthermore, this study demonstrated that acetylmelodorinol treatment
disrupted cell cycle progression by reducing the expression of cyclin £, CDK1/2, and AKT/mTOR pathways, increasing
the intracellular ROS levels, reducing BCL-2/BCL-XL expression, causing DNA fragmentation and nuclear shrinkage,
and triggering apoptosis through caspase 3 and 9 activation in a dose-and time-dependent manner.

Conclusion In contrast to previous reports, this study focuses on the inhibitory effects of AM on the AKT/mTOR path-
way, leading to a reduction in cell proliferation in cervical cancer cells. Our findings highlight the promising potential
of acetylmelodorinol as an effective treatment for cervical cancer. Additionally, this study establishes a foundation

for investigating the molecular mechanisms underlying AM's properties, fostering further exploration into plant-based
cancer therapies.
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Background

Cervical cancer remains a significant global health issue,
primarily affecting women worldwide [1]. In 2020, an
estimated 604,127 cervical cancer cases and 341,831
resultant deaths occurred globally, highlighting the ongo-
ing burden of the disease [2], particularly in low- and
middle-income countries (LMICs) [3]. Despite advance-
ments in preventative strategies such as regular screen-
ing for high-risk human papillomavirus (HPV) infections
and vaccination programs for HPV, the incidence and
mortality rates of cervical cancer continue to be high,
particularly in LMICs with limited resources for early
detection and treatment [3]. Therefore, the development
of novel, effective, and affordable anticancer therapeutics
for cervical cancer remains critical in ongoing oncologi-
cal research.

The development of therapies targeting apoptosis has
long been a key focus in clinical oncology [4]. Apoptosis
is regulated through two primary signaling pathways: the
intrinsic pathway, activated by disturbances in the cell’s
microenvironment, such as DNA damage and ROS, and
kinase signaling pathways, such as AKT/mTOR [5, 6].
These events lead to enhanced permeabilization of the
mitochondrial outer membrane (OMM) and the activa-
tion of caspases, specifically caspase 9 and caspase 3 [6].
The pro-apoptotic members of the BCL-2 family, includ-
ing BAX and BAK, are responsible for OMM permeabili-
zation, whereas the anti-apoptotic members, like BCL-2
and BCL-XL, inhibit this process [7, 8]. However, the
extrinsic pathway, stimulated by death receptors, is medi-
ated by caspase 8, eventually leading to the activation of
executioner caspases, primarily caspase 3 [6].

Natural products, particularly those derived from
plants, are valuable sources of bioactive compounds and
have played a substantial role in drug discovery over the
past several decades [9]. In anticancer drug research,
plant-derived compounds have repeatedly proven to
be a rich reservoir for potential therapeutic agents,
with several plant-derived compounds, including taxol
and vinblastine, successfully developed into clinically
approved drugs [9]. One plant with potential anticancer
properties is Sphaerocoryne affinis, a species belong-
ing to the Annonaceae family that has been traditionally
used in Southeast Asia as a remedy for various ailments
[10, 11]. Previous studies investigating S. affinis have
reported its antioxidant [12], anticancer, and antifungal
properties [13], with some chemical constituents dem-
onstrating considerable anticancer activities [13]. An
extensive range of components from the SA tree, includ-
ing heptenes, butenolides, triterpenoids, and flavonoids,
have been widely reported as sources of anticancer sub-
stances [10, 14—18].
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Our group also reported the anticancer activity of S.
affinis fruits against human cervical carcinoma (HeLa)
cells [19]. Among the reported constituents, acetylmelo-
dorinol (AM), a heptene found in the stem bark [15,
17] and roots [10] of S. affinis, has garnered interest
because of its bioactivity. Acetylmelodorinol, an exam-
ple of y-alkylidenebutenolides, has a stereoisomerically
pure hydroxy group in its alkylidene segment, generat-
ing interest within the organic chemistry field owing to
its simple and consistent structural characteristics [20].
Although previous studies have reported the cytotoxicity
of AM against various cancer cell lines, such as human
breast adenocarcinoma (MCF7), human hepatocellular
carcinoma (HepG2), human cervical carcinoma (HeLa),
and human epithelial carcinoma (KB), a comprehen-
sive evaluation of its anticancer mechanisms and poten-
tial applications remains unexplored. A recent study by
Thepmalee et al. [21] found that the AM isolated from
the stem bark of Xylopia pierrei can enhance the expres-
sion of death receptors and their ligands, as well as acti-
vate apoptosis pathways in triple-negative breast cancer
cells.

Sphaerocoryne affinis is a prospective candidate for
anticancer investigations. This study primarily evaluates
the anticancer properties of S. affinis fruit, specifically the
pericarp (SAP) and seed (SAS) components, as potential
sources of bioactive compounds. Furthermore, the objec-
tive is to identify and isolate the active components with
anticancer properties from the most promising extract
to examine their mode of action and potential cytotoxic
effects on cervical cancer HeLa cells. This study aimed to
broaden the understanding of the mechanistic properties
of these anticancer compounds.

Methods

Materials and general methods

Fresh S. affinis fruit was purchased from a local market in
Tay Ninh province, Vietnam, and identified by Dr. Dang
Le Anh Tuan from the Laboratory of Botany, Department
of Ecology and Evolutionary Biology, Faculty of Biology,
Biotechnology, University of Science, Vietnam National
University, Ho Chi Minh City, Vietnam. The voucher
specimen PHHO0004912 confirmed the identity of the
plant, and the collection followed the IUCN Policy State-
ment on Research Involving Species at Risk of Extinction
and Convention on Trade in Endangered Species of Wild
Fauna and Flora.

We purchased ethanol, hexane, EA, and methanol from
Fujifilm Wako Chemicals (Osaka, Japan). We obtained
silica gel 60 with a size range of 0.040—0.063 mm for
chromatography (230—-400 mesh ASTM), and thin-layer
chromatography silica gel 60 (aluminum supports) coated
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with fluorescent indicator F-254 from Merck (Darmstadt,
Germany).

We cultured HeLa and OUMS-36 cells, obtained from
the JCRB Cell Bank (National Institute of Biomedi-
cal Innovation, Health, and Nutrition, Japan) in specific
media. While HeLa cells were cultured in Eagle’s Mini-
mum Essential Medium (Nacalai Tesque, Japan), OUMS-
36 cells were cultured in Dulbecco’s Modified Eagle
Medium (Fujifilm, Tokyo, Japan). Both media were sup-
plemented with 10% fetal bovine serum and 1% penicil-
lin/streptomycin. The cells were incubated at 37 °C with
5% CO, in a humidified environment.

Preparation of S. affinis fruit extracts

Thirty kilograms of fresh S. affinis fruit were separated
into pericarps and seeds and lyophilized. The dried peri-
carp (SAP, 770 g) and seeds (SAS, 608 g) were ground
and soaked in ethanol for 7 d, and the supernatants were
collected and evaporated. Extracts of SAP (209.2 g) and
SAS (84.85 g) were obtained. The crude ethanolic extract
was partitioned into EA, hexane (Hex), and water (Wat)
fractions. Each fraction was concentrated using a rotary
vacuum evaporator and lyophilized. Using 71.1 g of SAS
ethanol extract, 45.4 g of SAS-Hex, 18.2 g of SAS-EA,
and 6.3 g of SAS-Wat were obtained. Similarly, from
209 g of the SAP ethanol extract, 7.1 g of SAP-Hex, 7.9 g
of SAP-EA, and 182.9 g of SAP-Wat were obtained.

Isolation of anticancer compound from SAS-EA

The SAS-EA (12.05 g) was loaded onto a silica gel 60
column (2Xx70 cm), equilibrated with hexane, and
eluted with a mixture of Hex—EA and EA-methanol.
Nine fractions were obtained: E1-E7 (eluent: Hex:EA at
0:0, 9:1, 7:3, 7:3, 7:3, 4:6, and 0:10) and E8-E9 (eluent:
EA:methanol at 1:9 and 0:10). The purity of each frac-
tion was assessed using thin-layer chromatography on
silica gel 60 F-254 plates. After fraction E4, eluted with
a Hex:EA mixture of 7:3, was evaporated using a rotary
evaporator, and the residue was dissolved in a small
amount of EA. The mixture was then placed in a fume
hood. Finally, an anticancer compound was obtained as a
crystal during solvent evaporation. The yield of the com-
pound was 3.9 g. This corresponds to the yield of 0.97%
from total SAS powder.

NMR analysis

Electrospray ionization time-of-flight (ESI-TOF) mass
spectrometry (MS) spectra were measured using a
micrOTOF spectrometer (Bruker, Faellanden, Switzer-
land), and the chemical structures of the isolated antican-
cer compounds were identified using one-dimensional
(1D) and two-dimensional (2D) NMR spectra recorded
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spectrometer (Bruker, Faellanden,

Dose-dependent cytotoxicity assay

Cytotoxicity was assessed using the Cell Counting Kit-8
(CCK8) in HeLa cells (approximately 1x10* cells/well)
in 96-well plates. The cells were treated for 48 h with the
solvent fractions or the anticancer compound dissolved
in dimethyl sulfoxide (DMSO) at appropriate concen-
trations, maintaining DMSO in the culture medium at
0.25% (v/v). After treatment, the culture medium was
replaced with a fresh medium containing CCK-8 solu-
tion (Dojindo Laboratories Kumamoto, Japan) in a 10:1
(v/v) ratio and incubated for 3 h at 37 °C. Absorbance
was measured at 450 nm using a microplate reader (SH-
1200, Corona Electric, Japan). Cytotoxicity was expressed
as the percent inhibition of cell viability in the treat-
ment groups, either with the extracts or the compound,
compared with that of the non-treatment control group.
Additionally, the ICy, or ICy, value was determined,
which represents the concentration of the extract or the
compound required to reduce the population of viable
cells by 50% or 90%, respectively, compared with that of
the non-treated group.

Time-dependent cytotoxicity assay

Following the same protocol as that for the dose-depend-
ent cytotoxicity assay, HeLa cells were treated with the
extracts or the anticancer compound at ICg, or IC,
concentrations, and cell viability was assessed at various
treatment times using the CCK8 assay.

Clonogenic formation assay

HeLa cells (approximately 250 cells/well) were seeded in
a 24-well plate and incubated with the compound dis-
solved in DMSO at ICs; or ICy, the following day. DMSO
in the culture medium was maintained at 0.25% (v/v).
After 36 h of treatment, the compound was removed
from the medium, and the cells were cultured in a fresh
compound-free medium. This process of culture medium
replacement was repeated every two days for an addi-
tional 10 d. Finally, the cells were stained with 2% crystal
violet, and colony formation was observed under a ste-
reoscopic microscope (Olympus, Tokyo, Japan). A cluster
of more than 50 cells was considered a colony.

Terminal deoxynucleotidyl transferase-mediated dutp
nick end labeling (TUNEL) assay

HeLa cells (approximately 1x 10* cells/well) in a 24-well
plate were treated with AM at the ICy, concentra-
tion for 24 h and subjected to the TUNEL assay using
the Apoptosis in Situ Detection Kit (Fujifilm, Tokyo,
Japan), according to the manufacturer’s instructions. The
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Peroxidase Stain DAB Brown Stain Kit (Nacalai, Kyoto,
Japan) was used to detect apoptotic cells imaged under
an IX70 microscope (Olympus, Tokyo, Japan).

4',6-Diamidino-2-Phenylindole (DAPI) staining

HeLa cells (approximately 1x 10* cells/well) were seeded
in a 24-well plate and incubated for 1 d. The cells were
treated with the compound at the IC;, concentration for
24 h and then incubated with DAPI for 15 min. Fluores-
cence images were obtained using a FLUOVIEW FV10i
confocal system (Olympus, Tokyo, Japan).

Western blotting

HeLa cells (approximately 2.7x10° cells/dish) were
seeded in 35 mm dishes and treated with the compound
for 12 h. Whole cell lysates were prepared using radio-
immunoprecipitation assay (RIPA) buffer (Cell Signal-
ing Technology, USA), and proteins were quantified
using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific, US). Proteins (20 pg) were separated by 15%
sodium dodecyl sulfate—polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred to a polyvinylidene dif-
luoride membrane. After blocking with 5% bovine serum
albumin, the membrane was incubated with primary
antibodies at appropriate dilutions (Table S1), followed
by incubation with secondary antibodies. The bands were
visualized using Amersham ECL Prime Western Blot-
ting Detection Reagent (GE Healthcare, US). The images
were acquired using the Ez-Capture MG system (ATTO,
Tokyo, Japan), and the intensity of bands was analyzed
using a Gel Analyzer 19.1 (www.gelanalyzer.com).

Annexin A5 apoptosis detection assay

Apoptotic cells were analyzed using the Annexin A5
Apoptosis Detection Kit (#640,914, Biolegend, USA) fol-
lowing the manufacturer’s instructions. The procedure
involved overnight culture of HeLa cells in 35 mm dishes
at a density of 1x10° cells/mL, followed by culture with
medium containing ICg, (2.6 pg/mL) or ICy, (6.25 pg/
mL) concentrations of AM. After 12 h of treatment with
the compound, the cells were harvested using trypsin.
Harvested cells were then washed once with Staining
Buffer (Biolegend, USA) and resuspended in the Bind-
ing Buffer provided in the kit. The cells were stained with
Annexin V and propidium iodide solution for 15 min at
25 °C and subsequently analyzed using the RF-500 flow
cytometer (Sysmex, Hyogo, Japan).

Measurement of intracellular ROS levels

Intracellular ROS levels were measured using a photo-
oxidation-resistant DCFH-DA assay according to the
manufacturer’s instructions (#R253, Dojindo, Japan).
HeLa cells were harvested using the same method
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mentioned in “Annexin A5 Apoptosis Detection assay”
The harvested cells were then washed with fresh medium
and incubated with DCFH-DA at a final concentration
of 10 nM in the loading buffer provided in the kit. After
incubation for 30 min at 37 °C, the cells were washed
thrice with the medium. The ROS levels were analyzed
using an RF-500 flow cytometer, and the data were ana-
lyzed using FCSalyzer 0.9.22 (https://sourceforge.net/
projects/fcsalyzer/).

Data analysis

Experiments were performed in triplicate, and statisti-
cal analysis was performed using one-way analysis of
variance (ANOVA) using GraphPad Prism 9 software.
Dunnett’s post hoc test was used for pairwise compari-
sons with the control group. Data values are reported
as mean + standard deviation (SD), and significance was
established at a P-value <0.05 for both ANOVA and Dun-
nett’s test.

Results

Cytotoxic effects of SAP and SAS on Hela cells

To explore the anticancer activities of SAP or SAS
extracts, we assessed the cytotoxicity of the solvent frac-
tions prepared by partitioning the ethanol extracts of SAP
and SAS based on their effects on HeLa cells (Fig. 1). The
results showed that none of the solvent fractions from
the SAP extract exerted significant effects on cell viabil-
ity. However, the Hex and EA fractions derived from the
SAS extract displayed distinct cytotoxic effects, with cal-
culated IC,, values of 8.15 and 2.76 pg/mL, respectively.
Considering the higher cytotoxicity in the SAS-EA frac-
tion than the SAS-Hex fraction, we selected the SAS-EA
fraction for further investigation and isolation of poten-
tial anticancer compounds.

Isolation and identification of an anticancer compound

To identify potential compounds responsible for the
observed cytotoxic effects of the SAS-EA fraction, we
subjected the extract to silica gel chromatography, which
separated nine individual fractions labeled E1-E9. Due
to their limited yields, fractions E1 and E9 were not ana-
lyzed further. The data revealed that fraction E4 exhib-
ited a significant inhibitory effect on the proliferation
of HeLa cells (Fig. 2a). An anticancer compound was
crystallized and purified from E4. The compound was
analyzed using ESI-TOF-MS, which showed a positive
peak at 325 [M+Na]+, corresponding to the chemical
formula C16H1406. The calculated molecular weight
of the compound was determined to be 302. The 'H and
3C 1D-NMR, as well as 2D-NMR experiments including
DQF-COSY, NOESY, 'H-3C HSQC, and HMBC spectra
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Fig. 1 Cytotoxicity of solvent fractions from SAP and SAS extracts. Hela cell viability after 48-h treatment with solvent fractions of SAP (a) and SAS
(b) extracts were measured and expressed as percent inhibition of cell viability of treatment groups compared with that of the non-treatment
control group. Significant cytotoxic effects were observed exclusively in the solvent fractions of SAS. Solvent fractions: circle, EA; square, Hex;
triangle, water (Wat). X axis, the logarithm of the concentration (ug/mL) to the base 10. Data are represented as mean+SD; n=3
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Fig. 2 Isolation and identification of AM from SAS-EA. a Viability of Hela cells cultured with fractions E2 to E8 at concentrations of 50, 25,
and 12.5 pg/mL for 48 h. E4 exhibited the strongest inhibitory effect on Hela cell proliferation. AM was isolated from E4. b Chemical structure of AM

was identified using ESI-TOF-MS. Data are represented as mean+SD; n=3

(Fig. S1-S6) confirmed that the compound was AM
(Fig. 2b) [22].

Cytotoxic effect of AM on Hela cells

To further investigate the cytotoxic effects of AM on
HeLa cells, dose- and time-dependent assays were con-
ducted. In the dose-dependent assay, the inhibitory
effects of AM at concentrations ranging from 0.39 to
100 pg/mL on cell viability were evaluated on both HeLa
and OUMS-36 cells, which were used as normal cells for
comparison. The results indicated that the ICy, and IC,,
values of AM against HeLa cells were 2.62+0.57 pug/mL
and 6.23 +1.49 pg/mL (Fig. 3a). However, AM displayed
IC;, and ICy, values of 4.07 £ 0.48 and 7.61 +0.96 pg/mL,
respectively, on OUMS-36 cells. In the time-based assay,
the effects of AM on HeLa cell viability were examined
over a range of durations. Cells treated with AM at both
the ICy, and ICy, concentrations exhibited a decrease in
viability after 12 h of treatment, with the effects of the

ICy, concentration being evident from as early as 4 h
onwards (Fig. 3b). A clonogenic forming assay was used
to assess the colony-forming ability of HeLa cells after
treatment with AM at the IC;, and IC,y, concentrations
for 36 h. The results indicated no colony formation after
10 d when the HeLa cells were treated with AM at the
IC; and ICy; concentrations for 36 h (Fig. 3c—d).

Inhibition of Hela cell proliferation by AM

The effects of AM on the cell cycle and its regulatory fac-
tors were examined by analyzing the expression levels of
cyclin E, CDK1/2, AKT/mTOR pathway proteins, and
intracellular ROS levels in HeLa cells treated with AM
at IC;, or ICy, concentrations. Western blotting showed
a decrease in cyclin E and CDK1/2 expression follow-
ing treatment with AM. The expression of total AKT
and phospho-AKT and its downstream target, phospho-
mTOR, was considerably inhibited (Fig. 4).
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Fig. 3 Cytotoxicity assessment of AM in Hela cells. a The dose-dependent cytotoxicity of AM was assayed at concentrations ranging from 0.39

to 100 pg/mL against Hela and OUMS-36 cells and expressed as percent inhibition of cell viability of treatment groups with AM compared

with that of the non-treatment control group. X axis, the logarithm of the AM concentration (ug/mL) to the base 10. n=3. Error bar, mean+SD. b
The time-dependent cytotoxicity on Hela cells of AM at ICy, (square, 2.6 ug/mL) and ICq, (triangle, 6.25 pg/mL) concentrations for various times (0,
4,8,12,24, 36,48, and 60 h). Non-treatment group was used as a control (circle). Data are expressed as relative cell viability at each time to that at
time 0. ¢ Representative images of the clonogenic assay. Hela cells were treated with AM at ICs (2.6 pg/mL) and ICq, (6.25 pg/mL) concentrations
for 36 h and then cultured in a compound-free medium for 10 d. Subsequently, the cells were stained with crystal violet and observed

under a microscope. d Numbers of colonies containing over 50 cells formed by the 10-d culture in the clonogenic forming assay in panel (c). Data
are represented as mean + SD and statistically analyzed by one-way analysis of variance (ANOVA); Statistically significant differences were observed

between the treated groups and the non-treated group; ¥, p<0.0001; n=3

Activation of apoptosis by AM

To investigate the effect of AM on apoptosis, we assessed
the viability and apoptosis of HeLa cells by flow cytom-
etry. Following 12 h of treatment with AM at IC;,, or ICy,
concentration, HeLa cells displayed decreased viabil-
ity and increased numbers of early and late apoptotic
cells (Fig. 5a, b). To detect DNA fragmentation, we per-
formed the TUNEL assay, which revealed the presence
of fragmented DNA in AM-treated HeLa cells (Fig. 5c).
Additionally, DAPI staining was used to evaluate nuclear

transformation, which showed nuclear shrinkage and
fragmentation in the AM-treated cells (Fig. 5d). Flow
cytometry using the DCFH-DA probe observed a ten-
dency of an increase in intracellular ROS levels upon the
AM concentration (Fig. 5e, f). Western blotting was per-
formed to examine the activation of key apoptotic pro-
teins, including caspase 3 and 9. The results showed the
activation of both caspase 3 and 9 following treatment
with AM (Fig. 5g). However, no noticeable signs of cas-
pase 8 activation were observed (Fig. S8). The expression
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Fig. 4 Effects of AM on cell proliferation in Hela cells. a Western blot analysis displaying the reduced expression of cyclin Eand CDK1/2
and the complete inhibition of expression of total-AKT, phospho-AKT, and phospho-mTOR upon treatment with ICy, (2.6 pg/mL) and ICq (6.25 pg/
mL) concentrations of AM for 12 h. The representative images are cropped from larger membranes. Original images of blots are shown in Fig. S7.

b Relative band intensities of cyclin E and CDK1/2 in cells treated with AM to those of non-treated cells support the decrease in their expression
upon AM treatment. Data are represented as mean £ SD and statistically analyzed by one-way ANOVA. Statistically significant differences were
observed between the treated groups and the non-treated group; *, p<0.05; #, p<0.01; n=3

of both anti-apoptotic proteins (BCL2 and BCL-XL)
and pro-apoptotic proteins (BAX and BAK) tended to
decrease (Fig. 5h), whereas the ratios between BAX and
BCL2, as well as BAK and BCL-XL (Fig. 5i), did not show
marked changes.

Discussion

Cervical cancer is a notable global health concern, par-
ticularly in LMICs where access to healthcare resources
is limited. Therefore, newer therapeutic strategies, specif-
ically natural and plant-derived compounds, are needed
to treat this common cancer. Isolating numerous bioac-
tive compounds from various parts of S. affinis highlights
is potential for anticancer research. In this study, we
investigated the anticancer properties of S. affinis fruit

(See figure on next page.)

extract, focusing on the SAP and SAS components. Our
findings revealed that the solvent fractions of the SAP
extract did not exhibit notable cytotoxicity against HeLa
cells. In contrast, the SAS fraction exhibited potent cyto-
toxic properties. The SAS-EA fraction displayed robust
inhibition of HeLa cell proliferation, with an IC;, value
of 2.62+0.57 pg/mL. Notably, seeds of Annona species,
which belong to the same family of S. affinis, Annona-
cae, have been previously reported as a rich source of
anticancer agents [23]. This observation underscores the
anticancer potential of specific plant tissues and warrants
further investigation to develop effective plant-derived
therapeutics.

Isolation of AM from the SAS-EA fraction further
strengthens the significance of this study. Remarkably,

Fig. 5 Analysis of pro-apoptotic effects of AM on Hela cells. a Representative plots obtained by flow cytometry using Annexin A5 Apoptosis
Detection kit were used to quantify cell viability and apoptosis following treatment with AM at ICs, and ICy concentrations for 12 h. b
Proportion of viable cells, early and late apoptotic cells, and dead cells analyzed using flow cytometry. ¢ Representative TUNEL assay images
captured at a magnification of 20x, where brown cells indicate positive DNA fragmentation. d Fluorescent images of DAPI staining observed
at 60 x magnification indicate nuclear fragmentation. e Flow cytometry using the DCFH-DA probe indicated the distribution of cell groups
treated with AM at ICs, and ICy, concentrations compared with the non-treated cells, reflecting intracellular ROS levels in Hela cells. f The
average intensity of DCFH-DA supported the observed trend of increased ROS levels with AM treatment. g Western blot images of caspase

3, caspase 9, and pro-apoptotic (BAX, BAK) and anti-apoptotic markers (BCL2, BCL-XL) in Hela cells treated with IC5, and IC,, doses of AM

for 12 h. The representative images are cropped from larger membranes. Original images of blots are shown in Fig. S9. h Relative expression
levels of pro-apoptotic (BAX, BAK) and anti-apoptotic markers (BCL2, BCL-XL) of AM-treated group to that of the non-treated group, calculated
from the intensities of bands obtained by western blotting. i Ratio of expression levels of pro-apoptotic to those of anti-apoptotic proteins
(BAX/BCL2 and BAK/BCL-XL). ICs, 2.6 pg/mL; 1Cq, 6.25 pg/mL. Data are represented as mean + SD and statistically analyzed by one-way ANOVA.
Statistically significant differences were observed between the treated and the non-treated groups; *, p<0.05; #, p<0.01; , p<0.001; n=3. Scale

bars indicate 50 um
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the SA seeds contain approximately 3—12 times higher
amounts of AM compared to other sources of S. affinis,
such as root and flower [10, 18], not to mention other
plants [24, 25]. Acetylmelodorinol demonstrated potent
cytotoxic effects on HeLa cells in a dose-dependent
manner, with an IC;, value of 2.62+0.57 pg/mL. The
ICy, value on HeLa cells was smaller, 1.55 times than
that on OUMS-36 cells, highlighting the selective inhi-
bition of AM on cancer cells compared to normal cells.
The time-based assay results on HeLa cells showed sup-
pressed cell viability from 4 h onwards at the ICy, con-
centration and 12 h onwards at the IC;, concentration.
The clonogenic formation assay demonstrated strong
inhibition of cell proliferation by AM after 36 h of expo-
sure, with almost no colony formation after 10 d. Com-
pared to a similar study, our findings demonstrated that
AM exhibited stronger inhibition of colony formation
in HeLa cells than in triple-negative breast cancer cells
[21], suggesting its greater selectivity in affecting HeLa
cells. Although this is not the first report of AM isola-
tion [14, 15, 22, 24-26], further comprehensive studies
are required to fully understand the precise molecular
pathways involved in AM.

Cancer is a complex disease characterized by uncon-
trolled cell growth and proliferation, leading to unlimited
cell survival ability [27]. Investigation of molecular path-
ways revealed that AM treatment inhibits the cell cycle
and reduces cell survival via decreased expression of cyc-
lin E and CDK1/2 on HeLa cells. Cyclin E and CDK1/2
are essential regulators of the cell cycle [28]. The reduc-
tion in the levels of these factors observed with AM treat-
ment suggests its potential to act as a cell cycle inhibitor
to inhibit cancer cell growth and progression. The AKT/
mTOR pathway is crucial for promoting cell survival [29],
and its activation is associated with resistance to vari-
ous cancer therapies and poor prognosis [30]. This study
observed AM’s inhibition of the AKT/mTOR pathway at
the IC, and IC,, concentrations, indicating its potential
to activate cell death mechanisms in HeLa cells.

Our study utilized Annexin V apoptosis analysis to
reveal a notable increase in early and late apoptotic cells
following treatment with AM. The apoptosis process is
characterized by specific markers [31-33]. First, ROS
levels play crucial roles in physiological functions such as
cell cycle progression and proliferation [32]. However, the
elevated levels of intracellular ROS detected in this study
upon exposure of HeLa cells to AM can trigger apoptosis.
We also observed DNA fragmentation and nuclear dis-
integration, recognized as established markers for apop-
tosis [31, 33]. At the molecular level, the activation of
caspases 3 and 9 indicated AM’s tendency to induce pro-
apoptotic behavior. Caspase 8 and caspase 9, acting as
initiator caspases in the extrinsic and intrinsic apoptosis
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pathways, respectively, showcased distinctive activation
patterns [34]. Among all caspases, caspase 3 is a crucial
executioner in both pathways [35]. Our study revealed
the activation of caspase 9 but not caspase 8, indicating
that AM triggers the intrinsic apoptotic pathway. This
finding contrasts with a previous study conducted on
different tumor cells (MDA-MB-231 cells), which dem-
onstrated that AM activates apoptosis in both pathways
by elevating cleaved caspase 8 [21]. These findings imply
the activation of the loss of OMM potential. This can be
attributed to the upregulation and translocation of BAX
from the cytosol to the OMM, along with the inhibition
of BCL-2, resulting in an increased BAX/BCL-2 ratio
[7]. Other reports mentioned that the loss of permeabil-
ity of OMM was induced by the decreased expression
level of anti-apoptotic proteins BCL-2 and BCL-XL [36,
37]. Therefore, AM may induce OMM permeabilization
in HeLa cells via a reduction in the expression levels of
the anti-apoptotic proteins BCL-2 and BCL-XL, although
the BAX/BCL-2 and BAK/BCL-XL ratios did not show
an increase in this study. This observation aligns with a
previous report discussing the impact of reduced BCL-2
expression on OMM loss [38].

Conclusions

In summary, this study contributes to our understanding
of the anticancer potential of S. affinis fruit, particularly
the promising cytotoxic effects of AM isolated from the
seed fraction. The SAS appears to be the primary source
of anticancer properties of S. affinis fruit. AM has been
found to hinder cell proliferation, and compelling evi-
dence indicates its ability to induce apoptosis in cancer
cells. However, the exact mechanism by which AM acti-
vates apoptosis remains unclear. Therefore, additional
investigation is required to understand the molecular
pathways involved comprehensively. While these findings
represent a significant advancement in our knowledge
of the anticancer capabilities of S. affinis fruit, further
research and validation are imperative to fully harness
their therapeutic potential.

Abbreviations

ANOVA  Analysis of variance

AKT Protein kinase B

BAK BCL2 antagonist/killer

BAX BCL2 associated X

BCL2 B-cell lymphoma 2

BCL-XL  B-cell lymphoma-extra large

CCK8 Cell counting kit-8

CDKs Cyclin-dependent kinases

DAPI 4',6-Diamidino-2-phenylindole

HPV Human papillomavirus

ICs Half-maximal inhibitory concentrations
1Cqo 90% of the maximal inhibitory concentration
mTOR Mammalian target of rapamycin

OMM Mitochondrial outer membrane



Le-Trung et al. BMC Complementary Medicine and Therapies

ROS Reactive oxygen species
SAP S. affinis pericarp
SAS S. affinis seed

SD Standard deviation
TUNEL  Terminal deoxynucleotidyl transferase dUTP nick end labeling

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512906-024-04357-w.

Additional file 1: Fig. S1. Acetylmelodorinol in CDCI3 TH NMR at

298 K. Fig. S2. Acetylmelodorinol in CDCI3 13C NMR at 298 K. Fig.

$3. Acetylmelodorinol in CDCI3 DQF-COSY at 298 K. Fig. S4. Acetylmelo-
dorinol in CDCI3 NOESY at 298 K. Fig. S5. Acetylmelodorinol in CDCI3
TH-13C HSQC at 298 K. Fig. S6. Acetylmelodorinol in CDCI3 TH-13C HMBC
at 298 K. Fig. S7. Original images of blots shown in Fig. 4a. Fig. $8. West-
ern blottingof caspase-8. Fig. S9. Original images of blots shown in Fig. 5a.

Additional file 2: Table S1. Antibodies for Western Blot Assay.

Acknowledgements

We express our sincere gratitude to Prof. Hideki Yoshida of the Kyoto Institute
of Technology for generously allowing us to use his facilities during this
research project.

Authors’ contributions

Conceptualization: Nghia Le-Trung (N.L.), Kenji Kanaori (Ken.K.), Tomonori
Waku (T.W)), Thao Thi Phuong Dang (T.T.PD), and Kaeko Kamei (Kae.K).; Inves-
tigation: N.L,, Ken.K, TW.; Methodology: N.L., Ken.K, TW,; Project administra-
tion: Kae K;; Supervision: Kae.K,; Discussion of the results: N.L., Ken.K, TW,,
D.T.PT, and Kae K, Writing - Original Draft: N.L; Writing - Review and Editing:
N.L, KenK, TW, DTPT, and Kae K, All authors have read and agreed to the
published version of this manuscript.

Funding
This study was supported by the JSPS Core-to-Core Program (Grant number:
JSPSCCB20230005).

Availability of data and materials
The datasets generated and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The SAF (Chum Budng) plant material used in this study was obtained from a
country market in Tay Ninh province, Vietnam. Its identification was confirmed
by Dr. Dang Le Anh Tuan from the Laboratory of Botany, Department of Ecol-
ogy and Evolutionary Biology, Faculty of Biology—Biotechnology, University of
Science, VNU-HCMC, Vietnam. The voucher specimen (PHH0004912) has been
collected and deposited at Dr. Dang Le Anh Tuan’s laboratory for reference.
The collection and usage of this plant material adhered to the IUCN Policy
Statement on Research Involving Species at Risk of Extinction and the Con-
vention on the Trade in Endangered Species of Wild Fauna and Flora.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Functional Chemistry, Kyoto Institute of Technology,

Kyoto 606-8585, Japan. *Laboratory of Molecular Biotechnology, Faculty

of Biology and Biotechnology, University of Science, Vietnam National Univer-
sity Ho Chi Minh City, Ho Chi Minh City, Vietnam.

(2024) 24:59

Page 10 of 11

Received: 17 September 2023 Accepted: 14 January 2024
Published online: 27 January 2024

References

1.

w

20.

21

22.

23.

24.

25.

Arbyn M, et al. Estimates of incidence and mortality of cervical cancer in
2018: a worldwide analysis. Lancet Glob Health. 2020;8(2):e191-203.
Singh D, et al. Global estimates of incidence and mortality of cervical
cancer in 2020: a baseline analysis of the WHO Global Cervical Cancer
Elimination Initiative. Lancet Glob Health. 2023;11(2):e197-206.

Cohen PA, et al. Cervical cancer. Lancet. 2019;393(10167):169-82.
Carneiro BA, El-Deiry WS. Targeting apoptosis in cancer therapy. Nat Rev
Clin Oncol. 2020;17(7):395-417.

Levy DS, Kahana JA, Kumar R. AKT inhibitor, GSK690693, induces growth
inhibition and apoptosis in acute lymphoblastic leukemia cell lines.
Blood. 2009;113(8):1723-9.

Galluzzi L, et al. Molecular mechanisms of cell death: recommendations
of the Nomenclature Committee on Cell Death 2018. Cell Death Differ.
2018;25(3):486-541.

Chipuk JE, Bouchier-Hayes L, Green DR. Mitochondrial outer membrane
permeabilization during apoptosis: the innocent bystander scenario. Cell
Death Differ. 2006;13(8):1396-402.

Suhaili SH, et al. Mitochondrial outer membrane permeabilization: a focus
on the role of mitochondrial membrane structural organization. Biophys
Rev. 2017,9(4):443-57.

Newman DJ, Cragg GM. Natural Products as Sources of New Drugs

over the Nearly Four Decades from 01/1981 to 09/2019. J Nat Prod.
2020;83(3):770-803.

. Hongnak S, et al. Chemical constituents and derivatization of melo-

dorinol from the roots of Melodorum fruticosum. Nat Prod Commun.
2015;10(4):633-6.

. Sakulnarmrat K, Konczak I. Encapsulation of Melodorum fruticosum Lour.

anthocyanin-rich extract and its incorporation into model food. LWT.
2022;153:112546.

. Nghi NBT, et al. Rumdul (Sphaerocoryne affinis) Antioxidant Activity and

Its Potential for Parkinson’s Disease Treatment. Oxid Med Cell Longev.
2022;2022:8918966.

. Mongkol R, Piapukiew J, Chavasiri W. Chemical constituents from Melo-

dorum fruticosum Lour. flowers against plant pathogenic fungi. Agr Nat
Res. 2016;50(4):270-5.

. Tuchinda P, et al. Bioactive butenolides from Melodorum fruticosum.

Phytochemistry. 1991;30(8):2685-9.

. Jung JH, et al. New bioactive heptenes from Melodorum fruticosum

(annonaceae). Tetrahedron. 1990;46(15):5043-54.

. Jung JH, et al. Bioactive constituents of Melodorum fruticosum. Phyto-

chemistry. 1990;29(5):1667-70.

. Jung JH, et al. Additional bioactive heptenes from Melodorum frutico-

sum. J Nat Prod. 1991;54(2):500-5.

. Chaichantipyuth C, et al. Oxidized heptenes from flowers of Melodorum

fruticosum. Phytochemistry. 2001;58(8):1311-5.

. Le-Trung N, et al. Potent anti-cancer activity of Sphaerocoryne affinis fruit

against cervical cancer Hela cells via inhibition of cell proliferation and
induction of apoptosis. BMC Complement Med Ther. 2023;23(1):290.
Chatterjee S, Sahoo R, Nanda S. Recent reports on the synthesis of
y-butenolide, y-alkylidenebutenolide frameworks, and related natural
products. Org Biomol Chem. 2021;19(34):7298-332.

Thepmalee C, et al. Anti-cancer effect of a phytochemical compound

- 7R-acetylmelodorinol — against triple-negative breast cancer cells.
Biomed Pharmacother. 2023;166:115286.

Maeda G, et al. Meroisoprenoid, Heptenolides, and C-Benzylated
Flavonoids from Sphaerocoryne gracilis ssp. gracilis. J Nat Prod.
2020;83(2):316-22.

Tundis R, Xiao J, Loizzo MR. Annona species (Annonaceae): a rich source
of potential antitumor agents? Ann N'Y Acad Sci. 2017;1398(1):30-6.
Chokchaisiri R, et al. Potent cytotoxicity against human small cell lung
cancer cells of the heptenes from the stem bark of Xylopia pierrei Hance.
Med Chem Res. 2017;26(6):1291-6.

Murphy BT, et al. Antiproliferative compounds of Artabotrys
madagascariensis from the Madagascar rainforest. Nat Prod Res.
2008;22(13):1169-75.


https://doi.org/10.1186/s12906-024-04357-w
https://doi.org/10.1186/s12906-024-04357-w

Le-Trung et al. BMC Complementary Medicine and Therapies (2024) 24:59

26.

27.

28.

29.

30.

Saadawi S, et al. Inhibitory Effects of Acetylmelodorinol, Chrysin and
Polycarpol from Mitrella kentii on Prostaglandin E2 and Thromboxane B2
Production and Platelet Activating Factor Receptor Binding. Molecules.
2012;17(5):4824-35.

Evan Gl, Vousden KH. Proliferation, cell cycle and apoptosis in cancer.
Nature. 2001;411(6835):342-8.

Fagundes R, Teixeira LK. Cyclin E/CDK2: DNA Replication, Replication
Stress and Genomic Instability. Front Cell Dev Biol. 2021,9:774845.
Abeyrathna P, Su Y. The critical role of Akt in cardiovascular function.
Vascul Pharmacol. 2015;74:38-48.

LoPiccolo J, et al. Targeting the PI3K/Akt/mTOR pathway: Effec-

tive combinations and clinical considerations. Drug Resist Updates.
2008;11(1):32-50.

31. Ward TH, et al. Biomarkers of apoptosis. Br J Cancer. 2008,99(6):841-6.

32. Redza-Dutordoir M, Averill-Bates DA. Activation of apoptosis signal-
ling pathways by reactive oxygen species. Biochim Biophys Acta.
2016;1863(12):2977-92.

33. Holdenrieder S, Stieber P. Apoptotic markers in cancer. Clin Biochem.
2004;37(7):605-17.

34, Mcllwain DR, Berger T, Mak TW. Caspase functions in cell death and
disease. Cold Spring Harb Perspect Biol. 2013;5(4):a008656.

35. Yadav P, et al. Caspase-3: A primary target for natural and synthetic com-
pounds for cancer therapy. Chem Biol Drug Des. 2021;98(1):144-65.

36. Uren RT, et al. Mitochondrial permeabilization relies on BH3 ligands
engaging multiple prosurvival Bcl-2 relatives, not Bak. J Cell Biol.
2007;177(2):277-87.

37. Chen, et al. Differential targeting of prosurvival Bcl-2 proteins by their
BH3-only ligands allows complementary apoptotic function. Mol Cell.
2005;17(3):393-403.

38. Ozcanarican, G, et al,, Effects of Geven root extract on proliferation
of Hela cells and bcl-2 gene expressions. Afr J Biotechnol, 2012. 11: p.
4296-4304.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11



	Acetylmelodorinol isolated from Sphaerocoryne affinis seeds inhibits cell proliferation and activates apoptosis on HeLa cells
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Materials and general methods
	Preparation of S. affinis fruit extracts
	Isolation of anticancer compound from SAS-EA
	NMR analysis
	Dose-dependent cytotoxicity assay
	Time-dependent cytotoxicity assay
	Clonogenic formation assay
	Terminal deoxynucleotidyl transferase–mediated dutp nick end labeling (TUNEL) assay
	4′,6-Diamidino-2-Phenylindole (DAPI) staining
	Western blotting
	Annexin A5 apoptosis detection assay
	Measurement of intracellular ROS levels
	Data analysis

	Results
	Cytotoxic effects of SAP and SAS on Hela cells
	Isolation and identification of an anticancer compound
	Cytotoxic effect of AM on Hela cells
	Inhibition of Hela cell proliferation by AM
	Activation of apoptosis by AM

	Discussion
	Conclusions
	Acknowledgements
	References


