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(ABSTRACT A

INTRODUCTION: Aponogeton madagascariensis (lace plant) is a freshwater aquatic flowering plant
belonging to the family Aponogetonaceae that forms leaf perforations via programmed cell death (PCD).
The lace plant has emerged as a novel model system for studying PCD in planta due to the predictability
and accessibility of this process. Anthocyanins, and the balance between ROS and antioxidants, play a
central role in regulating PCD in lace plant leaves. Aponogetonaceae family members have shown medicinal
properties, including antioxidant and anticancer activities; however, nothing is known about the lace

plant's potential for medicinal use. Therefore, this study evaluated the anticancer activities of lace plant
anthocyanin extracts.

METHODS: Cell line growth and viability were assessed following exposure to lace plant leaf anthocyanin
extracts. This study utilized a triple-negative breast cancer cell line, MDA-MB-231, two human ovarian
epithelial cancer cell lines, OVCAR-8 and SKOV-3, along with a normal mammary epithelial cell line, MCF-10A.
Furthermore, crude anthocyanin extracts were fractionated into anthocyanin and non-anthocyanin containing
fractions and tested only on MDA-MB-231 cells.

RESULTS AND DISCUSSION: The crude anthocyanin extracts from lace plant leaves inhibited the growth
of MDA-MB-231, OVCAR-8, and SKOV-3 cells in a concentration-dependent manner and had no effect

on MCF-10A cells. Lace plant crude anthocyanin extracts appeared to induce apoptosis in MDA-MB-231
cells. Interestingly, treatment with anthocyanin and non-anthocyanin fractions decreased the growth

of MDA-MB-231, similarly to crude anthocyanin extracts, suggesting the presence of other anticancer
compounds in the lace plant extracts.

CONCLUSIONS: Lace plant crude anthocyanin extracts and corresponding fractions have in vitro
anticancer activities.
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is representative of its distinct lattice-like leaf morphol-
ogy (Figure 1 A, B). This characteristic leaf pattern is
due to perforations that form between longitudinal and
transverse veins via programmed cell death (PCD). The

Introduction

The aquatic lace plant, Aponogeton madagascariensis
(Mirbel) H. Bruggen, belongs to the family
Aponogetonaceae, which consists of about 57 species,

distributed mainly among the tropical and subtropical
regions of the world [1]. Lace plant is endemic to the
river systems of Madagascar [2] and its common name
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leaves develop from an underground corm in a hetero-
blastic series in which the first 1-3 emerging leaves form
without perforations, while subsequent leaves do form
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Figure 1. Lace plant (A. madagascariensis) is an aquatic monocot used as a model organism to study programmed
cell death (PCD) in planta due to its unique leaf perforation pattern. (A) Lace plant in aquarium setting showing
perforated adult leaves and purple inflorescence. (B) Sterile lace plant grown in a jar containing liquid and solid
MS medium. (C) Window (left) stage leaf with a pink coloration due to anthocyanin, a water-soluble pigment, and
mature (right) stage leaf with fully formed perforations and green coloration due to an abundance of chlorophyll.
(D) Crude anthocyanin extracted from window (left) and mature (right) stage leaves. Scale bars:

A=5cm,B=2cm,C=1cm,D=0.55cm

perforations. During the early stages of development,
young leaves known as “window” stage leaves are pink in
color due to the presence of anthocyanin pigments. This
pigmentation disappears as leaves mature and chlorophyll
pigmentation becomes more prominent (Figure 1C).
The lace plant is an excellent model system for study-
ing developmentally regulated PCD in planta due to
the accessibility and predictability of perforation for-
mation, the suitability of its thin and semi-transparent
leaves for live cell imaging, and the established sterile
culture system for propagation [3-10].

Family members such as A. distachyos, A. elongates,
A. crispus, A. madagascariensis, and A. natans all
have edible tubers and inflorescences, and have also
been used for their medicinal properties [11-14]. For
example, A. natans has antidiabetic activities [15] and
A. undulates has antioxidant [16] as well as antitumor
activities against cancers like Ehrlich ascites carcinoma
(murine mammary adenocarcinoma; [17]). Aponogeton
crispus and A. natans (commonly known as kekatiya)
are used in Ayurvedic medicine to treat burning sensa-
tions, wounds, heart disease, excessive thirst and nausea
(16, 18]. Aponogeton undulates extracts are effective
against ailments such as coughs, tuberculosis, acne, can-
cer, diarrhea and jaundice [16].

It is likely that other species in the Aponogetonaceae
family have medicinal properties that have not yet been
exploited. We are particularly interested in studying
A. madagascariensis as it has provided novel insights into
developmentally regulated PCD, as well as the import-
ant role played by antioxidants and anthocyanins during
lace plant leaf development [5, 19]. Anthocyanins are
the most common and abundant flavonoid components
present in the vacuoles of plant cells [20]. There are over
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500 anthocyanin species across the plant kingdom, and
they have nutritional values as well as medicinal proper-
ties such as antidiabetic, anticancer, anti-inflammatory,
antimicrobial effects, and the capacity to prevent cardio-
vascular diseases [21-23]. Purified anthocyanins from
various plant species have been extensively studied for
their anticancer properties, using in vitro or in vivo
models [24-26]; meanwhile the effectiveness of crude
anthocyanin extracts is yet to be studied extensively.
Favaro et al. [27] recently showed that crude anthocy-
anin extract from the fruits of Jussara (Euterpe edulis
Martius) is suitable for both food and pharmaceutical
applications. Moreover, crude anthocyanin extracts are
often used in Ayurvedic medicine. This study investi-
gated the effects of crude anthocyanin extracts from
window and mature stage leaves on breast and ovar-
ian cancer cells. Fractionation of the crude anthocy-
anin extracts allowed for the evaluation of the effects of
anthocyanin and non-anthocyanin fractions on breast
cancer cells in vitro. To the best of our knowledge, this
is the first paper to report the in vitro cytotoxic effects
of lace plant anthocyanin extracts on breast and ovarian
cancer cells.

Methods
Establishment of Lace Plant Cultures

Lace plant corms were purchased from The PlantGuy
(Alberta, Canada) and planted in a freshwater filtered
aquarium. The aquarium had a Seachem Flourite sub-
strate (Georgia, USA) and the plants were grown under
a 12 h light/dark cycle using a Fluval Fresh & Plant
2.0 LED bar (Rolf C. Hagen Inc., Québec, Canada).
Each week, 15% of the water volume was changed and
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supplemented with 1 mg/L monopotassium phosphate,
10 mg/L potassium nitrate and 3 mg/L CSM+B plantex
(Aquarium Fertilizers, California, USA). Mature inflo-
rescences (Figure 1A) were self-crossed with a cotton
swab. Germinated seedlings were collected in water
with a mesh and rinsed thoroughly with distilled water.
The seedlings were surface sterilised for 5 min in 50%
ethanol and then soaked in 20% bleach for 5 min. The
seedlings were then rinsed 3 times in distilled water, for
5 mins and then transferred to Murashige and Skoog
(MS) medium and maintained via tissue culturing as
described below.

Lace Plant Tissue Culture

Lace plant cultures were maintained and propagated
according to Gunawardena et al. [9]. The plants were
grown in 963 mL wide-mouth glass culture vessels
(PhytoTechnology Laboratories, Kansas, USA) with
approximately 450 mL of liquid MS medium (30 g/L
sucrose, 2.15 g/L MS basal salts, 100 mg/L myo-
inositol and 0.4 mg/L thiamine, pH 5.7) and embed-
ded in 200 mL of solid MS medium containing 1.25%
agar (PhytoTechnology Laboratories, Kansas, USA,
Figure 1B). Cultures were maintained at 24°C under flu-
orescent lighting (Philips Daylight Deluxe) at approxi-
mately 125 pmol m™s™ on a 12 h light/dark cycle.

Preparation of Crude Anthocyanin Extracts

Anthocyanin extractions were performed using a pro-
tocol adapted from Dauphinee et al. [19]. Lace plant
window or mature stage leaves (Figure 1C) were excised
from axenic cultures, blot-dried, weighed and then
flash frozen with liquid nitrogen. The leaves were then
macerated into a fine powder with mortar and pestle.
A formic acid/methanol (5/95, v/v) extraction buffer
was added (10 mL/g tissue) to the mixture that was then
incubated in the dark on ice for 50 min, filtered using an
80 uM mesh and centrifuged at 10,000 x g for 10 min.
The supernatant was filtered again (Figure 1D) using
the same mesh onto glass culturing plates to allow the
extraction buffer to evaporate, in the absence of light,
overnight at 25°C. The dry residue was collected using
a sterile razor and stored at —20°C until needed. Prior
to application, the residue was dissolved in dimethyl
sulfoxide (DMSO) to generate a stock solution of
100 mg/mL.

Fractionation of Lace Plant Crude Anthocyanin
Extract

Lace plant crude anthocyanin extract (10-30 mg) was
suspended in 1 mL of formic acid/water (5/95, v/v) and
applied onto a 1 g C18 SPE cartridge (Waters Corp.,
Mississauga, ON, Canada) that had been previously
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sequentially equilibrated with 10 mL of each of the fol-
lowing: methanol, formic acid/methanol (5/95, v/v),
ethyl acetate, methanol/water (15/85, v/v), formic acid/
water (5/95, v/v) and finally water. Separate sample elu-
ates were collected when the cartridge was eluted with
10 mL of formic acid/water (5/95, v/v), and 10 mL of
methanol/water (15/85, v/v). The cartridge was dried
under vacuum and then a fraction was collected by
eluting the cartridge with 10 mL of ethyl acetate. The
cartridge was dried again, and a fraction was collected
by eluting the cartridge with 10 mL of formic acid/
methanol (5/95, v/v). The anthocyanin-containing frac-
tion was prepared by removing the organic solvent from
the formic acid/water (5/95, v/v) fraction using a stream
of nitrogen. Fractions obtained from methanol/water
(15/85, v/v), ethyl acetate and water elution were com-
bined and placed under a stream of nitrogen to remove
the organic solvents. The remaining aqueous solution
was freeze-dried to yield a non-anthocyanin-containing
fraction.

Cell Culture Conditions

MDA-MB-231 triple-negative breast cancer (TNBC)
cells were provided by Dr. S. Drover (Memorial
University of Newfoundland, St. John’s, NL, Canada)
and authenticated by short tandem repeat analysis con-
ducted by ATCC (Manassas, VA, USA). OVCAR-8 and
SKOV-3 human epithelial ovarian cancer cells were
obtained from and authenticated by ATCC. MCF-10A
immortalized human mammary epithelial cells used as
a control in this study were obtained from Dr. P. Marcato
(Dalhousie University, Halifax, NS, Canada). All cancer
cells were cultured using Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% v/v heat-
inactivated fetal bovine serum (FBS), 100 U/mL penicillin,
100 pg/mL streptomycin, 5 mM N-2 hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid (HEPES) buffer (pH 7.4),
and 2 mM L-glutamine, and maintained at 37°C in a
humidified 10% CO, incubator. Cells were passaged
upon reaching 70-80% confluency, using 0.25% trypsin-
ethylenediamine tetraacetic acid (EDTA). The control
cell line, MCF-10A, was cultured in F12/DMEM (1:1)
supplemented with 10% horse serum, 0.02 ug/mL epider-
mal growth factor, 0.5 pg/mL hydrocortisone, 10 ug/mL
bovine insulin, 100 pg/mL penicillin and 100 pg/mL
streptomycin and maintained in a 5% humidified CO,
incubator. MCF-10A cells were also passaged upon
reaching 70-80% confluency using sterile phosphate-
buffered saline (PBS) followed by 0.25% trypsin-EDTA.
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MTT (3-(4,5-Dimethylthizol-2-yl)-2,5-
Diphenyltetrazolium Bromide) Assay

for Cell Growth

Cell growth was assessed using the 3-(4,5-dimethylthizol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) colori-
metric assay [28]. The light sensitive MTT reagent was
converted to insoluble purple formazan crystals by mito-
chondrial succinate dehydrogenases. MTT assays were
performed with crude and fractions of anthocyanin
extracts (anthocyanin or non-anthocyanin). Both win-
dow and mature crude anthocyanin extracts were tested
on breast (MDA-MB-231) and ovarian (OVCAR-8 and
SKOV-3) cancer cells, as well as on normal mammary
epithelial cells (MCF-10A). Window and mature antho-
cyanin and non-anthocyanin fractions derived from the
crude extracts were tested only on MDA-MB-231 and
MCEF-10A cells.

All cells were seeded at 5 x 10° cells/well in 96-well
flat-bottom cell culture plates and incubated at 37°C
overnight to induce cell adhesion. Adherent cells were
treated with 0 (vehicle control), 25, 50, 100 or 250 pg/mL
concentrations of either window or mature stage lace
plant leaf extract, and cultured for 24, 48 or 72 h. At
the end of culture, 10 pL MTT was added to each well,
the plates were incubated for 2-3 h, and then centri-
fuged (Baxter centrifuge, Hallandale Beach, FL, USA)
at 1400 x g for 5 min. The supernatant was discarded,
and formazan crystals were dissolved in 0.1 mL DMSO.
Changes in optical density were determined at 570 nm
using an ASYS Expert 96 Microplate Reader (Biochrom,
Admiral Place, Guelph, ON, Canada). Cell metabolic
activity as a measure of cell growth was expressed as
a percentage compared to the medium control. Each
experiment was repeated at least three times.

Crystal Violet Staining for Cell Morphology
Analysis

Cellswere plated in 6-well flat-bottom cell culture plates
at 1 x 10° cells/well and left for 24 h, while cultures at
5 x 10* cells/well were left for 48 or 72 h. However,
only 48 h results were shown in the results section.
Cells were left to adhere overnight at 37°C. Adherent
cells were then treated with 0 (vehicle control), 50 or
100 pg/mL window or mature stage crude leaf extract.
Atthe end of culture, plates were centrifuged at 1400 x g
for 5 min, after which, the medium was removed, and
cells were washed with PBS. Cells were then fixed with
500 pL methanol and incubated for 15 min. After the
incubation period, methanol was removed, and crys-
tal violet dye was added (1 mL/well). The plates were
covered with tin foil and placed on a rocker at max-
imum speed for 5 min. Finally, the cells were rinsed
with water to eliminate excess dye and left to air-dry.
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Stained cell cultures were scanned using a Nikon
Eclipse Ti microscope (Nikon, Mississauga, ON,
Canada). Images were captured using NIS Elements
software and a Nikon DS-Fil digital camera head
(Nikon Instruments Canada). Each experiment was
repeated three times.

Oregon Green-488 Staining for Flow Cytometric
Cell Proliferation Assay

Twenty hours before starting the assay, MDA-MB-231,
OVCAR-8 and SKOV-3 cancer cells were serum-starved
to synchronize their cell cycle. Cells were seeded into
6-well flat-bottom cell culture plates at a density of
5 x 10* cells/well and allowed to adhere overnight.
Adherent cells were washed with warm PBS, stained
with 1.25 uM Oregon Green 488 (Carboxy DFFDA-SE,
Catalog number: C34555, Invitrogen) prepared in warm
(37°C) serum-free medium, and incubated for 45 min
at 37°C. Cells were then thoroughly washed with warm
complete DMEM, and incubated for 2 h to induce cell
recovery. Cells for the non-proliferative baseline con-
trol were then harvested, fixed in 1% paraformaldehyde
(PFA) and stored at 4°C until use; they had the high-
est fluorescence at t = 0 h. The remaining cell cultures
were treated with 0 (vehicle control), 25 or 50 pug/mL
of the crude window or mature leaf extracts. Treated
cells were incubated for 72 h in the dark before anal-
ysis by flow cytometry using a FACSCalibur instru-
ment (BD Bioscience, Mississauga, ON, Canada). The
number of cell divisions (n) was calculated as follows:
MF _ =2"xMF __  using the mean fluorescence
(MF) of the treatment (MF __ ) and the MF of the
non-proliferative control (MF __ ). The fluorescence
of the non-proliferative control was used to normalize
the MF of anthocyanin-treated cells. Each experiment
was repeated three times.

TdT-Mediated dUTP Nick End Labelling (TUNEL)
Staining for DNA Fragmentation

TUNEL staining, in which TdT-mediated dUTP nick
ends are labelled [29], was used to characterise DNA
fragmentation in breast cancer cells treated with win-
dow or mature leaf stage extracts. MDA-MB-231 cells
were seeded in 6-well flat-bottom cell culture plates and
incubated overnight at 37°C to support cell adhesion
at a density of 1 x 10° cells/well. Adherent cells were
treated with 0 (vehicle control), 50 or 100 ug/mL win-
dow or mature stage leaf extracts and cultured for 24 or
48 h. At the end of culture period, cells were harvested
and cytoprep slides were prepared. TUNEL staining
was performed using an In Situ Cell Death Detection
Kit, POD (Roche Applied Science, Laval, QC, Canada),
according to the manufacturer’s instructions. Stained
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cells were detected under brightfield illumination
using an EVOS® FL digital microscope (ThermoFisher
Scientific, Canada). Dark-colored staining is indicative
of DNA fragmentation/damage. Each experiment was
repeated three times.

Transmission Electron Microscopy (TEM)

MDA-MB-231 breast cancer cells were plated in 6-well
plates (2 x 10°) and incubated overnight at 37°C to pro-
mote cell adhesion. Adherent cells were then treated
with 0 (vehicle control) or 100 pg/mL window or
mature stage extract for 48 h. At the end of the culture
period, plates were centrifuged at 1400 x g for 5 min,
the medium was removed, and cells were fixed for 2.5 h
with 2.5% glutaraldehyde diluted with 0.1 M sodium
cacodylate buffer. Cells were then scraped from each
well, put into separate 1.5 mL microcentrifuge tubes,
thoroughly rinsed for 10 min with 0.1 M sodium caco-
dylate buffer, fixed for 2 h with 1% osmium tetroxide and
rinsed quickly with distilled water. Samples were placed
in 0.25% uranyl acetate and kept at 4°C overnight. The
next day, samples were dehydrated with a graduated
series of acetone (50% acetone 1 x 10 min, 70% acetone
2 x 10 min, 95% acetone 2 x 10 min and 100% acetone 1
x 10 min), and then infiltrated with Epon Araldite Resin,
first using a 3:1 ratio (3 parts dried 100% acetone: 1-part
resin for 3 h), then 1:3 acetone to resin overnight, and
finally 100% Epon Araldite Resin twice for 3 h. Samples
were embedded in 100% Epon Araldite Resin which
was allowed to harden for 48 h in an oven set to 60°C.
Thin sections of about 100 nm were cut using a Reichert-
Jung Ultracut E Ultramicrotome with a 100 nm thick
diamond knife, and placed on 300 mesh copper grids,
which were stained using 2% aqueous uranyl acetate
for 10 min, rinsed twice for 5 min with distilled water,
stained with lead citrate for 4 min, followed by a quick
rinse with distilled water and left to air dry. Samples were
viewed using a JEOL JEM 1230 transmission electron
microscope (JEOL Canada Inc., St-Hubert, QC, Canada)
at 80 kV and images were captured using a Hamamatsu
ORCA-HR digital camera [Advanced Microscopy
Techniques (AMT), Woburn, MA, USA].

Statistical Analysis

GraphPad Prism analysis software (GraphPad Software,
Inc.) was used for one-way analysis of variance (ANOVA)
with the Tukey post-test to determine which pairwise
comparisons are significant. Results were expressed as
mean + SEM of three independent experiments.

Image Preparation

Bar graphs were created using GraphPad Prism 8
(GraphPad Software). Figures were prepared using
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Adobe Photoshop and Illustrator CC (Adobe Systems
Inc.). To improve image quality for lace plant leaves,
backgrounds were removed. Adjustments to brightness
and contrast were made evenly within images.

Results

Crude Lace Plant Anthocyanin Extracts Inhibited
the Metabolic Activity of Breast and Ovarian
Cancer Cells

The colorimetric MTT assay was used to assess the
growth, as reflected by metabolic activity of TNBC
MDA-MB-231 cells, human ovarian epithelial cancer
OVCAR-8 and SKOV-3 cells, and immortalized human
mammary epithelial MCF-10A cells when treated with
crude anthocyanin-rich extracts from window and
mature stage leaves of A. madagascariensis.

The MTT assay results after 48 h showed that crude
window and mature anthocyanin extracts inhibit the
metabolic activity, and therefore the growth of triple-
negative breast and human epithelial ovarian cancer
cells in a concentration-dependent manner (P < 0.05;
Figure 2A). OVCAR-8 ovarian cancer cells showed a
significant decrease in metabolic activity even with the
lowest concentrations (i.e., 25 pg/mL), of both win-
dow and mature anthocyanin leaf extracts, whereas
SKOV-3 showed decreased metabolic activity at
25 pg/mL only with window anthocyanin extract and
MDA-MB-231 solely with mature anthocyanin extracts
(Figure 2A). Immortalized human mammary epithelial
MCEF-10A cells did not show any significant change in
metabolic activity at any concentration of either win-
dow or mature anthocyanin crude extracts (P > 0.05;
Figure 2A). Results from the MTT assays comparing
breast and ovarian cancer cells to normal mammary cells
showed that crude anthocyanin extracts from the win-
dow stage leaves of the lace plant significantly inhibited
the metabolic activity of MDA-MB-231, OVCAR-8, and
SKOV-3 at all four concentrations, compared to MCF-
10A cells (Figure 2B). Mature anthocyanin-rich extracts
also significantly inhibited the metabolic activity of
OVCAR-8 and SKOV-3 at all four concentrations com-
pared to MCF-10A cells (Figure 2B), but the metabolic
activity between MDA-MB-231 and MCF-10A was sig-
nificant only at 100 ug/mL (Figure 2B). Comparisons of
window and mature extracts for each cell line and dose
showed no significant differences, except for MCF-10A
cells at 250 ug/mL (P > 0.05; Figure 2C). Overall, MTT
assay results indicated that the growth of human breast
(MDA-MB-231) and ovarian (OVCAR-8 and SKOV-3)
cancer cells were inhibited by crude anthocyanin
extracts from the window and mature leaves of the lace
plant in a concentration-dependent fashion.
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Figure 2. Crude A. madagascariensis anthocyanin extracts from window and mature stage leaves selectively
inhibited the metabolic activity of triple-negative breast cancer cells (MDA-MB-231) and human epithelial ovarian
cancer cells (OVCAR-8 and SKOV-3), but not in immortalized human mammary epithelial cells (MCF-10A). The %
metabolic activity of malignant and non-malignant cells treated with window and mature stage leaf crude extracts
of A madagascariensis was determined using a MTT assay after 48 h. (A) Cells treated with 25, 50, 100,

250 pg/mL showed that window and mature anthocyanin extracts decreased the metabolic activity of human
cancer cells in a concentration-dependent manner. (B) The metabolic activity of breast cancer cells MDA-MB-231,
and ovarian cancer cells OVCAR-8 and SKOV-3, treated with 25, 50, 100, 250 pg/mL of window and mature
anthocyanin crude extracts was compared to the metabolic activity of normal mammary cells MCF-10A. (C) The
% metabolic activity of MCF-10A, OVCAR-8, SKOV-3 and MDA-MB-231 cells treated with window anthocyanin
extracts was compared to the metabolic activity of the same cells treated with mature anthocyanin extracts.
Absorbance was measured at 570 nm and % metabolic activity expressed as means + SEM of three independent
experiments. Differences among means were analysed using a 1-way ANOVA and Tukey's test; *P < 0.05,

**P <0.01, ***P < 0.001, ****P < 0.0001.

Crude Lace Plant Anthocyanin Extracts
Decreased Cell Number and Induced
Apoptotic-Like Morphological Changes

on Breast and Ovarian Cancer cells

Crystal Violet staining was used to detect morphologi-
cal changes induced by the crude anthocyanin extracts
from window and mature stage leaves of the lace plant
on breast (MDA-MB-231), and ovarian (OVCAR-8 and
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SKOV-3) cancer cells, as well as on normal mammary
epithelial cells (MCF-10A).

Crude anthocyanin window and mature stage leaf
extracts had a visible effect on the number and mor-
phology of cancer cells that was not seen with noncan-
cerous MCF-10A cells. No differences were observed
between vehicle control and anthocyanin extract-
treated MCF-10A cells; they were all homogeneously

https://doi.org/10.33211/jnhpr.19
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SKOV-3

100 pg/mi

Mature

Figure 3. Crude A. madagascariensis anthocyanin extracts from window and mature stage leaves induced
morphological changes in triple negative breast cancer cells (MDA-MB-231) and in human epithelial ovarian
cancer cells (OVCAR-8 and SKOV-3), but not in immortalized human mammary epithelial cells (MCF-10A). MCF-10A
cells (A-E), MDA-MB-231 (F-J), OVCAR-8 (K-0) & SKOV-3 cells (P-T) were stained with Crystal Violet after 48 h

of treatment with vehicle control, 50 or 100 pg/mL anthocyanin extracts. MCF-10A control (A) and cells treated
with window and mature stage anthocyanin extracts at 50 yg/mL (B and C), and at 100 pg/mL (D and E) showed
homogenously distributed cells. Vehicle controls of cancer cells (F, K and P) showed homogenously distributed
cells; however, treated cancer cells (G-J; L-O; Q-T) showed apoptotic-like morphological characteristics compared
to such as condensed cytoplasm (straight arrows), increased filopodia-like structures (dotted arrows), and a
reduced number of cells and dead cells (dashed arrow). Scale bar = 10 pm

distributed and had a typical cytoplasm morphology
(Figure 3 A-E). In contrast, for each cancer cell line,
morphological differences were observed between
cells treated with vehicle control and the ones treated
with crude anthocyanin extracts. MDA-MB-231 cells
treated with either 50 or 100 pg/mL extracts of win-
dow and mature stage leaves had shrunken cytoplasms
(Figure 3 G-J) and nuclei compared to their cor-
responding vehicle control cells (Figure 3F).
Anthocyanin-treated OVCAR-8 and SKOV-3 can-
cer cells showed condensed and stretched cytoplasm
with multiple filopodia-like structures reaching out-
wards to bridge with other neighboring cells (Figure 3
L-O, Q-T). Moreover, MDA-MB-231, OVCAR-8 and
SKOV-3 cancer cells treated with either window or
mature crude anthocyanin extracts showed a dramatic
decrease in cell number (Figure 3 G-J, L-O, Q-T) com-
pared to their corresponding vehicle controls. Overall,
the treatment of crude anthocyanin-rich extracts from
window and mature stage leaves of A. madagascariensis
led to apoptotic-like morphological characteris-
tics and a decrease in the number of cells for breast
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(MDA-MB-231) and ovarian (OVCAR-8 and SKOV-3)
cancer cells only.

Crude Lace Plant Anthocyanin Extracts Caused
DNA Fragmentation in Breast Cancer Cells

A TUNEL assay was used to determine whether expo-
sure of breast cancer cells MDA-MB-231 to the crude
A. madagascariensis anthocyanin leaf extracts caused
DNA fragmentation, which is a hallmark of apoptosis
[30]. MDA-MB-231 cells were cultured in the absence
or presence of window or mature A. madagascariensis
leaf extracts; 50 and 100 pug/mL were shown to be the
lowest concentrations causing significant cell death as
compared to the vehicle controls for both leaf extracts
(Figure 4). At the 24 h time point, the breast cancer
cells were still intact and started to show evidence of
DNA fragmentation occurring in a concentration-
dependent manner. After reaching 48 h of treatment
with either window or mature anthocyanin extracts,
most MDA-MB-231 cells were disrupted and showed
additional evidence of DNA fragmentation (Figure 4;
brown and black spots indicated by red arrows) also in
a concentration-dependent manner. The results of the
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A 24 hours

window 50ug/ml

B ' 48 hours

window 50ug/ml

Figure 4. Crude anthocyanin extracts from window and mature stage leaves of A. madagascariensis induced DNA
fragmentation on breast cancer cells. DNA fragmentation was measured with POD converter on MDA-MB-231
cells treated for 24 h (A) and 48 h (B) with crude anthocyanin extracts from window and mature stage lace plant
leaves at 50 and 100 pg/mL concentration. The assay was conducted as per kit instructions and imaged under
brightfield on an EVOS digital microscope. DNA fragmentation is visible as dark-colored staining (red arrows).

Scale bar =100 pym.

TUNEL assays showed that both window and mature
A. madagascariensis extracts caused DNA fragmentation
and damage indicative of apoptosis in MDA-MB-231
triple-negative breast cancer cells.

Crude Anthocyanin Lace Plant Extracts Caused
Cell Ultrastructure Morphology Characteristic of
Apoptotic Cells

TEM was used to observe alterations in the ultrastructure
of MDA-MB-231 cells treated with lace plant anthocyanin-
rich extracts from window and mature stage leaves
(Figure 5). Cells treated with 100 ug/mL of either extract
for 48 h exhibited condensed cell morphology, swollen
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mitochondria (Figure 5 E), nuclear membrane invagi-
nation, plasma membrane (PM) blebbing (Figure 5 F)
and the presence of apoptotic bodies (Figure 5 D-I).
In contrast, untreated control group cells did not have
condensed cytoplasm, had typical mitochondria and no
signs of nuclear membrane invagination, PM blebbing
or apoptotic bodies (Figure 5 A-C).

Crude Lace Plant Anthocyanin Extracts did not
Show Significant Anti-Proliferative Activities in
Ovarian and Breast Cancer Cells

The anti-proliferative activity of crude anthocyanin
extracts from window and mature stage leaves of the
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Figure 5. Crude anthocyanin from window and mature stage leaves of A. madagascariensis led to morphological
changes of the ultrastructure of breast cancer cells. TEM of MDA-MB-231 cells 48 h after treatment including:
vehicle control (A-C), 100 pg/mL window stage (D-F) and 100 pg/mL mature anthocyanin extract (G-1). Both
window and mature anthocyanin extract treated cells demonstrated condensed cytoplasm (D arrow), condensed
chromatin (G arrow), swollen mitochondria (E arrow), membrane blebbing (F arrow) and apoptotic bodies

(I arrow). Scale bars: A, D, G=2pum, B,E,H=500nm, C, F, I =1 pm.

I Window
@ Mature

5+ OVCAR-8 5 SKOV-3 5.  MDA-MB-231

Number of cell division
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é
é
4

AMNN.S.
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Figure 6. Crude anthocyanin extracts from A. madagascariensis did not have anti-proliferation effects on human
ovarian and breast cancer cells. Synchronized with serum-free medium, ovarian cancer cells (OVCAR-8 and
SKOV-3) and breast cancer cells (MDA-MB-231) were stained with Oregon Green-488, treated with 0, 25 or

50 pg/mL crude window or mature anthocyanin extracts and cultured for 72 h. The cells were harvested and
analysed by flow cytometry. The number of cell divisions was analysed via a one-way ANOVA and expressed as
mean + SEM of three independent experiments.
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lace plant was measured using a collagen-binding flu-
orescent dye, Oregon Green-488. Flow cytometric
analysis of Oregon Green 488-stained MDA-MB-231,
OVCAR-8, and SKOV-3 cells treated with a sub-
cytotoxic dose of crude window or mature anthocyanin
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extract (25 and 50 pg/mL) revealed a gradual decrease
in the number of cell divisions in a concentration-
dependent fashion in all three cancer cell lines compared
to their corresponding vehicle-treated cells (Figure 6).
However, no significant difference was found between

2004

1504

1004

501

200,

1504

1004

501

. MCF-10A
21 MDA-MB-231

-

1]

Vehicle

50 100

(|

-
M

1k

Vehicle

50 10

Crude

Anthocyanin only

Non-Anthocyanin

% Metabolic activity

Mature

Window

200+

150+

1%
é
7
7
é

Q,

100 |

50

Treatment (ug/mL)
200+
1504

1004

AINT.S.

Vehicle
200+

1504

Vehicle

MCF-10A

Il Crude
4 Anthocyanin only
3 Non-Anthocyanin

50

MDA-MB-231

Treatment (ug/mL)

Figure 7. Inhibitory effects of crude extracts and anthocyanin and non-anthocyanin fractions of

A. madagascariensis window and mature stage leaves on triple-negative breast cancer cells (MDA-MB-231)
compared to the immortalized human normal mammary cells (MCF-10A). (A, B) Crude extracts, and anthocyanin
and non-anthocyanin fractions were applied at 0, 50 or 100 pg/mL on both MDA-MB-231 and MCF-10A cells

that were cultured for 48 h. (A) Normal mammary epithelial control cells (MCF-10A) were not affected by either

of the extract/fraction treatments, while breast cancer cells (MDA-MB-231) showed a decrease in their metabolic
activity when treated with crude extracts and anthocyanin fractions. (B) There was no significant difference among
crude, anthocyanin and non-anthocyanin fractions except between breast cancer cells treated with 100 pg/mL

of mature leaf crude anthocyanin extract and 100 pg/mL of mature leaf non-anthocyanin fractions. Absorbance
was measured at 570 nm and % metabolic activity expressed as means + SEM of three independent experiments.
Differences among means were analysed using a one-way ANOVA and Tukey's test; *P < 0.05, **P < 0.01,

**%p < 0.001, ****P < 0.0001.
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vehicle control cells and treated cells with either win-
dow or mature crude anthocyanin extracts in any of the
cell lines (Figure 6). This indicates that crude anthocy-
anin extracts from window and mature stage leaves of
A. madagascariensis do not seem to have anti-proliferative
activities on ovarian (OVCAR-8 and SKOV-3) and
breast (MDA-MB-231) cancer cells.

No Significant Difference Between the Ability of
Crude Lace Plant Anthocyanin Extracts, as well
as Anthocyanin and Non-Anthocyanin Fractions,
to Inhibit the Metabolic Activity of Breast
Cancer Cells

A colorimetric tetrazolium-based MTT assay was also
used to detect the metabolic activity of normal mam-
mary cells MCF-10A and TNBC MDA-MB-231 cells
when treated with crude anthocyanin extracts, as well
as anthocyanin and non-anthocyanin fractions from
window and mature stage leaves of A. madagascariensis.
The MTT assay results showed there was a significant
difference between the control MCF-10A cells and the
breast cancer MDA-MB-231 cells when treated with
either 50 or 100 pg/mL crude anthocyanin extracts,
as well as anthocyanin or non-anthocyanin fractions
(P < 0.05; Figure 7A). Statistical analysis also showed
that the difference between the three types of extracts
tested in this study (crude, anthocyanin, and non-
anthocyanin) was not significant. There were no significant
differences among crude, anthocyanin and non-
anthocyanin fractions except between breast cancer cells
treated with 100 pg/mL mature leaf crude anthocyanin
extract and 100 pg/mL mature leaf non-anthocyanin
fractions (Figure 7B). The results showed that the crude
extracts, as well as the anthocyanin and non-anthocyanin
fractions, inhibited the metabolic activity of triple-
negative breast cancer cells, but not MCF-10A cells. In
addition, the three types of extracts used in this study
had a similar inhibitory effect on the metabolic activity
of MDA-MB-231 cells.

Discussion

This study investigated the anticancer effects of crude
anthocyanin extracts from window and mature stage
leaves of A. madagascariensis on human epithelial ovar-
ian cancer cells, OVCAR-8 and SKOV-3, triple-negative
breast cancer cells, MDA-MB-231, and immortalized
human mammary cells, MCF-10A, as the control.

The MTT assay used in this study is the most com-
mon assay used to detect cell mitochondrial metabolic
activity as a measure of cell growth by the conversion
of tetrazolium salt MTT into formazan crystals, which
can then be solubilized in DMSO [31]. The results from
the MTT assays suggested that the crude anthocyanin
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extracts from window and mature stage leaves were
selective against MDA-MB-231 triple-negative breast
cancer cells, and the two human ovarian cancer cell
lines OVCAR-8 and SKOV-3. Selectivity was observed
because only the metabolic activity of cancer cell cul-
tures decreased in a concentration-dependent fashion
(Figure 2); no statistically significant drop in metabolic
activity was recorded when the immortalized human
normal mammary MCF-10A cells were treated with lace
plant crude anthocyanin extracts. Contrary to previous
studies with anthocyanins in which significant cytotox-
icity was recorded at high concentrations such as 100
and 250 pg/mL, lace plant anthocyanin extracts reduced
cancer cell growth at low concentrations of 25 and
50 pug/mL (Figure 2). Diaconeasa et al. [32] reported
that blueberry anthocyanin extracts showed significant
cytotoxicity of about 10-15% starting at 100 pg/mL,
while blackcurrant anthocyanin extracts showed signifi-
cant cytotoxicity of approximately 10-15% at 75 pg/mL.
It has been shown that the metabolic activity of ovarian
cancer cells, SKOV-3 and A2780, was very high and did
not significantly decrease when the cells were treated
with 50 pg/mL anthocyanins extracts from blueber-
ries, blackcurrant or cranberry [32, 33]. In the present
study, the metabolic activity of OVCAR-8, SKOV-3 and
MDA-MB-231 cell cultures was reduced to 60% when
treated with 50 pug/mL lace plant crude anthocyanin
extracts (Figure 2). The fact that significant changes in
metabolic activity were detected at low concentration
of crude anthocyanin extracts suggested that a combi-
nation of polyphenolic compounds induced cell death
in human ovarian cancer cells, OVCAR-8 and SKOV-3,
and the breast cancer cells, MDA-MB-231. A decline
in metabolic activity was observed as the concentra-
tion of crude anthocyanin extract and treatment time
increased; however, this assay only showed the overall
cell population’s health, and therefore did not provide
insight into the type of cell death occurring in the can-
cer cells when treated with crude anthocyanin extracts
and fractions.

Dauphinee et al. [19] showed significantly higher
anthocyanin content and radical scavenging activity
(ABTS assay) in window stage leaf crude anthocyanin
extracts compared to the mature stage extracts. In the
present study, there was generally no difference between
the metabolic activity of cells treated with window and
mature leaf stage crude anthocyanin extracts. If antho-
cyanins are the only compounds responsible for anti-
cancer activity, a significant difference in metabolic
activity would have been observed between the window
and mature stage leaves. This suggests that in addition
to anthocyanins, there could be other anticancer com-
pounds present in the mature stage leaf extracts.

© 2021 The Author(s). Published by NHP Publications


https://www.jnhpresearch.com/index.php/jnhpr
https://doi.org/10.33211/jnhpr.19

X_ Gunawardena et al. | Journal of Natural Health Product Research, 2021, Vol. 3, Iss. 2, pp. 1-17.

Microscopic analyses, involving Crystal Violet
staining, TUNEL and TEM, aid in identifying char-
acteristics of apoptosis such as cell shrinkage, chro-
matin condensation, DNA laddering, membrane
blebbing and formation of apoptotic bodies [34-37].
Crystal Violet staining highlighted the morphological
changes that crude anthocyanin extracts from window
and mature stage leaves of the lace plant caused in
human ovarian cancer cells, OVCAR-8 and SKOV-3,
and TNBC cells, MDA-MB-231. After 48 h of treat-
ment, both 50 and 100 ug/mL of window and mature
stage leaf anthocyanin extracts caused a reduction
in number of healthy cells, increased the number of
dead cells and induced morphological changes in
the cytoplasm and nuclei of the remaining live cells.
No significant morphological changes were observed
following treatment of normal mammary epithelial
MCE-10A cells suggesting that lace plant anthocy-
anin extracts were selective against cancer cells only
(Figure 3). Similar morphological changes includ-
ing a flattened appearance, as well as multiple cyto-
plasmic changes were also seen in the work of Devi
et al. [38], who looked at the appearance of human
breast cancer cells MCF-7 when treated with antho-
cyanin extracts of red sorghum bran. Moreover, cell
morphology changes were also observed by Bunea
et al. [37], who found that anthocyanin species
extracted from blueberry cultivars induced apop-
totic morphological characteristics like rounding
up and shrinking of cells, but also membrane bleb-
bing, detachment and formation of apoptotic bod-
ies, all of which are hallmarks of apoptosis. Since we
have observed TUNEL positive nuclei, membrane
invagination, and apoptotic bodies in MDA-MB-231
TNBCs, it is reasonable to suggest that window and
mature stage leaf crude anthocyanin extracts from the
lace plant induce apoptosis in breast cancer cells. As
previous studies showed, these are all hallmarks of
apoptotic cell death [37, 39-41].

Opverall, based on the morphological changes observed
in this study, the lace plant crude anthocyanin extracts
appeared to cause cell death in breast cancer cell lines via
apoptosis. The exact mechanism of how anthocyanins
cause the death of cancer cells are unknown. It is unlikely
that anthocyanins interact with hormone receptors since
MDA-MB-231 is a triple negative breast cancer cell line
that lacks the ERa estrogen receptor [42]. Similarly,
the OVCAR-8 ovarian cell line lacks ERa and does not
respond to estradiol [43]. Even though the SKOV-3
ovarian cancer cell line expresses the classical estrogen
receptor ERa [44], the absence of ERa on anthocyanin-
responsive MDA-MB-231 and OVCAR-8 cells rules
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out anthocyanin-hormone receptor interaction.
Interestingly, in anthocyanin studies, the ROS-mediated
mitochondrial pathway is the most common cell death
pathway being reported. Anthocyanins have the ability
to transform from antioxidants to prooxidants, possibly
through reactions with transition metal ions such as Cu**
and Fe?**, which are abundant in cancer cells, to stimulate
the production of ROS [45-47]). Therefore, it is possible
that lace plant anthocyanins may also induce apoptosis
primarily through the ROS-mediated mitochondrial
pathway in triple-negative breast cancer cells. However,
further investigation is needed to confirm the cell death
pathway and unravel the mechanisms regulating the
process.

Oregon Green-488 staining was performed to mea-
sure the ability of the lace plant crude anthocyanin
extracts to inhibit the proliferation of human ovarian
cancer cells OVCAR-8 and SKOV-3, and breast can-
cer cells MDA-MB-231. Crude anthocyanin extracts
were applied to the cancer cells at sub-cytotoxic con-
centrations since the goal of the assay was not to kill
the cancer cells, but rather to discover the concentra-
tion at which anthocyanin extracts stopped or slowed
down cell division. For this reason, 25 and 50 ug/mL
concentrations were selected, and the experiment was
only performed on human ovarian and breast cancer
cells, not on normal mammary MCF-10A cells. Results
show that the number of cell divisions decreased when
anthocyanin crude extract concentration increased
from the vehicle control up to 50 pg/mL. However,
statistical analysis showed that there was no signif-
icant difference between the control treated cells and
the crude anthocyanin extract treated cells for any of
the cancer cell lines (Figure 6). The statistical analysis
showed that crude anthocyanin extracts did not have
antiproliferative activity, but we observed high variance,
particularly for OVCAR-8 and MDA-MB-231 cells
(Figure 6). Previous studies on anthocyanin extracts
from other common fruits showed antiproliferative
activities even at lower concentrations. For instance,
in Loung et al. [48] the apple peel flavonoid fraction
significantly reduced the number of cell divisions at 40
pg/mL compared to the vehicle control. Anthocyanins
are known to have antiproliferative properties due to
their abilities to arrest different stages of the cell cycle
by altering cell cycle regulatory proteins like cyclin
A and D1, p21 as well as p27 and p53 [49]. MCE-7,
HeLa, and HCT-116 cancer cells all showed a reduc-
tion in cell division when treated with anthocyanins
which caused a significant increase in the percentage
of cells at the sub-GO phase [49]. Therefore, to deepen
our understanding about antiproliferative activities of

https://doi.org/10.33211/jnhpr.19


https://doi.org/10.33211/jnhpr.19

NHPPublications.com | Journal of Natural Health Product Research, 2021, Vol. 3, Iss. 2, pp. 1-17. X

crude anthocyanin extracts from lace plant window
and mature stage leaves, cell cycle analysis might need
to be incorporated in our future studies. Overall, based
on the current results from Oregon Green-488, the lace
plant crude anthocyanin extracts do not have antipro-
liferative activity. The inhibitory effect of crude antho-
cyanin extracts from window and mature stage leaves
of A. madagascariensis on breast and ovarian cancer
cell metabolic activity in MTT assays was therefore
likely due to cytotoxicity rather than growth inhibition.

The colorimetric MTT assay showed no significant
difference among crude anthocyanin extracts, or antho-
cyanin and non-anthocyanin fractions in inhibiting the
metabolic activity of triple-negative breast cancer cell
line MDA-MB-231 (Figure 7). These results suggest that
anthocyanins are not the only compounds present in
the crude lace plant anthocyanin extract that contribute
to the extracts’ anticancer activity. Decreased metabolic
activity of cells treated with anthocyanin fractions may
be due to the anthocyanin species in the fraction. Lowered
metabolic activity of cells treated with only the non-
anthocyanin fraction supports the presence of other, yet
to be identified, compounds with anticancer activities in
the lace plant anthocyanin extracts.

Determining the specific identity of the compounds
present in the crude anthocyanin and non-anthocyanin
fractions that elicit anticancer activity is the focus of our
ongoing research. Once these compounds are identified,
the synergetic relationship between these compounds
and anticancer properties will be studied.

Conclusions

The novel model organism Aponogeton madagascariensis
was used to investigate the anticancer effects of crude
anthocyanin extracts from window and mature stage
leaves on human epithelial ovarian and breast cancer
cells. It was found that crude extracts and extract frac-
tions inhibited the growth of cancer cell lines, OVCAR-8,
SKOV-3, MDA-MB-231, in a concentration-dependent
manner, while no change was induced to the non-
malignant MCF-10A cells. Window and mature crude
anthocyanin extracts induced apoptotic-like morpho-
logical changes in breast cancer cells, but no signifi-
cant difference was found between the effects caused
by extracts obtained from the two leaf stages. Crude
anthocyanin extracts from lace plant leaves also had
a slight antiproliferative activity but results from
the Oregon-Green-488 assay were not statistically
significant.

In summary, lace plant crude anthocyanin extracts,
and their corresponding fractions, from window and
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mature stage leaves have anticancer activity. However,
further investigation is needed to reveal what receptors
and signalling pathways are involved and activated in
cancer cells by the crude anthocyanin extracts and their
corresponding fractions. Moreover, a combination of
cell cycle and biochemical analyses might enhance our
understanding of proteins that could be activated in
response to the anthocyanin treatment. To deepen our
understanding of the difference between crude antho-
cyanin extracts and fractions, more trials are needed as
well as an accurate and thorough investigation of the
specific species of compounds present in the lace plant
window and mature stage leaves. Currently, identifica-
tion of anthocyanin species and other anticancer com-
pounds present in the lace plant is under investigation;
this represents a first step towards the discovery of the
identity of the compounds that are responsible for the
observed anticancer activity.
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