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Abstract
Globally, breast cancer is a serious concern that exhibits a persistent rise in its incidence and related mortality even after 
significant advancement in the field of cancer research. To find an alternative cure for the disease from natural resources we 
selected Bacopa monniera, a perennial ethnomedicinal plant popularly used for boosting memory and mental health. We 
isolated four different types of dammarane saponins, namely bacopasaponins C–F (1–4) from the plant and evaluated their 
toxic effects on two different types of human breast cancer cell lines—a hormone-responsive MCF7 and a triple-negative 
MDA-MB-231. Interestingly, MTT assay revealed a dose-dependent toxic effect of all four types of bacopasaponins on both 
of these cell lines, 4 being the most effective with 48 h-inhibitory concentration (IC50) of 32.44 and 30 µM in MCF7 and 
MDA-MB-231 respectively. Further, 4 caused significant alterations in normal cytomorphology and induction of apoptosis 
in both of these cell lines after 48 h of treatment. No caspase-8 activity was detected in these cell lines when exposed to 4 
for 2, 24, and 48 h; instead, Western blotting analysis confirmed involvement of either caspase-9 (MCF7) or both caspase-9 
and caspase-3 (MDA-MB-231) in the process of apoptosis indicating the occurrence of intrinsic mode. Additionally, at 
comparable effective doses to cancer, bacopasaponins showed much less toxicity in normal human peripheral blood lym-
phocytes (≥ 85% cell survival). Overall, the findings project bacopasaponin F, a natural constituent of Bacopa monniera, as 
an efficient and safer alternative for breast cancer therapeutics.
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Introduction

The global burden of cancer is growing rapidly and it is one 
of the major barriers to increasing life expectancy of peo-
ple all over the world. According to the latest GLOBOCAN 
2018 database, about 18.1 million new cases of cancer and 
9.6 million deaths due to them were estimated in 2018 only 
[1]. Globally, in men, 1 in 5 develops cancer and 1 in 8 dies 
from the disease, whereas, in women, the development of 
cancer is 1 in 6, and death due to it is 1 in 11. Unlike the 
rest of the world, Asia and Africa share a higher proportion 

of cancer deaths (approximately 65%) as compared to their 
share in cancer incidence (approximately 54%) mainly due 
to limited access to timely diagnosis and treatment in sev-
eral countries. Globally, cancers of the lung, female breast, 
and colorectum are having a major one-third share in the 
total number of cancer cases and demises. In women, breast 
cancer is the most frequently diagnosed cancer that causes 
maximum cancer death [2]. Common treatments for cancer 
are chemotherapy, surgery, and radiation therapy. All types 
of cancer treatment are having mild to severe side effects 
on the body. Chemotherapeutic drugs used for cancer treat-
ment also harm normal cells like hematopoietic stem cells, 
hair follicles, neurons, the cells of the mouth, digestive tract, 
kidney, heart among many [3]. Several groups of researchers 
all over the world are involved to find out a better solution 
to fight cancer. Continued efforts should be there for the 
discovery of the most effective anticancer agents with fewer 
side effects and at the same time, will be easily accessible 
and less expensive.
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Bacopa monniera (L.) Wettst, also known as ‘Brahmi’, is 
a creeping perennial plant that grows throughout the regions 
of Southern Asia. It is widely used as a ‘brain tonic’ for 
boosting memory and mental health. Indian traditional medi-
cine also uses this herb as a cardiotonic and diuretic, and to 
treat several conditions like asthma, epilepsy, fever, and pain 
among many [4]. Saponins are the active constituents of the 
alcoholic extracts of the herb and several dammarane-type 
triterpenoid saponins have been reported [5–8]. Bacoside 
A, composed of jujubogenin isomer of bacopasaponin C, 
bacoside A3, and bacopaside II and −X, is responsible for 
inducing major neuropharmacological effects [9–14]. Alco-
holic extracts of the herb have been reported to have various 
biological effects such as antileishmanial, antifungal, antimi-
crobial, and antioxidant activities along with its protective 
role in hepatic, cardiovascular, and renal functions [15–19]. 
Because of the strong positive impact of bacopasaponins in 
several ailments, its large-scale production is imperative and 
can be obtained using cell culture as a potential alternative 
to traditional agriculture [20–23].

In Traditional Chinese Medicine (TCM) clinic, some 
herbal medicines, enriched in dammarane-type triterpenoids 
(DTT) were used as complementary and alternative agents in 
cancer treatment, which are helpful for preventing tumor cell 
metastasis, relieving side effects of radiotherapy and chem-
otherapy and improving clinical care rate, such as Panax 
ginseng, Panax notoginseng, D. binecteriferum etc. Several 
literature reported that DTT showed cytotoxicity in many 
kinds of cancer cell lines [24]. The in vitro, analytical and 
in silico studies on the dichloromethane fraction of hydroal-
coholic extract of Bacopa monniera have proved its great 
potential for development of anticancer phytochemicals [25]. 
The saponins of Bacopa monniera possess anxiolytic [26] 
and antioxidant effects [27, 28]. Both of these activities can 
prevent tumor formation by promoting psychological [29] 
and free radical balance [30] in the body, absence of which 
have been implicated in the genesis of tumor. The alco-
holic extract of B. monniera has shown anticancer property 
in vitro for sarcoma-180 cells [31]. Bioassay-guided meth-
ods were used for screening of the effective extract fractions 
and active monomers of anti-tumor activity of the n-butanol 
soluble fraction of the methanol extract of B. monniera on 
the level of intact animal and molecular pharmacology. 
Anticancer activities of dammarane saponins, bacopaside 
E and bacopaside VII on human cancer cell lines MCF7, 
MDA-MB-231, SHG-44, HCT-8, A-549 and PC-3 M was 
reported [32]. Bacopasaponins C–F (1–4) were isolated from 
the purified saponins fractions of the n-butanol soluble frac-
tion of the methanol extract of B. monniera [7, 9, 10].

Research on the cytotoxic activity of B. monniera in can-
cer cells is still in its infancy, and we are reporting, for the 
first time, a comparative analysis of the cytotoxic efficacy 
of four different bacopasaponins (C–F) (1–4) in two major 

types of human breast cancer cell lines MCF7 and MDA-
MB-231. MCF7 is having both estrogen (ER) and progester-
one receptors (PR) but lacks human epidermal growth factor 
receptor 2 (HER2); representing the breast cancer types cur-
able by hormone therapy [33]. Conversely, MDA-MB-231 is 
a triple-negative breast cancer cell line (ER, PR, and HER2 
negative); thus not cured by hormone or anti-HER2 therapy 
[34]. Mitomycin-C, a well-known anticancer chemotherapy 
drug, was used in this experiment for a comparative evalua-
tion of bacopasaponins’ efficacy against these cell lines [35]. 
Besides, human peripheral blood lymphocytes (HPBLs) 
were used to understand their effect on normal cells.

Materials and methods

Materials

Roswell Park Memorial Institute (RPMI)-1640 and Dul-
becco’s Modified Eagle’s Medium (DMEM) culture 
media, penicillin–streptomycin antibiotic solution, phyto-
haemagglutinin (PHA), fetal bovine serum (FBS), MTT 
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 
bromide), radioimmunoprecipitation assay (RIPA) buffer, 
and skim milk were procured from Himedia Laboratories, 
India; BCIP/NBT (5-bromo-4-chloro-3-indolyl phosphate/
nitro blue tetrazolium) and DMSO (dimethyl sulfoxide) were 
purchased from Merck, India; heparin and trypan blue were 
procured from SRL, India; histopaque, anti-human primary 
antibodies (Sigma-Aldrich, USA), ALP-linked goat anti-rab-
bit (Abcam, UK) and anti-mouse (Genei, India) secondary 
antibodies were used as received. Caspase-8 Assay Kit was 
procured from Sigma-Aldrich, USA. Cell-APOPercentage™ 
Apoptosis assay kit was purchased from Biocolor, UK. Dou-
ble distilled water was used throughout.

Isolation

The defatted extract of the air dried powdered whole plant 
of B.monniera (1.5 kg) were extracted in a percolator with 
methanol. The methanol extract was concentrated and par-
titioned between H2O and n-BnOH. The n-BuOH layer was 
washed with H2O and then removed under reduced pres-
sure. The residue (52 g) thus obtained was dissolved in a 
minimum amount of MeOH, adsorbed on silica gel, dried 
and extracted successively with CHCl3, EtOAc, Me2CO and 
CHCl3-MeOH (4:1). The last three fractions were separately 
subjected to CC on silica gel (CHCl3–MeOH, 24:1, 20:1) as 
mobile phase and similar fractions so obtained were further 
purified by preparative TLC (CHCl3–MeOH–H2O, 35:13:2) 
and preparative HPLC on a µBondapak C18 column (10 µm) 
(7.8 × 300 mm) using solvent, methanol–water (65:35), flow 
rate 2 mL/min, detection at 210 nm and injection of 60 µL 
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containing approximately 3 mg of the material followed by 
crystallization. Thus four bacopasaponins 1 (150 mg), 2 
(35 mg), 3 (100 mg) and 4 (95 mg) were obtained. The four 
bacopasaponins C–F (1–4) were identified by IR, 1H & 13C 
NMR, 2D NMR and FABMS. The four polar saponins are 
bacopasaponin C (1) mp 222° [α]D −47.5° (MeOH, c 1.2), 
bacopasaponin D (2) mp 250° [α]D −42° (MeOH, c 0.14), 
bacopasaponin E (3) mp 266–270° [α]D −27.72° (MeOH, c 
0.44) and bacopasaponin F (4) mp 260–264° [α]D −37.72° 
(MeOH, c 0.44). The four bacopasaponins C–F (1–4) 
(Fig. 1) were used in this experiment.

Cell culture

Breast cancer cell lines MCF7 and MDA-MB-231 were 
procured from the National Centre for Cell Science (Pune, 
India) and cultured in complete DMEM media (with 10% 
(v/v) FBS and 1% (v/v) penicillin–streptomycin). The cul-
ture was maintained at 37 °C temperature in the presence of 
5% CO2 inside a humid chamber (Thermo Fisher Scientific, 
USA).

MTT assay in cancer cells

Cancer cells in a density of 1 × 104 cells were seeded into 
a 96 well-plate and kept until about 70% confluency is 
reached. After that, the cells were exposed to different con-
centrations of 1–4 for 48 h. Both negative (untreated cells) 
and positive controls (50 µM mitomycin-C-treated) were 
used along with the treated groups. At the end of the expo-
sure, cells were further treated with 5 mg/mL MTT solution 
for 4 h, and the blue-purple formazan crystals formed were 
dissolved in DMSO after discarding cell culture supernatant 
and optical density (OD) was read on iMarkTM microplate 
absorbance reader (BIO-RAD, USA) at 595 nm. The values 
obtained was calculated as the percentage of viable cells 
compared to negative control following the formula:

MTT assay in normal human peripheral blood 
lymphocytes

Fresh blood was collected in heparinized tubes from five 
healthy non-smokers, non-alcoholic male donors (age group: 
21–25 years) with written informed consent from them. The 
collection was made by pathologists at the university hos-
pital. All experiments were done in full compliance with 
the “Ethical Guidelines for Biomedical Research on Human 
Subjects” formulated by the Indian Council of Medical 
Research, India. The work was also reviewed and approved 

Cell survival (%) =
OD of treated samples × 100

OD of control

by the Institutional Ethics Committee for Human Research 
of Visva-Bharati University. Human peripheral blood lym-
phocytes (HPBLs) were isolated following the protocol of 
Bøyum [36] with minor modifications [37]. Blood was gen-
tly layered over an equal volume of Histopaque followed by 
centrifugation at 1000×g for 30 min. The buffy layer formed 
after centrifugation was collected in 3–5 mL of PBS and 
further centrifugation was performed at 1000×g for 10 min. 
This washing step was repeated thrice. The pellet containing 
HPBLs was suspended in RPMI-1640 media at a density of 
1 × 106 cells/mL and cell viability was found > 95% follow-
ing the trypan blue dye exclusion method [38] HPBLs, fol-
lowing stimulation by PHA, cultured in RPMI-1640 media 
containing 10% (v/v) FBS and 1% (v/v) penicillin–strepto-
mycin solution. After 24 h of culture, HPBLs were treated 
separately with IC50 concentrations of 1–4 determined in 
MCF7 and MDA-MB-231, whichever were higher, for 
another 48 h. Cell survival was checked by MTT assay as 
described in the previous section.

Cytomorphological evaluation of cancer cells

Cancer cells were seeded (5 × 104 cells/well) in a 24 well-
plate and cytomorphological alterations were evaluated 
microscopically (Dewinter, Italy) after treatment with IC50 
of bacopasaponin F for 48 h.

Apoptosis assay

The assay was performed using the Cell-APOPercentage™ 
Apoptosis Assay kit (Biocolor, UK). Cancer cells at a den-
sity of 5 × 104 cells/well were seeded in a 24 well-plate and 
apoptosis induction was assessed after treatment with 1/3rd 
IC50 of 4 for 2 and 48 h. 30 min before completion of each 
experiment, the ‘APOPercentagedye’ was added (5% v/v) to 
the culture media, which, as mentioned in the kit’s guide-
lines, was selectively imported by cells undergoing apop-
tosis but not necrosis. For microscopic analysis, cells were 
washed carefully with PBS and studied under an inverted 
phase-contrast microscope (Dewinter, Italy). For the col-
orimetric assay, cells were trypsin-digested and exposed to 
‘APOPercentage dye release reagent’ that caused the release 
of the dye from cells into the solution, and concentration of 
it was measured on BIO-RAD, USA at 550 nm.

Caspase‑8 activity assay

To evaluate if 4 was able to induce cell death through 
extrinsic apoptosis pathway caspase-8 activity assay was 
performed following the manufacturer’s (Caspase-8 Assay 
Kit, Colorimetric, Sigma-Aldrich, USA) protocol. Briefly, 
both MCF7 and MDA-MB-231 were treated with respective 
1/3rd IC50 of 4 for 2, 24, and 48 h. Cells were harvested and 
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Fig. 1   Chemical structures of 
bacopasaponin C (1), baco-
pasaponin D (2), bacopasaponin 
E (3) and bacopasaponin F (4)
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lysed in chilled RIPA buffer. Supernatants were collected 
following centrifugation at 12,000 rpm, 4 °C for 20 min, and 
further exposed to a substrate of caspase-8, Acetyl-Ile-Glu-
Thr-Asp p-nitroaniline (Ac-IETD-pNA). Chromophore pNA 
was released into the solution after caspase-8 activity which 
was measured at 405 nm (BIO-RAD, USA).

Western blot analysis

For Western blotting, cancer cells were again treated with a 
1/3rd IC50 concentration of 4 for 2, 24, and 48 h, and the pro-
cess was performed as described by Bandyopadhyay et al. 
[39]. Both treated and untreated cells were lysed in chilled 
RIPA buffer following washing with ice-cold PBS. The cell 
lysate was centrifuged at 12,000 rpm, 4 °C for 20 min, and 
the amount of total protein in the supernatant was quanti-
fied following the Lowry method [40]. The same amount of 
protein content from control and treated groups were loaded 
onto the sodium dodecyl sulfate–polyacrylamide gel and 
run at a constant voltage (60 V) for 2–3 h (Bio-Rad, USA). 
Polyvinylidene fluoride (PVDF) membranes were used for 
electroblotting. The membranes were incubated with pri-
mary antibodies following blocking by skimmed milk. After 
careful washing by tris-buffered saline-tween 20 (TBST), 
ALP-linked goat anti-rabbit (for caspase-9, and caspase-3) 
or anti-mouse secondary antibodies (for β-actin) were added. 
The immunoreactive bands were detected using BCIP/NBT.

Statistical analysis

Tests were performed in triplicate and the data were 
expressed as a mean ± standard error of mean (SEM). Sta-
tistical analysis was done using one-way ANOVA following 
the Tukey method in Minitab 17 software and p < 0.05 were 
considered significant.

Results and discussion

Effect on cancer cell survival

Both types of breast cancer cells were exposed to 1–4 for 
48 h. In case of MCF7, a significant reduction in cell sur-
vival was evidenced after 25 µmol (µM) treatment of 1 and 4 
whereas 2 and 3 showed significant effect only after the dose 
was doubled (Fig. 2a). Among these four bacopasaponins 
tested, the least effect was exerted by 3 with an inhibitory 
concentration (IC50) value of 169.67 µM whereas 1, 2, and 
4 appeared with their respective IC50 values of 42.6 µM, 
74.68 µM, and 32.44 µM. All bacopasaponins (1–4) induced 
significant cell death in MDA-MB-231 after 25 µM treat-
ment for 48 h (Fig. 2b). Here 3 appeared as least effec-
tive with an IC50 value of 178.32 µM. IC50 values of other 

bacopasaponins are 40.02 µM (1), 75.12 µM (2), and 30 µM 
(4). The reason behind this differential effect of these baco-
pasaponins on cancer cells remains unknown through the 
present scope of our work and it demands thorough analysis 
to establish this structure-activity relationship further. How-
ever, in both types of breast cancer cell lines, 4 appeared 
as the most potent cytotoxic bacopasaponin with effective 
IC50 values lower than that of Mitomycin-C (50 µM) which 
prompted us to focus on this chemical only to elucidate the 
mode of bacopasaponin-mediated cancer cell death.

Effect on survival of normal human peripheral blood 
lymphocytes

For a particular type of bacopasaponin, IC50 values were 
different for two different types of breast cancer cells and 
the higher one was selected to treat HPBLs such as 42.6 µM 
of 1, 75.12 µM of 2, 178.32 µM of 3, and 32.44 µM of 4 for 
48 h, and cell survival were found to be 86.36%, 88.59%, 
91.62%, and 84.24% respectively (Fig. 2c). This high per-
centage of cell survival, at those treatment concentrations 
which reduced cancer cell survival by 50%, clearly indicated 
that all bacopasaponins tested are less toxic to normal cells 
at equimolar treatment concentrations.

Effect on the normal cellular morphology of cancer 
cells

Both types of breast cancer cells, after exposure to respec-
tive 48 h IC50 of 4, exhibited significant alterations in nor-
mal cellular morphology (Fig. 2d) such as reduced lamellar 
expansion, and clumping of cells besides the loss of cellular 
adhesion. This finding, along with MTT data, indicated 4 as 
a potent cytotoxic agent for cancer cells that reduced their 
viability following significant cytomorphological alterations.

Apoptosis induction in cancer cells

As IC50 of 4 could reduce cancer cell population to half, a 
lower value—1/3rd IC50 concentration was chosen to study 
the mode of cell death. Apoptosis-committed cells and 
apoptotic bodies were found in both types of breast cancer 
cells after exposure to 1/3rd IC50 concentration of 4 for two 
different time points, i.e. 2 h and 48 h. Apoptosis induc-
tion is directly proportional qualitatively to the number of 
cells retaining the ‘APOPercentage dye’ (Fig. 3a) and quan-
titatively to the concentration of that dye (OD at 550 nm) 
released from cells after addition of ‘APOPercentage dye 
release reagent’ (Fig. 3b). The induction to apoptosis (but 
not necrosis) started just after 2 h of 4 treatment which ulti-
mately increased manifold after 48 h. No significant dif-
ference was found between the effects of 4 in two different 
breast cancer cell lines. This finding is important because it 
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Fig. 2   Assessment of cell survival (A-C) and cytomorphological 
alteration (D): cell survival (%) of human breast cancer cells MCF7 
(A) and MDA-MB-231 (B), and normal human peripheral blood lym-
phocytes (HPBLs) (C) upon exposure to bacopasaponins C–F (1–4) 
for 48 h. Here, the control means untreated negative control; Mito-C 
means Mitomycin-C (50 µM)-treated positive control group. HPBLs 

were treated with respective inhibitory concentrations (IC50) of 1–4 in 
MCF7 and MDA-MB-231. Bars represent a mean ± standard error of 
mean. Means that do not share a letter are significantly different. Sig-
nificance level α = 0.05. Cytomorphological alterations (D) of MCF7 
and MDA-MB-231 were analyzed after treatment with respective 
IC50 of 4 for 48 h (microscopic magnification 200x)
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is hard to treat triple-negative breast cancer cell lines, such 
as MDA-MB-231 compared to hormone receptor-positive 
breast cancer cell lines such as MCF7 [41]. Bacopasaponin F 
was found to be equally effective against both types of breast 
cancer cells, increasing its value as a potent cytotoxic agent 
in breast cancer therapeutics.

Mode of apoptosis‑induction in cancer cells

Various stimuli can induce apoptosis in cancer cells via 
intrinsic (mitochondrial stress-induced) and/or extrinsic 
(receptor-induced) pathways in which caspases (cysteine 
aspartate-specific proteases) play a central role [42]. 

Fig. 3   Evaluation of apoptosis-induction (a, b), and mode of apop-
tosis (c, d): apoptosis induction in human breast cancer cells MCF7 
and MDA-MB-231 exposed to 1/3rd IC50 of bacopasaponin-F (4) for 
48  h was studied microscopically (magnification 200x) (a), and by 
colorimetric analysis (b). Means that do not share a letter are signifi-
cantly different. Expression patterns of cleaved caspase-9 in MCF7 

(c), and cleaved caspase-9 and -3 in MDA-MB-231 (d) were analyzed 
by Western blot method and the intensity of the bands was estimated 
by densitometric analysis using ImageJ 1.52a software. The data were 
normalized taking β-actin as an internal control. Graphs represent 
mean ± standard error of mean. ⃰Significantly different from control. 
Significance level α = 0.05
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Caspase-9 is an initiator caspase and the key player in the 
intrinsic apoptosis pathway [43]. Upon activation, it simul-
taneously activates caspase-3, an executioner caspase, 
which along with other executioner caspases (caspase-6, 
-7) cleaves different types of intracellular proteins ulti-
mately killing the cell [44]. 4 at respective 1/3rd 48 h-IC50 
in MCF7 and MDA-MB-231 caused a significant increase 
in active (cleaved) caspase-9 level after 24 h and 48 h of 
treatment (Fig. 3c, d). Interestingly, no caspase-8 activity 
was detected in this treatment condition. Cumulatively, 
these findings clearly indicated that 4 induced apoptosis 
in both types of breast cancer cells through the intrinsic 
apoptosis pathway. Caspase-3 is a downstream caspase for 
caspase-9 in MDA-MB-231 and its level was also found to 
be upregulated after 24 h and 48 h treatment of 4. MCF7 is 
a caspase-3-deficient cell line and the role of executioner 
caspase is played by caspase-6 or caspase-7 [45, 46]. 
Activity and expression pattern of initiator caspases, cas-
pase-9, and caspase-8 respectively, are sufficient to state 
that 4 induced apoptosis in both types of breast cancer cell 
lines through the intrinsic pathway.

To summarize, dammarane-type triterpenoid saponins, 
major constituents of several reputed herbal medicines 
including B. monniera, are gaining attention for their wide-
spread medicinal properties with fewer or no side effects 
[47–50]. In this study, bacopasaponin F, a jujubogenin 
bisdesmoside isolated from B. monniera showed the most 
pronounced cytotoxic effect among four different types 
of 7bacopasaponins (C–F) in two major types of human 
breast cancer cell lines MCF7 and MDA-MB-231 which, 
at the same time was found to be less toxic to normal 
HPBLs. Detailed investigation proved its toxic effect on 
cancer cells to be mediated through a caspase-9-dependent 
apoptosis pathway. These findings strongly suggest that 
bacopasaponin F can be considered as an effective phy-
tochemical against both hormone-responsive as well as 
chemo-resistant triple-negative breast cancers.
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