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Antiproliferative and cytotoxic effects of Boerhaavia diffusa-derived sitosteryl
oleate and its derivatives in human glioblastoma (U-87) cells
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Phytosterols present in free form and in esterified form with fatty acids, sugar moieties, or phenolic acids show
antiproliferative properties on several cancers. This study reports the isolation, characterisation, and evaluation of the
bioactive anticancer ester, sitosterol oleate (BDPT-3), from Boerhaavia diffusa, which induced significant cell death in U-87
MG cells with an ICsy of 184 uM. A cell viability assay showed that it significantly inhibited U-87 cell proliferation.
Morphological changes, DNA fragmentation, AO/EB staining, and cell cycle analyses in U-87 cells confirmed that it
induced apoptosis. It altered the Bax/Bcl-2 ratio by decreasing BCL-2 expression while Bax expression was relatively
constant. Further, sitosteryl oleate and its analogues were synthesised, characterised, and evaluated for antiproliferative
activity. Among them, butanoate (2¢), pentanoate (2d), and decanoate (2h) derivatives showed IC50 values between 60 and
70 uM, and benzoate (2j) showed an IC50 value of 91.77 uM after 72h. Further in vitro and in vivo studies are needed to

validate their therapeutic potential against glioblastoma.
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Introduction

Analysis of the health-endearing properties of fruits
and spices has led to the identification and isolation of
a vast cluster of bioactive compounds in plants, such
as phytosterols, coumarins, phenolics, limonoids,
flavonoids, and carotenoids, etc.'™. Consuming fruits
and vegetables is essential for maintaining a healthy
lifestyle and protecting against several diseases, such
as chronic heart disease®, cancer’, Parkinson’s
disease®, Alzheimer’s disease’, diabetes®, and viral
infections’. Several epidemiological studies have
shown that regular intake of fruits and vegetables has
an inhibitory effect on the development of cancer'*'".
Phytochemicals are mainly responsible for this
inhibitory action. Chemoprevention of tumorigenesis
is one of the major measures used to decrease the
number of cancer cases. Dietary ingredients and

phytochemicals are the major repertoires for
identifying chemopreventive chemicals against
tumorigenesis'?.

*Correspondent author
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Supplementary tables and figures are available online only.

Boerhaavia diffusa (Punarnava) roots have been
mentioned in Ayurveda for various ailments such as
Sopha (Fever), Pandu (Anemia), Hridroga (heart-
related problems), Kasa (Cough), Arsa (piles),
Urahksatasa (lung disease), and sotha (oedema)'*'.
B. diffusa roots have been extensively used and
feature a wide range of biological activities such as
anticancer, anthelmintic, antioxidant, and
neuropharmacological effects'>. A scientific analysis
of the medicinal properties of Punarnava root has
exposed its antiproliferative, immunomodulatory,
anti-inflammatory, anti-convulsant, and
hepatoprotective activities'®. In a study conducted by
Manu et al., it was found that punarnavine, an
alkaloid isolated from Punarnava's root, could inhibit
the metastatic progression of B16F-10 melanoma
cells in mice'™'®. Previous work from our lab showed
that a purified fraction from the ethanolic root extract
of B. diffusa showed S-phase inhibition and apoptosis
in HeLa cells’. Several compounds such as
boeravinones, B-sitosterol, B-sitosterol--D-glucoside,
tetracosanoic, hexacosanoic, stearic, palmitic,
arachidic acids, hextriacantane, and urosolic acid have
been isolated and identified from Punarnava root™.
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Phytosterols are abundant in fruits, vegetables, and
nuts. Among the plant sterols, sitosterol, campesterol,
and stigmasterol are the chief plant sterols, which are
structural analogues of cholesterol. Phytosterols occur
in nature in the free form as well as in esterified form
with fatty acids, sugar moieties, or phenolic acids.
Several studies have shown the potential of plant
sterols to lower cholesterol levels in vivo by reducing
their uptake via the LDL receptor’** and by lowering
their absorption in the small intestine?*. Thus, they
also prevent coronary heart disease and
cardiovascular risks®>’. Several studies showed
antiproliferative properties of plant sterols along with
B-sitosterol on human breast cancer”, Cervical
cancer'””, and colon cancer HCT116 cells®, lung
cancer’', digestive cancer’”, colorectal cancer’, liver
cancer’!, pancreatic cancer”, leukemia and multiple
myeloma’®, ovarian cancer’’, prostate cancer cells®. It
has been suggested that antiproliferative effects
shown by B-sitosterol are related to the activation of
the sphingomyelin cycle and/or to cell cycle arrest’”.
An increase in the level of the proapoptotic protein
Bax and induction of caspases may be the possible
mechanism behind the apoptotic cell death induced by
B-sitosterol***.

Apoptosis is a genetically programmed cell death
that is an essential process for the mnormal
development and maintenance of tissue homeostasis.
It also leads to the elimination of unwanted or
damaged cells from multicellular organisms*. In
many diseases, such as cancer, autoimmune diseases,
and neuronal conditions, cells evade the process of
apoptosis™. Therefore, understanding the
mechanisms of apoptosis is essential for preventing
and treating many diseases. The characteristics of

apoptotic cells include distinct morphological
changes, such as cell shrinkage, mitochondrial
depolarisation, plasma membrane  blebbing,

chromatin condensation, and DNA fragmentation.
The induction of apoptosis in tumour cells is the
most common anticancer mechanism targeted by
many cancer therapies. Therefore, there is a need to
identify potential therapeutic anti-tumour drugs with
potent and selective apoptotic effects. The present
study focuses on Glioblastoma. Glioblastoma, an
intrinsic brain tumour that can progress at any age, is
caused by genetic alterations that impact neuroglial
stem or progenitor cells. As people age, the
incidence rises continuously*. One of the most
aggressive and deadly cancers is glioblastoma,

which accounts for 80% of all malignant brain
tumours and 30% of primary ones®. Less than 5% of
patients with glioblastoma survive five years after
diagnosis, with a median overall survival of 14.6 to
20.5 months*. Glioblastoma is often treated with
surgical  excision, radiation  therapy, and
chemotherapy using the drug temozolomide (TMZ).
It continues to have one of the lowest survival rates
among all cancer types, even with varying treatment
modalities. To date, no known causes of
glioblastoma have been identified. Furthermore, the
blood-brain barrier (BBB) reduces the effectiveness
of chemotherapy by preventing drugs from reaching
the central nervous system. Additionally, the onset
of multidrug resistance may further decrease the
effectiveness of chemotherapy medications'’. The
discovery of novel, targeted, and efficient medicines
is therefore critically needed to treat glioblastoma.

For many years, people have been interested in
using natural products to prevent sickness, promote
physical and mental health, and maintain a healthy
state. Several studies have documented the
radio/chemoprotective function of several natural
substances in conjunction with chemotherapy and
radiation therapy, as well as their synergistic effects in
reducing side effects and boosting the effectiveness of
cancer treatments®™. In the present study, a
bioactivity-guided isolation was performed from the
ether extract of B. diffusa plant. The structure of the
isolated compound was established as sitosteryl oleate
using spectroscopic techniques. The isolated active
compound, sitosteryl oleate, was further evaluated
for its biological activities in glioblastoma cells
(U-87 MG) by investigating the effects on cell
proliferation and apoptosis induction. Further, to
increase the pharmacokinetic properties of the lead
compound, sitosteyl oleate, we synthesised a series of
ten ester analogues of [-sitosterol and evaluated
their antiproliferative activity in glioblastoma cells
(U-87 MQG).

Materials and Methods
Plant sample collection, identification, and extraction

Plant material and extraction procedures, B. diffusa
was collected during the month of April/May in 2011,
from Gwalior (Madhya Pradesh), India. The
identification of the herb was done by Dr Gurcharan
Singh, Taxonomist, Dept. of Botany, Sri Guru Teg
Bahadur Khalsa College, University of Delhi, Delhi.
The dried roots of this plant were ground into powder
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after being cut into small pieces. The powder (400 g)
was macerated with ether (1 L) and allowed to stand
for about 24 h at room temperature, and the procedure
was repeated six times. The above ether solutions
were combined and concentrated to yield a white
precipitate, and the flask was kept at 4°C overnight to
get proper precipitation. The precipitate was collected
by filtration (40 mg), and the concentrated ether
solution freed from the precipitate was evaporated to
dryness. The resultant yellow-brown residue (3.3 g)
was dissolved in ether (200 mL) and extracted with
saturated aqueous Na,COs;. The aqueous layer was
then back-extracted with ether. The aqueous layer was
made slightly acidic (pH 6) by adding 10% HCI, and
the mixture was then extracted with ether. The
combined ether layers were evaporated to yield an
acidic substance as oil (150 mg).

The remaining ether solution from the Na,CO;
treatment was washed with saturated NaCl, dried over
anhydrous sodium sulphate, and evaporated to give a
greasy residue (3 g), named as crude ether extract.

Bioactivity-guided purification of B. diffusa ether crude
ether extract

The crude ether extract was purified by column
chromatography (silica gel, mesh size 60-200 mm).
The mobile phase consisted of combinations of
petroleum ether, chloroform, and Methanol (MeOH),
and the polarity of the mobile phase was gradually
increased by increasing the composition of the more
polar solvent (methanol). The eluent was collected in
fractions of 300 mL each. The chemical composition of
each fraction was evaluated by thin-layer
chromatography (TLC) and visualised under UV
(254 and 365 nm) and iodine vapour. Based on the
TLC profiles, fractions with similar compositions were
pooled together and concentrated under reduced
pressure. Based on TLC, we selected 4 major fractions
for cytotoxicity testing.

All four fractions obtained through column
chromatography were subjected to an antiproliferation
assay on Hela cells, and fraction 3 (CHCl;: MeOH -
97:3) was the most active. TLC profile of fraction 3
(ETR 3; 30 mg) showed one major spot, which was
further purified by preparative TLC on silica gel using
CHCI;-MeOH (97:3) as the solvent, yielding
sitosteryl oleate (BDPT-3) (20 mg). The HPLC of
sitosteryl oleate (BDPT-3) was performed with a
Shimadzu HPLC system using a reverse-phase C-18
column and a UV detector (222 nm). Methanol: water
50:50; v/v was used as the mobile phase, and the flow

rate was maintained at 1 mL/min. The detailed
process of purification of the ether extract is
summarised in Fig. 1. Sitosteryl oleate (BDPT-3)
showed a single peak in the HPLC chromatogram
(Fig. 2). This compound BDPT-3 was characterised as
sitosteryl oleate (Fig. 3) with the help of spectroscopic
techniques using IR, NMR, and MASS and
comparison with earlier reported structure. The
structure was also confirmed by the synthesis of the
compound and by  spectral  comparisons.
(Supplementary Table 1).

Maintenance of the cell line and preparation of the sample for
cytotoxicity evaluation

U-87 MG (human glioblastoma) cells were
purchased from NCCS, Pune, and cultured in
Dulbecco’s Modified Eagle Medium (Sigma, St.
Louis, USA) supplemented with 10% heat-inactivated
Foetal Bovine Serum (GIBCO) and 1% Penicillin-
streptomycin (Sigma, St. Louis, USA). The cells were
incubated in a humidified atmosphere of 5% CO, at
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Fig. 1 — Bioactivity-guided purification and fractionation on
silica gel column chromatography of the ether root extract.
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Fig. 2 — HPLC profile of purified compound from ether extract (BDPT-3). Chromatogram of active sitosteryl oleate (BDPT-3) isolated
from BD ether extract fraction 3 (ETR 3) resolved using mobile phase methanol: water (50:50) v/v at a flow rate of 1 mL/min.
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Fig. 3 — Structure of sitosteryl oleate.

37°C. Sitosteryl oleate (BDPT-3), isolated and
purified from B. diffusa, was dissolved in PEG:EtOH
(2:3) and diluted into culture medium. The PEG:
EtOH concentration used to dissolve the extract was
not cytotoxic to the same cell line.

In vitro cytotoxicity assay
Cell survival was measured using the MTT

microculture tetrazolium assay, as described by
Mosmann (1983). A total of 1000 cells/well were
seeded in a 96-well plate. After 24 h incubation in a
5% humidified CO, incubator at 37°C, varying
concentrations of sitosteryl oleate (BDPT-3) were
added to a final volume of 200 pL of standard growth
medium/well. The concentration of PEG: EtOH used
to dissolve the extract did not exceed 0.75% (v/v).

Therefore, the same PEG: EtOH concentration was
used in the control wells. Methotrexate (at a
concentration of 10, 20, 50, 100, and 200 nM) was
used as a positive control. After 24 h incubation at
37°C, 20 puL of MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] (Invitrogen)
(5 mg/mL in PBS) was added to each well and
incubated for 4 h at 37°C. The medium was removed,
and formazan crystals thus formed were dissolved in
DMSO. The plates were read immediately in a
microplate reader (Tecan, Genios-Pro, Austria)
operating at 540 nm.

Trypan blue dye exclusion assay for viability
The effect of sitosteryl oleate (BDPT-3) on cell
viability was assessed using a trypan blue dye-
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exclusion test under a light microscope (Nikon,
Japan). 0.15x10° cells were plated in 40 mm dishes.
24 h after plating, cultures were treated with vehicle
[(PEG: EtOH (2:3)] alone or sitosteryl oleate
(BDPT-3) at different concentrations and incubated
further for 24 h. After incubation, treated cells were
trypsinised and counted in a hemocytometer using
0.4% trypan blue (HiMedia). Dead cells retained the
dye while the viable cells excluded trypan blue and
appeared bright. Cell death at different treatment time
points was calculated as follows:

% Cell death = [number of dead cells/ (number of
viable cells + number of non-viable cells)] x100.

Morphological analysis

U-87 cells in the exponential growth phase were
plated at 2x10* cells in a 40 mm petri plate. After 24 h
of growth, cells were treated with sitosteryl oleate
(BDPT-3) (50, 100 pg/mL) and vehicle control,
respectively, for 24 h. At the end of the treatment
period, the effect of sitosteryl oleate (BDPT-3) on the
morphological change of the U-87 cells was assessed
by the inverted and phase-contrast microscope
(Nikon, Japan) at 100 X magnification.

AOQV/EB staining for apoptotic cells

Acridine orange is taken up by both viable and
non-viable cells. It emits green fluorescence if
intercalated into double-stranded nucleic acid (DNA)
or red fluorescence if bound to single-stranded nucleic
acid (RNA). Ethidium bromide is taken up only by
non-viable cells and emits red fluorescence by
intercalation into DNA. We distinguished three cell
types based on fluorescence emission and the
morphological features of chromatin condensation in
the stained nuclei. Viable cells have uniform, bright-
green nuclei with an organised structure. Apoptotic
cells have orange to red nuclei with condensed or
fragmented chromatin. Necrotic cells have uniformly
orange to red nuclei with an organised structure. 10
pL of dye mixture (100 pg/mL AO and 100 pg/mL
EB in distilled water) was mixed with 10 pL of cell
suspension (0.1 x 10° cells/mL) on a clean microscope
slide. The suspension was immediately examined by
fluorescence microscopy (Nikon, Japan) at 100 X
magnification. A minimum of 300 cells was counted
in every sample.

Analysis of DNA fragmentation
U-87 cells (0.5 x 10°) were incubated for 24 h in a
medium containing 10% FBS. After 24 h, cells were

treated with sitosteryl oleate (BDPT-3) at
concentrations of 50, 100, and 200 pg/mL, and with
the vehicle control. Methotrexate at 100 nM was used
as a positive control. Thereafter, cells were collected
by trypsinisation and rinsed twice in cold phosphate-
buffered saline (PBS, pH 7.4). Genomic DNA was
extracted from U-87MG cells using the centrifuge
protocol of the AxyPrep Multisource Genomic DNA
Miniprep Kit. Isolated DNA was analysed by agarose
gel electrophoresis.

Cell cycle analysis

Flow cytometry was used to detect the apoptotic
rate quantitatively. Flow cytometric DNA analyses
estimated the distribution of cells across different
stages of the cell cycle. Briefly, 2x10° cells were
incubated overnight in 60 mm culture dishes in a
medium containing 10% FBS. After 24 h, cells were
treated with sitosteryl oleate (BDPT-3) at different
concentrations. Cells were harvested after 24 h,
washed twice with cold PBS (pH 7.4), and fixed with
70% ethanol/ 30% PBS at 4°C. Flow cytometric
measurements of cellular DNA content were
performed with the ethanol (70%) fixed cells using
the intercalating DNA fluorochrome, Propidium
lodide (PI, Sigma, St. Louis, MO, USA). The fixed
cells were washed with PBS to remove ethanol and
incubated with 0.2 mL. PBS containing RNase (200
pg/mL) (Sigma, St. Louis, USA) and incubated at
37°C for 30 minutes, then stained with 50 pg/mL
propidium iodide for 30 minutes in the dark at room
temperature, and finally analysed on a FACS
cytometer (Calibur™, Becton Dickinson, USA). A
minimum of 1x10* cells/sample was evaluated, and
the percentage of cells in each cell cycle phase was
calculated using the CELLQUEST and Modfit
software (Becton Dickinson).

Western Blot Analysis

Following appropriate treatment, cells were
detached from the substrate and collected by
centrifugation (600 g, 5 min, 4°C). The pellets were
washed with 1 mL of ice-cold PBS and collected
again via centrifugation (600 g, 5 min, 4°C) and
resuspended in lysis buffer containing 25 mM
HEPES, 5 mM MgCl,, 2 mM EDTA, 2 mM DTT, 1
mM PMSF, 1 mM sodium orthovanadate, and 1%
protease inhibitor cocktail (Sigma). The lysis buffer
for whole-cell lysates also contained 1% SDS and 1%
Triton X-100. Lysates of 5x10° cells were sonicated
and then centrifuged (10 000 r.p.m., 10 min, 4°C).
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After sonication, lysates were centrifuged as detailed
above, and the supernatant was collected.

Equal amounts of protein (50 pg), as determined
using the Bradford Protein estimation kit (GeNei'™,
Bangalore GeNei, India), were loaded and resolved
using 12% SDS-PAGE and transferred onto PVDF
membranes (MDI, Ambala, India). Blots were
blocked overnight at 4°C in PBS — Tween 20 (0.05%)
- BSA (3%) and then incubated with primary antibody
in blocking buffer (overnight, 4°C). Anti bcl-2 (SC-
7382), anti-bax (SC-7480), anti p53 (SC-98), and anti
B-actin (SC-1615) were the primary antibodies used in
this study. Goat anti-mouse IgG-HRP (SC-2005) and
donkey anti-goat [gG-HRP (SC-2020) were secondary
antibodies. All the antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).
After washing with PBS containing 0.05% Tween
(PBS-T), blots were incubated with the secondary
antibody for 2 h at 4°C. After successive washes,
the signal was detected by chemiluminescence
(SuperSignal, Pierce, USA). We used Syngene
Chemiluminescent  imaging systems (Syngene,
Cambridge, UK) to exclusively capture chemiluminescent
blots. The blot was developed on GeneSnap acquisition
software after an appropriate exposure time. GeneTools
analysis software was used to quantify the bands.

Statistical analysis

The experiments were performed in triplicate, and
all experimental data are expressed as mean£SD. The
statistical significance of the difference between
control and BD extract-treated groups was determined
by one-way ANOVA followed by Dunnett's t-test for
multiple comparisons and by Student's t-test. The
result was considered significant at P <0.05.

Chemicals and reagents for synthesis of p-sitosterol ester
analogues

All chemicals and reagents were of analytical grade
TCI,

and  purchased from Sigma-Aldrich,

RCOCI, DCM, TEA, 72 h, 25 °C

Spectrochem, and SD Fine Chemicals Pvt. Ltd., India,
and used without further purification. The chemical
reactions were monitored by TLC on commercially
available silica gel 60 F254-coated alumina plates
(Merck). TLC, 'H NMR, "“C NMR, and Mass
spectroscopy confirmed the purity of all organic
compounds. '"H NMR and “C NMR spectra were
recorded in Jeol instrument (model-JINM-EXCP 400)
operating at 400 MHz (‘H) in CDCl; and at 100 MHz
(®C) using TMS as an internal standard. The chemical
shifts are reported in parts per million (3) downfield
from TMS, and coupling constants are reported in hertz
(Hz). Proton coupling patterns are abbreviated as
singlet (s), broad singlet (brs), doublet (d), triplet (t)
and multiplet (m). Mass spectra were recorded on a
Qstar (Applied Biosystem) ESI-MS mass spectrometer.

Scheme of synthesis and general procedure

After determining the antiproliferative effect of in
the present study, ten sitosteryl esters (analogues of
natural product sitosteryl oleate) were synthesised and
screened for their antiproliferative activity in U87 MG
cells. The synthesis of compounds 2a to 2j followed
the general procedure outlined in Fig. 4. A solution of
sitosterol in triethylamine was added to a solution of
dichloromethane and different acid chlorides held at
0°C. The resulting mixture was stirred for 72 h at
room temperature. At the end of the reaction, it was
filtered and washed with a saturated solution of
sodium hydrogen carbonate, and finally with 5% HCI
solution. The organic layer was dried over magnesium
sulfate, filtered, and concentrated under reduced
pressure. The compounds were purified by column
chromatography and characterised by 'H NMR,
C NMR, IR, and HRMS, as shown in Supplementary
Table 2 and Supplementary Figs. S1-S12.

General procedure for the synthesis of compounds (2a-2j)
To a solution of dichloromethane (75 mL) and
Acid chlorides (15 mmol) held at 0°C, a solution of

1 2a. CHy-
2b. CHa(CHy)y-
2c. CH3(CH2)3-
2d. CH3(CHy)s-
2e. CH3(CH2)5-

2f. CHa(CHy)y-
2g. CH3(CHy)s-
2h. CH3(CHy)o-
2i. CHa(CHa)1o-
2j. CeHs-

Fig. 4 — Synthesis of final compounds sitosteryl esters (2a-2j). Reagents and conditions: A) Acid chlorides, DCM, TEA, 72 h, 25°C.
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sitosterol (4.14g, 10 mmol) in triethylamine (2 mL)
was added. The resulting mixture was stirred for
72 hours at room temperature. At the end of the
reaction, it was filtered and washed with a saturated
solution of sodium hydrogen carbonate (100 mL) and
finally with 5% HCI solution (100 mL). The organic
layer was dried over magnesium sulfate, filtered,
and concentrated under reduced pressure (25°C,
15 mmHg). The white/off-white compounds obtained
were further subjected to purification through column
chromatography using ethyl acetate/cyclohexane
(starting with 0.5% and increasing till 2.5%) as eluent
to afford the pure compounds 2a-2j (overall yield
60-75%), and were further identified through HR-MS,
IR, and NMR.

In-vitro studies
Cell cytotoxicity assay

U87 cells (1000 cells/well) and HEK (5000 cells/
well) were seeded into a 96-well plate and treated with
sitosteryl analogues (described below) after 24 h at
concentrations ranging from 5 uM to 200 uM. MTT
assay was performed as mentioned previously in
section 2.2.

Preparation of B-sitosteryl ester samples

Sitosteryl esters showed limited solubility in
DMSO, which is the commonly used vehicle control.
Therefore, we solubilised highly hydrophobic
sitosteryl oleate derivatives in a Tween 20-water
system. Briefly, sitosteryl esters (5 mg) were first
dissolved in 1 mL of hexane to form the organic
phase (dispersed phase). Before mixing with the
aqueous phase, the organic phase was kept in a 50°C
water bath for 5 min to facilitate dispersion of the
sitosteryl ester. The aqueous phase (continuous phase)
was prepared by dissolving Tween 20 at 2 g/L in
Milli-Q water. The organic phase was slowly added to
the aqueous phase under magnetic stirring (1000 rpm)
and was immediately subjected to probe ultrasonic
sonication for 10 min (pulse-on 3 s, pulse-off 3 s).
Hexane was removed using a rotary evaporator
attached to a circulating water bath under reduced
pressure at 1 mbar. The cooling bath was set at 5°C.

Results
Characterisation of the bioactive compound isolated from the
ether root extract (BDPT-3)

From spectroscopy, the structure of the compound
isolated from the ether extract, sitosteryl oleate
(BDPT-3), was determined. The spectroscopic data

obtained were compared with those reported in the
literature® ', and the compound was characterised as
the oleic acid ester of sitosterol, i.e., sitosteryl oleate.
Sitosteryl oleate (1). Colourless liquid, [a]p =
-16 (¢ = 1 %, CHCly); IR: 1736.05 cm'; '"H NMR
(300 MHz, CDCl;): 6 5.51-5.28 (m, 3 H), 4.52-4.07
(m, 1 H), 2.76-2.31 (m, 4 H), 2.08-1.81 (m, 9 H),
1.47-0.75 (m, 62 H), 0.68 (s, 3 H); “C NMR
(300 MHz, CDCl;): 8180, 140.65, 130.61, 130.16,
122, 74, 56.75, 56.05, 50.12, 45.83, 42.31, 39.77,
38.15, 37.23, 36.49, 36.13, 34.28, 33.94, 31.91, 31.85,
31.82,29.75, 29.69, 29.65, 29.62, 29,51, 29.47, 29.35,
29.28, 28.86, 28.23, 27.21, 27.19, 26.08, 25.62, 24.80,
23.06, 22.68,21.07, 19.80, 19.38, 19.02, 18.77, 14.10,
11.96, 11.84. ESI-MS m/z 679 (M'+1), 701 (M'+Na)
calculated for C47Hg,0, (M) 678.'H- and “C-NMR,
and 'H,'H-COSY data shown in Supplementary Table 1.

Effects of sitosteryl oleate (BDPT-3) on cell proliferation

We studied the effects of sitosteryl oleate
(BDPT-3) in various cancer cell lines. Typically, cells
were treated with sitosteryl oleate (BDPT-3) (25-200
pug/mL) for 24 h, and the cell viability was assessed
by trypan blue exclusion and MTT assay. The results
showed that the BDPT3 caused cellular toxicity only
in U87 cells. (Supplementary Fig. 13), whereas it was
ineffective in HelLa, MCF7, MiaPaCa, and Colo205.
The cell viability and proliferation decreased after
treatment with increasing concentrations of sitosteryl
oleate (BDPT-3) (Fig. 5). The ICs, value for the loss
of metabolic viability was calculated to be 184 uM
(125 pg/mL). When the cells were exposed to
sitosteryl oleate (BDPT-3) at 200 pg/mL, cell
proliferation was only 25% means and caused

75% cell death in U-87 cells. Similar results were
100-
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Fig. 5 — Effect of sitosteryl oleate (BDPT-3) on U-87 cells
viability. Cultured cells were exposed to various concentrations of
sitosteryl oleate (BDPT-3) for 24 h. Cell viability was analysed by
MTT assay. #Methotrexate was at concentrations of 10, 20, 50,
100, and 200 nM. The result represents the average of three
independent experiments in triplicate+S.D. **P <0.01.
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obtained when we examined cytotoxicity using the
trypan blue dye-exclusion method (Fig. 6), with the
ICs value of 169 uM (115 pg/mL). Detailed studies
on the nature of toxicity were carried out at
concentrations of 50 and 100 pg/mL corresponding to
40-50% cell death.

Effect on morphology

Changes in morphological features are suggestive of
effects on cytoskeleton architecture, which is often
associated with loss of viability and precedes death.
Therefore, we examined morphological changes in U-87
cells using phase-contrast microscopy. Sitosteryl oleate
(BDPT-3) induced morphological changes in U87, such
as membrane blebbing, cell shrinkage, segregation of
cellular structure, rounding, and detachment, which were
evident at 24 h following exposure to 50 and 100 pg/mL
of sitosteryl oleate (BDPT-3) (Fig. 7). These changes
indicated that sitosteryl oleate (BDPT-3) might induce
apoptotic cell death in U87 cells.

* %

%* %k

$ 38

% Cell Death
$ W

2

25 50 100 150 200
Concentratiom (ug/mL)

Fig. 6 — Effect of the sitosteryl oleate (BDPT-3) on the viability

of U-87 cells checked by the trypan blue dye exclusion method.

Cultured cells were exposed to various concentrations of sitosteryl

oleate (BDPT-3) for 24 h. The result represents the average of

three independent experiments in triplicate+ S.D. **P <0.01.

Fluorescence microscopy: Acridine orange/Ethidium bromide
(AO/EB) staining

Sitosteryl oleate (BDPT-3) treated U-87 cells were
stained with AO/EB and analysed under a
fluorescence microscope for the percentage of viable,
apoptotic, and necrotic cells. The results obtained
with AO/EB staining are represented in Fig. 8.
Compared with the apoptosis observed in vehicle
control cells (6.76+0.45%), U-87 cells treated with a
low dose of sitosteryl oleate (BDPT-3) showed an
increased percentage of apoptotic cells (50 pg/mL:
22.44+9%). A higher sitosteryl oleate (BDPT-3) dose,
100 pg/mL, significantly increased apoptosis in
U-87 cells, with apoptotic cells predominating
(62+10%). The percentage of necrotic cells remained
approximately constant at a low level, independently
of the sitosteryl oleate (BDPT-3) concentration.
Fig. 8 shows the different morphologies of cells
stained with AO/EB. The results suggest that
sitosteryl oleate (BDPT-3) was able to induce marked
apoptotic cellular death and, hence, characteristic
morphological changes in U-87 cells.

Induction of DNA fragmentation

Since sitosteryl oleate (BDPT-3) induced
morphological changes that suggest apoptotic death in
U-87 cells, we studied the induction of
internucleosomal  fragmentation, an important
hallmark of apoptosis. Incubation of cells with 50 and
100 ug/mL of sitosteryl oleate (BDPT-3) for 24 h
significantly increased the DNA fragmentation

(Fig. 9), whereas treatment with PEG: EtOH (2:3)
(Negative control) did not produce any DNA
fragmentation in U-87 cells under these conditions.
Positive control-treated cells also showed DNA
fragmentation.

Fig. 7 — Effect of sitosteryl oleate (BDPT-3) on the morphology of the U-87 cells during 24 h of culturing, damage of the cytoplasmic
membrane. (a) vehicle control cells, (b) concentration of 50 pg/mL, and (c) concentration of 100 pg/mL. Magnification of the microscope

is 100X.
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Fig. 8 — Percentage of apoptotic cell death measured by AO/EB staining. (a) Green viable cells with normal morphology were observed
in the vehicle control (VC) group, orange apoptotic cells showed fragmented chromatin after 50 and 100 pg/mL sitosteryl oleate
(BDPT-3) treatment for 24 h (marked by A) and red necrotic cells (marked by N). Magnification of microscope 100 X.
(b) Graphical representation of percentage of apoptotic cells after treatment with sitosteryl oleate (BDPT-3).

Fig. 9 — Sitosteryl oleate (BDPT-3) induced DNA fragmentation
in U-87 cells. Genomic DNA was extracted from PEG: EtOH,
sitosteryl oleate (BDPT-3), and Methotrexate treated U-87 cells
after incubation for 24 h. Nucleosomal DNA fragments were
resolved by electrophoresis in a 1.5% agarose gel and visualized
by ethidium bromide staining. Lane 1 (L) - Ladder, Lane 2 (C) -
Media control cells, Lane 3 (T1) — 50 pg/mL sitosteryl oleate
(BDPT-3) treated cells, Lane 4 (T2)- 100 pg/mL sitosteryl oleate
(BDPT-3) treated cells, Lane 5 (T3) — 200 pg/mL sitosteryl oleate
(BDPT-3) treated cells, Lane 6 (PE) - PEG:EtOH (vehicle control)
treated cells, Lane 7 (MTX) - Methotrexate (positive control)
treated cells.

Sitosteryl Oleate (BDPT-3) caused apoptotic cell death
without the cell cycle perturbations in U-87 cells

To determine whether the inhibition of sitosteryl
oleate (BDPT-3) on U-87 cell-proliferation involved
any cell cycle changes, we examined cell cycle
phase distribution by DNA flow cytometry after 24 h
of exposure to sitosteryl oleate (BDPT-3). Although
significant alterations in the cell cycle distributions
were not observed in sitosteryl oleate (BDPT-3)
treated cells under these conditions, histograms
clearly indicated the presence of degenerating cells,
which is suggestive of apoptotic cells, in accordance
with the observed DNA fragmentation. Quantitative
analysis of the histograms showed a concentration-
dependent increase in the hypodiploid region (sub-
Glpopulation) generally correlated with apoptotic
cells, with more than 65% apoptosis at 200 pg/mL
of sitosteryl oleate (BDPT-3) (Fig. 10) compared
to the control.

Effects on Bax/Bcl-2 ratio

Levels of apoptotic and anti-apoptotic proteins
following sitosteryl oleate (BDPT-3) treatment were
examined by Western blots of the total protein to
determine whether sitosteryl oleate (BDPT-3)
induced apoptosis in U-87 by the intrinsic pathway,
where the Bax/Bcl-2 ratio regulates cytochrome-c
release, triggering the caspases. Treatment of
U-87 cells with sitosteryl oleate (BDPT-3) did not
cause significant changes in the expression of
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Fig. 10 — Sitosteryl oleate (BDPT-3) increases the apoptotic rates of cells. (a) After U-87 cells were grown in medium alone or treated
with sitosteryl oleate (BDPT-3) in indicated concentrations, cells were harvested and washed with PBS, fixed with ice-cold 70% ethanol,
stained with PI, and treated with RNase A. DNA content was measured by flow cytometry. The apoptotic population was measured as the
percentage of the total cell population with <G1 DNA content. (b) Graphical representation of sub-G1 cells in vehicle control (VC) and
sitosteryl oleate (BDPT-3) treated cells. The data are expressed as mean + SE from three independent experiments. ** P <0.01.

Bax, while a significant decrease in the expression
level of Bcl-2 was evident (Fig. 11a). A densitometric
analysis of the bands showed that sitosteryl oleate
(BDPT-3) resulted in a dose-dependent increase in the
Bax/Bcl-2 ratio that favours apoptosis (Fig. 11b).
Interestingly, there were no significant changes
in the levels of p53 protein under these conditions
(Fig. 11c¢).

Biological evaluation for analogues of p-sitosterol
In vitro antiproliferative activity

All the synthesised compounds were evaluated for
their antiproliferative activity on U-87MG and HEK
cells, and wviability was examined at different

concentrations of the synthesised compounds after
48 h using the MTT growth inhibition assay. Out
of all the synthesised compounds, butanoate (2c),
pentanoate (2d), and decanoate (2h) derivatives
showed ICs, values between 60 and 70 puM, and
benzoate (2j) showed an ICs, value of 91.77 uM
after 72 h. All other compounds showed ICs
values above 100 uM. None of the compounds
showed cytotoxicity on the normal cell line HEK up
to a very high concentration (>250 uM). The results
are shown in Table 1 and Fig. 12. The cytotoxic
effects of all the compounds were calculated from a
sigmoidal dose-response curve generated in GraphPad
Prism 5.0.



90 INDIAN J NAT PROD RESOUR, MARCH 2026

(a) PEy  PEyy, T, T,
53KDa—3 ps3
23 KDa—3 Bel-2
28 KDa — - - - - Bax
43KDa— 4. 4 a4 . 4 p-Actin

251
®) -
24
o
s
@ 15 -
o
3
% 11
©
m
0.5 4
0 -+
PE50 PE100 50 pg/mL 100 pg/mL
Concentration
1.2
(c) ups3
1 - =
g I
208
T
306
£
S04
o
0.2
0
PE50 PE100 50 pug/mL 100 pg/mL

Concentration

Fig. 11 — Immunoblot analysis of apoptosis-related protein expression in sitosteryl oleate (BDPT-3) treated U-87 cells. (a) Cells were
lysed after 24 h of incubation with the indicated concentration of the sitosteryl oleate (BDPT-3). The cellular proteins were separated by
SDS-PAGE and transferred onto PVDF membranes. The membranes were probed with the indicated primary antibodies, then with
horseradish peroxidase-conjugated secondary antibody. B-Actin was used as an internal control. (b) Quantitative Bcl-2 and Bax
expression after being standardized to B-Actin. The expression of Bcl-2 decreased, whereas the Bax protein level did not change after
sitosteryl oleate (BDPT-3) treatment. (c) The integrated optical densities (IOD) of p53 protein after normalization with -actin (43 kDa)
in each lane using Gene Tools analysis software (Syngene). PEs, and PE,,, were the vehicle controls for every 50 and 100 pg/ml
treatment with sitosteryl oleate (BDPT-3), respectively. Paired values were evaluated by Student's t-test. (**P <0.01 compared with the

control group).

Table 1 — In vitro antiproliferative activities of the synthesized
sitosteryl ester derivatives (2a-2j) on U-87 MG cancerous cells
and HEK normal cells after 72 h

Compounds U87 (ICs0) HEK Selectivity Index
uM (ICs) kM ICs, (HEK) IC5, U87
2a (Acetate) >100 >250 >2.5
2b (Propionate) >100 >250 >2.5
2c¢ (Butanoate) 70.32+£594  >250 >(.281
2d (Pentanoate) 69.38£4.84  >250 >0.277
2e¢ (Hexanoate) >100 >250 >2.5
2f (Octanoate) >100 >250 >2.5
2g (Nonanoate) >100 >250 >2.5
2h (Decanoate) 64.89+£9.05 >250 >(.259
2i (Undecanoate) >100 >250 >2.5
2j (Benzoate) 91.77+9.17  >250 >0.367
Discussion
The plant-based diet can have protective

action against cancer and other chronic diseases™.
[-sitosterol, a plant compound known as a phytosterol
and a counterpart of animal cholesterol, has several
biological effects, such as anti-inflammatory,
immune-modulating, and chemopreventive activities™ .
These effects strongly suggest that P-sitosterol
might be an effective natural component in cancer
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Fig. 12 — Effect of compounds 2¢ (butanoate), 2d (pentanoate),
2h (decanoate), and 2j(benzoate) on the viability of the U-87 cell
line. Cytotoxicity effects of 2¢, 2d, 2h and 2j evaluated after 72 h,
calculated from sigmoidal dose response curves generated in
Prism 5.0 (GraphPad) and expresses as % cell death.

chemoprevention. There are several ongoing
research programs aimed at the isolation, structural
characterisation, and pharmacological evaluation of
bioactive plant secondary metabolites®* . In this
study, isolated compound sitosteryl oleate (BDPT-3)
caused significant cell death in U-87MG cells. The
structure of this compound was deduced by
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comparing its spectroscopic data to that reported in
the literature® ®. It was characterised as oleic
acid ester of sitosterol, i.e., sitosteryl oleate
(Supplementary Table 1). In the 'H-NMR spectrum of
sitosteryl oleate, the H-3 proton appeared as a
multiplet at oy 4.15 (1H), and the H-6, H-9’, and H-
10" olefinic protons showed a multiplet at oy 5.36
(3H). There was a singlet at oy 0.68 (3H) and 6y 0.98
(3H) for two methyl groups present at C-18 and C-19.
The C-NMR indicated the presence of a carbonyl
(0c 180), suggesting that the isolated compound had
an ester bond. Three ethylene carbons at 6¢ 122 (C-6),
dc 130.16 and 130.21 (C-9" and C-10") were also
found. Positions 5 and 10 do not show any proton
signal. We also found correlations in 'H-'H COSY
spectra shown in Supplementary Table 1.

At the cellular level, some anticancer reagents
provide partial remission by interfering with the
processes of the cell cycle®"®, while some others
cause cell death by apoptosis”, enhancing the
probabilities of local tumour control. Dose-dependent
cytotoxic effects of sitosteryl oleate (BDPT-3), as
evidenced by many parameters investigated in the
present study (Figs 5 and 6), suggest the therapeutic
potential of sitosteryl oleate (BDPT-3). Although it
induced both inhibition of proliferation and apoptosis
of U-87 glioma cells in culture, it’s
in vivo efficacy needs to be examined before
contemplating therapeutic application. Most cancer
therapies aim to induce apoptosis in rapidly
proliferating tumour cells. Therefore, drugs that can
selectively target tumour cells with no harmful effects
on normal ones are desired. Sitosteryl oleate (BDPT-3)
causes visible morphological changes and DNA
fragmentation in U-87 cells, which support the process
of apoptosis induction by sitosteryl oleate (BDPT-3)
(Figs. 7 and 8). After treatment with different
concentrations of sitosteryl oleate (BDPT-3) for 24 h,
the apoptotic cells increased significantly as shown by
flow cytometry analyses (Fig. 10).

Regulatory proteins of the Bcl-2 family play an
important role in the induction of apoptosis. The ratio
of Bax to Bcl-2 determines, in part, the susceptibility
of cells to death signals®. Therefore, Bcl-2 proteins
have emerged as an attractive target for the
development of novel anticancer drugs. Changes in
the Bcl-2/Bax ratio have been reported to be caused
by downregulation of Bcl-2 and upregulation of
Bax*’, or downregulation of Bcl-2 with no change in
the level of Bax*®. Sitosterol oleate (BDPT-3) induced

apoptotic cell death appears to involve the intrinsic
pathway at least partly, as there was a significant
increase in the Bax/Bcl-2 ratio (Fig. 11), which
favours the release of cytochrome ¢ from
mitochondria into the cytoplasm, activating caspases
involved in executing apoptosis. Our study parallels
earlier observations, which demonstrated that
B-sitosterol plays a role in triggering the intrinsic
apoptosis pathway in a range of cancers, including
multiple myeloma, lung cancer, melanoma,
fibrosarcoma, pancreatic cancer, prostate cancer, liver
cancer, cervical cancer, colon cancer, stomach cancer,
breast cancer, leukaemia, and multiple myeloma®.
Plant sterols, including B-sitosterol, have been shown
in numerous studies to have antiproliferative effects
on human breast cancer”, liver cancer’, colorectal
cancer”, and oral cancer®. However, further studies
are required to understand the precise mechanism
underlying sitosteryl oleate (BDPT-3) induced
apoptosis, particularly identifying the primary signal
(or events) responsible for the increase in Bax level.

DNA damage is known to increase the level and
activation of the p53 tumour suppressor protein through
damage-activated post-translational modifications, such
as phosphorylation and acetylation. This results in
transcriptional activation of the WAF1/CIP1/p21 gene,
whose protein product triggers cell cycle arrest to permit
DNA repair®™. However, excessive damage or
unsuccessful repair (leading to cumulative damage)
triggers apoptosis to safeguard the genome®’. P53 is
known to regulate DNA repair, apoptosis, and cell cycle
progression. However, not all forms of apoptosis and
cell cycle arrest are p53-dependent®™®. Because more
than half of human cancers have deficient p53™, the
p53-independent pathway has become a target for
anticancer drugs’'. Several studies to date have
demonstrated that many natural phytochemicals can
induce apoptosis and cell cycle arrest in
p53- independent pathway’>"*. Induction of apoptosis by
sitosteryl oleate (BDPT-3) observed here appears to be
pS3 independent, as it did not cause any change in the
level of p53.

In oral cancer (KB cells), cervical cancer
(HeLa cells), B. diffusa root extracts were able to
stimulate cell cycle arrest at various phases and enhance
the percentage of cells in GO/G1-phase significantly, and
the final results indicated that the extract could
predominantly induce cell cycle arrest mainly in the
DNA duplication phase'®®. In contrast, cells treated
with B. diffusa extracts demonstrated GO-G1 arrest in
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breast cancer (MCF-7 cells), enhancing the population
of GO-G1 phase from 69.1% to 75.8% in comparison to
the untreated control’*. The flow cytometry revealed that
sitosteryl oleate (BDPT-3) had no effect on the cell cycle
profile of the U-87 MG cells, but apoptotic nuclei
were identified in the hypodiploid region, which is the
sub-G1 phase (Fig. 10).

The bioactivity-guided isolation and characterisation
of sitosteryl oleate (BDPT-3) with its cytotoxic effects
has been checked for the first time on U-87
myoglioma cells. Whereas, the antiproliferative
activity of newly synthesised sitosteryl esters showed
a lower ICsy in comparison to isolated sitosteryl
oleate. Results concluded that the esters were
successfully synthesised, as characterised by NMR,
IR, and HRMS spectra. Sitosteryl butanoate (2c),
sitosteryl pentanoate (2d), and sitosteryl decanoate
(2h) showed an ICsy value of 60-70 uM on the
U-87MG cell line, while the ICs of these compounds
was above 250 uM on HEK (normal cell line). The
enhanced activity of these sitosteryl esters as
compared to other derivatives suggests that esters
with side-chain lengths of C-4, C-5, and C-10 show
better activity. Therefore, the length and nature of
side chains play a pivotal role in antiproliferative
activity. This might be attributed to optimal
lipophilicity, cellular uptake of short to medium
length side chains, and enhanced cellular membrane
interaction and retention of long side chains. These
findings clearly demonstrate anticancer properties of
these compounds in US87 cells and have future
potential as an anticancer therapy for this highly
malignant form of cancer.

Conclusion

The present study demonstrates the
antiproliferative and apoptosis-inducing effects of
sitosteryl oleate (BDPT-3) isolated from B. diffusa in
vitro. Sitosteryl oleate induced a significant cytotoxic
effect via dose-dependent inhibition of proliferation
and induction of apoptosis, two important factors that
enhance the efficacy of tumour therapy. Therefore, it
appears that sitosteryl oleate isolated from B. diffusa
is a potential anticancer agent that warrants further
pre-clinical investigations in in vivo models. The
designed derivatives of sitosteryl ester with shorter
fatty acid chains were successfully synthesised in a
one-step reaction and characterised by NMR ("*C and
'H), IR, and HR-MS spectra. The characteristic ester
peak was clearly observed in the IR spectra of the

synthesised compounds at 1735 cm”, and these
compounds showed antiproliferative activity against
human glioma U87 cells. Butanoate (2c), pentanoate
(2d), and decanoate (2h) esters showed an 1Csy value
between 60-70 uM on U87 MG cancerous cells.

One limitation of the study might be that the
anticancer activity of the molecules was assessed using
in vitro cell line-based assays. However, the study has
translational potential, as the newly synthesised
derivative can be further developed for in vivo and
pre-clinical testing in appropriate tumour models.
Therefore, the compounds in this work can be further
evaluated preclinically in drug development procedures
to create anticancer drugs that combat glioblastoma.
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