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Abstract

The present study focuses on isolation and evaluation of the anti-cancer activity of compounds from the leaves of Abrus pre-

catorius. The bioassay-directed strategy was adopted using chromatographic, gas chromatographic–mass spectrum analysis, 
nuclear magnetic resonance and X-ray crystallography techniques for purification and characterization of active cytotoxic 
compounds. Further, MDA-MB-231 breast cancer cell lines and 7,12-dimethylbenz (a) anthracene (DMBA) induced virgin 
female Sprague Dawley (SD) rats were used for in vitro and in vivo cytotoxicity evaluation. Stigmasterol hemihydrate and 
9,12-Octadecadienoic acid (Z,Z)-2-hydroxy-1-(hydroxymethyl)ethyl ester or (β-monolinolein) were the two main cytotoxic 
constituents of leaf extract of A. precatorius, with an  IC50 value of 74.2 and 13.2 µg/ml, respectively, in MDA-MB-231 cells. 
Additionally, the treatment with the stigmasterol and β-monolinolein as a combinatorial drug therapy in DMBA-induced female 
SD rats led to recovery of body weight, decreased tumor weight and volume, without any toxic side effects. Immunohistochemi-
cal examination showed extensive cell death and low proliferation in the treated tumor tissues that was confirmed by results 
from H and E staining, TUNEL assay and Ki-67 index as compared to control animal group. The reversion of glycoprotein, 
lysosomal and tumor marker enzyme levels back to near-normal levels after treatment with the plant compounds clearly dem-
onstrated the reduction of tumor burden in these animals. This is the first report on isolation and characterization of the two 
active cytotoxic components from leaves of A. precatorius. Additionally, the profound cytotoxic and tumor-suppressive effect 
of these two compounds as a combinatorial therapy provide an alternative option for breast cancer treatment.
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Introduction

Human breast cancer is still an extremely complex and 
dangerous disease with multiple questions (Carlson et al. 
2009). The increasing global incidence of breast cancer 

emphasizes the need to identify novel, safe and efficient 
anti-cancer drugs for the treatment of breast cancer. Search 
for natural products represents an area of great interest in 
which the plant kingdom has been documented the most 
important source to provide cancer chemopreventive agents 
with novel structures and unique mechanism of action (Kalt 
et al. 2001). Considering the safety, efficacy and diversity of 
phytochemicals, molecular mechanistic research has focused 
on plants with cancer prevention potential (Shu et al. 2010). 
With the prevalence and an emergence of multiple drug 
resistance, nonspecific systemic distribution of anti-tumor 
agents, inadequate drug concentrations reaching the tumor 
site, intolerable cytotoxicity and limited ability to monitor 
therapeutic responses, cancer treatment has become more 
and more challenging and incurable disease (Misra et al. 
2010). To overcome this problem, it is necessary to develop 
and design new strategies, tools and drugs for treatment of 
cancer. Hence, for some decades, increased efforts are being 
made to isolate bioactive products from medicinal plants, for 
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their possible utility in cancer treatment as natural products 
are known to play a dominant role in the discovery of such 
new drugs that are known to be effective and less toxic in 
non-tumor cells as compared to synthetic drugs (Sgariglia 
et al. 2011).

Abrus precatorius is highly regarded as a universal pana-
cea in the herbal medicine with diverse pharmacological 
activity spectra. A. precatorius has been reported to contain 
diverse phytochemicals with numerous pharmacological 
activities. A. precatorius have been receiving attention as 
anti-cancer agents, as it has been shown that various phy-
tochemicals from leaves have the property to induce apop-
tosis on various types of cancers (Hickman 1992; Gul et al. 
2013). Different classes of secondary metabolites have been 
isolated from A. precatorius, including alkaloids (Ghosal 
and Dutta 1971), phenolic compound, protein, flavonoids 
(Sujit et al. 2012), isoflavanoquinones, anthocyanins, tan-
nin (Bhardwaj et al. 1980), steroids and other triterpenoids 
(Chang et al. 1982). There is an enormous need for isolation, 
characterization and determination of bioactivity of structur-
ally known and unknown compound from A. precatorius for 
its pharmaceutical applications.

Further animal experimental systems are particularly use-
ful in the study of human mammary carcinogenesis, since 
the rat mammary gland is highly susceptible to the develop-
ment of neoplasms, which closely mimic human breast can-
cer (Samy et al. 2006). The DMBA (7,12-Dimethylbenz(a)
anthracene)-induced mammary carcinomas in female 
Sprague Dawley (SD) rats has become the standard labora-
tory model of mammary carcinogenesis (Russo and Russo 
1996). DMBA is a synthetic polycyclic aromatic hydrocar-
bon that has been used extensively as a prototype agent in 
mutation and cancer research as DMBA-mediated biochemi-
cal, molecular, genetic and histopathological changes in rats 
were analogous to those observed in human cancers (Izzotti 
et al. 1999). Hence, the evaluation in DMBA-induced car-
cinogenesis may assist in the diagnosis, treatment monitor-
ing and to screen for effective chemopreventive potential of 
various anti-cancer drugs in cancer patients (Miyata et al. 
2001; Minari and Okeke 2014). This model has the potential 
to examine a single stage of initiation, promotion or progres-
sion in mammary carcinogenesis.

The present study was designed to isolate and charac-
terize the cytotoxic components present in the leaves of A. 

precatorius for their potential anti-cancer activity on MDA-
MB-231 cells. Further, the advantages of the fore mentioned 
attributes of DMBA-induced mammary tumor model were 
exploited to evaluate the tumor-suppressive effects of the 
isolated cytotoxic compounds from leaves of A. precatorius 
for its use as a chemotherapeutic agent. Different biochemi-
cal, morphological and histopathological methods were ana-
lyzed in tumor-induced female SD rats post several weeks 
of treatment with the isolated compounds. Biochemical 

parameters such as glycoprotein content, lysosomal enzymes 
and other tumor-specific markers were also evaluated in the 
plasma and liver of control and treated animals.

Materials and methods

Plant material

Fresh, disease-free leaves of A. precatorius were collected 
from Danvantrivanna, Bangalore University campus, Ban-
galore, Karnataka, India. The plant material was identified 
and authenticated by an expert taxonomist. An authenticated 
voucher specimen of the plant material was deposited in the 
herbarium of Molecular Diagnostic and Nanobiotechnology 
Laboratories, Department of Microbiology and Biotechnol-
ogy, Bangalore University, Bangalore for future reference.

Preparation of leaf extract

Leaves of A. precatorius (1.5 kg) were collected. For solvent 
extraction, the air-dried and powdered leaves of A. precato-

rius were loaded to thimble and extracted with ethyl acetate 
using a soxhlet extractor for 16 h. The filtrate was concen-
trated under vacuum using rotary evaporator (Heidolph 
Laborota 4000, Germany) to obtain approximately 109 g of 
ethyl acetate extract of A. precatorius (EAF-AP). This was 
later preserved at 4 °C in an airtight bottle until further use.

Isolation of anti-cancer compound

A portion of EAF-AP was subjected to silica gel column 
chromatography and a stepwise gradient elution was per-
formed with gradients of petroleum ether: ethyl acetate 
(0–100%) and (0–10%) respectively using different sized 
columns. The collected column fractions were again tested 
with TLC chromatogram and the Rf values were determined. 
The fractions with similar Rf value were combined together 
and all the fractions and sub-fractions were concentrated 
under vacuum using rotary evaporator, finally weighed sepa-
rately and subjected to MTT cytotoxicity assay.

MTT assay for cytotoxicity

MDA-MB-231 breast cancer cell lines (5 × 103 cells/well) 
were seeded to 96-well micro-titer plates. After 24 h, cells 
were treated, respectively, with all isolated fractions and 
sub-fractions. Again after 24 h, 20 µl of 5 mg/ml MTT 
was added to each wells and kept in  CO2 incubator for 2 h. 
After 2 h, medium was removed and 150 µl of DMSO was 
added and mixed in each well. Absorbance was recorded 
at 595 nm with multiwell plate reader. Percentage of cell 
viability = (OD of treated cells/OD of control cells) × 100. 
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The concentration of drug that inhibits 50% of the cells  (IC50 
values) for these samples were obtained from dose–response 
curves.

Crystallization and data collection

Single-crystal X-ray data for the compound was collected 
on Bruker Kappa Apex II CCD diffractometer using Mo-KΣ 
(λ = 0.71073 Å). The crystal was maintained at the desired 
temperature during data collection using Oxford cryo-sys-
tems  N2 open flow cryostat. Structure solution and refine-
ment were performed using SHELX-2013 embedded in the 
WinGX Suite. Refinement of coordinates and anisotropic 
thermal parameters of nonhydrogen atoms were carried out 
by the full-matrix least-squares method. The hydrogen atoms 
for all structures were located on the difference Fourier map. 
Mercury version 3.0 was used for molecular representations 
and packing diagrams.

Nuclear magnetic resonance spectroscopy (NMR)

Approximately, 15 mg of bioactive pure fraction was dis-
solved in 3 ml of deuterated chloroform  (CD2Cl3) and fil-
tered through a 0.2 µm PTFE membrane. The deuterated-
chloroform containing the bioactive pure compound was 
transferred into a round-bottom NMR tube 178 mm long and 
4.2 mm diameter (Norell, USA). The sample was subjected 
to analysis on a 400 MHz NMR (Bruker Advance-400 MHz 
FT-NMR) to obtain 1H NMR and 13C NMR spectrums.

Gas chromatography–mass spectrum analysis (GC–
MS)

GC–MS analysis was performed according to the procedure 
using a Shimadzu Japan GC-2010 plus series. Interpreta-
tion on GC–MS profile was conducted using the database 
of national institute of standard and technology (NIST). 
The retention time, name, molecular weight and structure 
were recorded for test material. The spectrum of unknown 
component was compared with NIST library and the name, 
molecular weight and structure of components of test mate-
rials were ascertained.

Animals and experimental design

Inbred healthy female 6-week-old Sprague Dawley rats (vir-
gin) weighing between 122 and 135 g were used for the 
study. The animals were maintained under standard condi-
tions of temperature (25 ± 2 °C), humidity (30–70%) and 
light (12 h light/dark). Standard pellet diet was provided 
along with tap water ad  libitum. The study has got an 
approval from the Institutional Animal Ethical Committee 
(IAEC), regulated by Committee for the Purpose of Control 

and Supervision of Experiments on Animals (CPCSEA), 
Ministry of Environment and Forests, Government of India 
Approval no: (AACP/IAEC/Dec-2012/19). Thirty female 
Sprague Dawley rats were divided into five groups (Fig. 1):

• Group A (normal rats; n = 6): provided only with diet and 
water.

• Group B (plant compound control; n = 6): Only stigmas-
terol and β-monolinolein treated.

• Group C (tumor control; n = 6): DMBA alone; 20 mg/Kg 
body weight in 0.5 ml sesame oil administered one time 
orally at 7 weeks of age.

• Group D (DMBA + plant compound treated; n = 6): 
Treated every fourth day with 10 mg/kg of stigmasterol 
and β-monolinolein dissolved in sesame oil for 5 weeks.

• Group E (DMBA + doxorubicin-treated positive control; 
n = 6): Treated every fourth day with 10 mg/kg of doxo-
rubicin dissolved in water for 5 weeks.

The animals were checked once per week for mammary 
tumor development by palpation. Initial body weight and 
final body weight (g) were recorded (Barros et al. 2004). 
The tumor mass was measured horizontally and vertically 
in group C, D and E animals using a vernier calliper. Tumor 
volume (mm in diameter) was calculated using the for-
mula V = 0.5 ab2, where ‘a’ and ‘b’ indicates the major and 
minor diameter, respectively (Sharma et al. 2013). At the 
end of an experimental period (17 weeks of DMBA induc-
tion + 5 weeks of plant compound treatment), all the animal 
groups were anesthetized with diethyl ether and sacrificed 
by decapitation. Animals were starved overnight before sac-
rificing them. Blood was collected and the serum was sepa-
rated by centrifugation. The tumors formed were collected 
and washed 2–3 times with saline. The tissue (5 g) was then 
homogenized in 0.1 M Tris–HCl buffer (pH 7.4) and stored 
under appropriate conditions.

Immunohistochemistry

Paraffin-embedded blocks of tumors were prepared from 
the formalin-fixed tumors of all the groups. The 5-µm-thick 
sections were cut from the paraffin-embedded tumor blocks 
and collected on silane-coated glass slides. Hematoxylin and 
eosin (H and E) staining was done to the sections to visually 
analyze cell death in the tumors. The apoptosis was analyzed 
by performing TUNEL assay using  TACS® 2 TdT DAB-in 
situ apoptosis detection kit according to the manufacturer’s 
protocol (Trevigen Inc., Gaithersburg, USA). For ki-67 stain-
ing (cell proliferation marker), sections were first deparaffi-
nized in xylene for 15 min followed by gradual rehydration 
in ethanol. Heat-mediated antigen retrieval in Tris–EDTA 
(pH 9) or 10 mM citrate buffer (pH 6) was performed. All 
the sections were further treated with 3% hydrogen peroxide 
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in methanol to block endogenous peroxidase activity and 
then washed with PBS. It was followed by blocking with 
5% fat-free milk powder for 30 min. Anti-ki-67 Antibody 
(Biogenex, Fremont, USA) incubation was done at room 
temperature for 2 h followed by incubation with an appropri-
ate horseradish peroxidase (HRP) and conjugated secondary 
antibody for 30 min. Detection of antibody was carried out 
using supersensitive polymer-HRP IHC/DAB detection sys-
tem (Biogenex, Fremont, USA). Hematoxylin was used for 
counter staining the sections. Appropriate antibody controls 
(IgG) were used during the procedure to rule out the pos-
sibility of nonspecific binding. Percentage of cells showing 
positive staining for each sample was counted (three inde-
pendent samples were stained from each group) and plotted 
as relative difference with respect to the control tumors.

Biochemical estimations in plasma and liver 
of control and treated animals

The levels of glycoprotein components, namely hexose, hex-
osamine and sialic acid in plasma and liver were estimated 
by various methods (Glossman and Neville 1971; Niebes 
1972; Warren 1959) with minor modifications. The values 
were expressed as mg/g of defatted tissues and mg/dl in 
plasma. Lysosomal enzymes including acid phosphatases, 
β-D-glucuronidase and cathepsin proteases were assayed 
by various method (Rosenblit et al. 1974; Kawai and Anno 
1971; Sapolsky et al. 1973). The activity of cathepsin-D 
was expressed as µmoles of tyrosine-released/minute/mg of 

protein.The activity of the tumor marker enzymes including 
gamma-glutamyltransferase, lactate dehydrogenase (LDH) 
and alkaline phosphatases (ALP’s)in the plasma and liver 
were estimated according to (Rosalki and Rau 1972; King 
1965a, b) with minor modifications.

Statistical analysis

The data represent the mean ± SD of three independent 
experiments each in a triplicate. The significance between 
control and treated groups was analyzed by Student’s t 
test and p values less than 0.05 were taken as significant 
by GraphPad Prism 5.0 software (GraphPad Software Inc., 
CA, USA).

Results

Isolation of anti-cancer compound

Thin-layer chromatographic analysis of EAF-AP result 
showed that petroleum ether: ethyl acetate (5:5) solvent 
combination was the most appropriate solvent system and 
has shown clear separate six bands with good resolution at 
distinct Rf values. Hence, this solvent system was used for 
further isolation process. Gradient column chromatography 
of the EAF-AP produced 93 fractions of 100 ml each using 
solvent system petroleum ether : ethyl acetate (0–100%) as 
an eluent. These fractions were combined on the basis of 

Fig. 1  Experimental design 
for the evaluation of anti-
tumor effect of stigmasterol 
and β-monolinolein in female 
Sprague Dawley rats
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thin-layer chromatographic (TLC) analysis to afford eight 
fractions (A to H) with their respective Rf values (Table 1).

MTT assay for cytotoxicity

Among all the eight column-chromatographic fractions iso-
lated from EAF-AP, only fraction C showed significant cyto-
toxic activity on MDA-MB-231 cells at concentrations rang-
ing from 50 to 150 µg/ml after 48 h of treatment (Fig. 2). 
Hence, fraction C was selected for further characterization.

Gradient column chromatography of the cytotoxic frac-
tion C produced seventy fractions of 10 ml each, using 
petroleum ether–ethyl acetate (0–10%) as an eluent. These 
fractions were further combined on the basis of thin-layer 
chromatographic (TLC) analysis to afford six sub-fractions 
as C1–C6. Among all the six sub-fractions isolated from 
fraction C, only sub-fractions C3 and C4 were found to be 
significantly active at concentrations ranging from 15 to 
45 µg/ml (Fig. 3a). To calculate the  IC50 value of these sub-
fractions, MDA-MB-231 cells were treated for 48 h in a 
dose-dependent manner. The sub-fraction C3 and C4 showed 
a very significant cytotoxic effect with an  IC50 value of 74.2 
and 13.2 µg/ml, respectively (Fig. 3b, c).

Morphological studies

Microscopic examination of MDA-MB-231 cells treated 
with fractions C3 and C4 for 48 h showed distinct changes 
such as shrinkage and detachment of MDA-MB-231 cells 
from the surface of the dish (Fig. 4). These results indicate 
that fractions C3 and C4 have potent cytotoxic activity on 
MDA-MB-231 breast cancer cells. However, the fraction C4 
showed much higher cytotoxic activity than the fraction C3.

Identification and structure elucidation

Fractions C3 was recrystallized in dichloromethane and 
colorless needle-shaped crystals suitable for single-crystal 
diffraction was harvested after 3 days. Finally, the crystals 
obtained from fraction C3 were submitted for X-ray crys-
tallographic analysis.

Crystal data of cytotoxic fractions C3

Compound name = stigmasterol hemihydrate; sum for-
mula = 2C29H48O·0.5H2O; Molecular weight = 412.6908 g/

Table 1  Column-chromatographic fractions isolated from A. precatorius extract

Column fractions Solvent system Weight of fraction 
(g)

No. of bands Rf value

Fraction 0 Petroleum ether [100%] – No band –
Fraction A 10% ethyl acetate : petroleum ether [10 ml E.A + 90 ml P.E] 2.62 1 0.38
Fraction B 20% ethyl acetate : petroleum ether [20 ml E.A + 80 ml P.E] 1.33 1 0.46
Fraction C 30% ethyl acetate : petroleum ether [30 ml E.A + 70 ml P.E] 3.44 1 0.57
Fraction D 40% ethyl acetate : petroleum ether [40 ml E.A + 60 ml P.E] 2.43 1 0.60
Fraction E 50% ethyl acetate : petroleum ether [50 ml E.A + 50 ml P.E] 1.96 1 0.63
Fraction F 60% ethyl acetate : petroleum ether [60 ml E.A + 40 ml P.E] 2.32 1 0.66
Fraction G 70% ethyl acetate : petroleum ether [70 ml E.A + 30 ml P.E] 2.11 1 0.68

Fraction H 80% ethyl acetate : petroleum ether [80 ml E.A + 20 ml P.E] 4.21 2 0.72, 0.74

Fig. 2  Effect of fraction A to 
H on MDA-MB-231 cells at 
concentrations ranging from 
50 to 150 µg/ml. Values are 
means ± SE of at least three 
independent experiments, each 
in triplicates
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Fig. 3  Cytotoxic activity of 
sub-fractions. a C1 to C6 on 
MDA-MB-231 cells at different 
concentrations, b  IC50 values of 
fractions C3 and c fractions C4

Fig. 4  Microscopic images of 
human breast cancer MDA-
MB-231 cells. After treatment 
with fractions C3 (74.2 µg/ml) 
and C4 (13.2 µg/ml) for 48 h 
(×10 magnification)
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mol; crystal description and color = needle, colorless; 
Dx = 1.019 g/cm3; Mr = 825.36; space group = monoclinic, 
 P21; a = 9.5607 [12] Å; b = 7.5768 [10] Å; c = 37.162 
[5] Å; β = 94.141 [3]; V = 2685.0 [6] Å3; Z = 2; µ = 0.060 
[m/m]; T = 150 K; S = 0.968; Mo Kα radiation; R [reflec-
tions] = 0.0898 [3559]; wR2 [reflections] = 0.2720 [9595] 
(Fig. 5a–d).

Hydrogen bonds with H.A < r [A] + 2.000 Angstroms and 
<DHA>110°

D–H d[D–
H]

d[H·A] < DHA d[D⋯A] A Symmetry code

O1–H1O 0.820 2.280 165.84 3.081 O3 [− x + 1, y − 1/2, 
− z]

O2–H2O 0.820 2.408 144.13 3.109 O3 [− x + 1, y + 1/2, 
− z]

Structure elucidation of cytotoxic fraction C4

The compound was obtained as dark green powder (0.9 g) 
and its detailed analysis of 1H, 13C NMR spectra is as 
follows:

1H NMR [400 MHz,  CDCl3]: 9.52 [s, 1H–OH], 9.39 [s, 1H–
OH], 8.02 [d, J = 10 Hz, 1H–CH=CH], 7.97 [d, J = 10 Hz, 
1H–CH=CH], 6.17 [m, 2H–CH=CH], 4.46 [m, 1H–
COOCH[R]2], 3.67 [d, J = 8.4 Hz, 2H–CH2[CH=CH]2], 
3.4 [s, 2H–CH2OH], 3.2 [s, 2H–CH2OH], 2.3 [m, 2H–
CH2COOR], 1.6 [m, 4H–CH2CH=CH], 1.25–0.7 [m, 
19H-alkyl].

13C NMR [100 MHz,  CDCl3]: δ 172.3, 129.1, 122.8, 117.7, 
104.4, 77.2, 64.7, 31.9, 24.9, 24.7, 24.4, 23.0, 22.7, 19.6, 
17.4, 16.2,14.13, 12.1,11.2.

GCMS: m/z 355 [calcd for  C21H38O4, 354.5310].

Molecular formula was deduced as  C21H38O4 
(9, 12-Octadecadienoic acid (Z,Z)-, 2-hydroxy-1-
(hydroxymethyl) ethylester) or (β-Monolinolein) (Fig. 6).

Further, the overall representation of how the two cyto-
toxic compounds were isolated and characterized from the 
leaves of A. precatorius is shown in (Fig. 7).

The anti-tumor activity of stigmasterol 
and β-monolinolein in DMBA-induced Sprague 
Dawley rats

DMBA-induced tumors bearing female Sprague Dawley 
rats were given stigmasterol and β-monolinolein as a com-
binatorial therapy to assess its effect on tumor growth. 
Tumor-bearing animals show a reduced body weight in 
comparison to body weight of control animals (Table 2). 
Upon the oral administration of the stigmasterol and 
β-monolinolein combination (20  mg/kg body weight), 
the animals show a recovery in their body weight from 
152 ± 6.7 g (control mice) to 187 ± 5.8 g (treated mice), 
suggesting reduction in the tumor burden of these animals. 
A significant difference between the body weight of control 

Fig. 5  Elucidated structure of stigmasterol. a Chemical structure of stig-
masterol hemihydrate. b Ellipsoid plot indicating magnitudes and direc-
tions of the thermal vibration of atoms in crystal structures. c, d Oak 
Ridge Thermal Ellipsoid Plot (ORTEP) diagrams for the asymmetric 
unit of the crystal structures (ellipsoids were drawn at 50% probability)

Fig. 6  Chemical structure of fraction C4 from the spectroscopic data. 
Fraction C4 was identified as  C21H38O4(9,12-Octadecadienoic acid 
(Z,Z)-, 2-hydroxy-1-(hydroxymethyl) ethylester)
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and stigmasterol and β-monolinolein-treated animals sug-
gesting that stigmasterol and β-monolinolein has a tumor-
suppressing effect in vivo.

After 17  weeks of DMBA treatment, all the treated 
groups C, D and E (Fig. 8a) were assessed for tumor for-
mation and growth. Following mammary tumor develop-
ment, the tumor weight and volume was also analyzed in 
these different groups (DMBA treated). The average tumor 
volume recorded for DMBA (control) and stigmasterol and 
β-monolinolein-treated animals, respectively, is 4896.2 and 
2558 mm3. Similarly, the average tumor weight recorded 
for control and stigmasterol and β-monolinolein-treated 
animals, respectively, was 19.4 and 8.16 g. The overall 

difference in tumor volume and weight are represented 
graphically in Fig. 8b, c. As the results show, plant com-
pound-treated animals show a very significant reduction in 
both volume and weight of tumors in comparison to control 
animals in vivo. Stigmasterol and β-monolinolein treatment 
can be used as an effective therapeutic combination in con-
trolling tumor growth in vivo. This data indicates that this 
combination is as efficient as approved drug (doxorubicin) 
in tumor regression.

Fig. 7  Flow chart showing bioactive guided isolation and identification of anti-cancer compounds from leaves of Abrus precatorius 

Table 2  Effect of stigmasterol and β-monolinolein on body weight in control (without tumor), DMBA-treated (with tumor) and plant compound-
treated SD rats

(n = 6), values are expressed as mean ± SD

*Significant difference in body weight at p < 0.05 level

Body weight (g) Group A (nor-
mal rats)

Group B (stigmasterol and 
β-monolinolein)

Group C 
(DMBA alone)

Group  D* (DMBA + Stigm-
asterol and β-monolinolein)

Group  E* 
(DMBA and 
doxorubicin)

Initial (7 weeks old) 126 ± 3.4 131 ± 3.5 125 ± 3.1 130 ± 4.7 127 ± 3.4

Final (22 weeks old) 191 ± 4.8 188 ± 4.3 152 ± 6.7 187 ± 5.8 171 ± 7.5
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Immunohistochemistry

As stigmasterol and β-monolinolein has a potent effect 
on tumor growth in vivo, it is important to analyze these 
results at the molecular level. In this regard, immunohis-
tochemistry was performed on the tumor sections from 
different groups. To analyze the effects quantitatively, 
apoptotic and proliferation index was also calculated on 
different tumor sections from each group.As shown in 
Fig. 9a, H and E staining of tumors revealed extensive 
tissue damage in tumors treated with stigmasterol and 
β-monolinolein in comparison to control animals. To eval-
uate extent of apoptosis, TUNEL assay, which is a meas-
ure of DNA damage, was performed. As shown in Fig. 9b 
and represented graphically in Fig. 9d, the results show 
that tumors treated with stigmasterol and β-monolinolein 
have approximately 35-fold high-apoptotic index in com-
parison to control mice. Conversely, Ki-67 staining was 
performed to measure extent of proliferation in these dif-
ferent groups. As shown in Fig. 9c and represented graphi-
cally in Fig. 9e, the results show that tumors treated with 
stigmasterol and β-monolinolein have a significantly low 
proliferative index in comparison to control animals. This 
is indicated by percentage of nuclei staining positive 
(intense brown staining) for the assay. The results indi-
cate an approximately 2.5-fold decrease in proliferation 
of tumor cells in stigmasterol and β-monolinolein-treated 

animals. These results were arrived at by calculating 
percentage of positively stained nuclei in control versus 
stigmasterol and β-monolinolein-treated and doxorubicin-
treated animals. These results demonstrated that stigmas-
terol and β-monolinolein treatment was associated with a 
very significant decreased in proliferation and increased 
apoptosis. Analysis of data suggests that stigmasterol and 
β-monolinolein has a potent anti-tumor activity in DMBA-
induced female Sprague Dawley rats.

Estimation of glycoprotein components in plasma 
and liver

The results indicated the elevated levels of hexoses from 
122 ± 9.2 and 167 ± 11.4  mg/dl in plasma, 3.11 ± 0.56 
and 7.56 ± 0.82 mg/g in liver of normal and tumor-bear-
ing animals, respectively (Table  3). After stigmasterol 
and β-monolinolein administration, the levels of hexoses 
were reduced 135 ± 7.8 mg/dl in the plasma compared to 
167 ± 11.4 mg/dl in the tumor control (Group C). Similarly, 
the levels of hexoses were reduced to 4.33 ± 0.86 mg/g in 
the liver of treated animals compared to 7.56 ± 0.82 mg/g 
in the tumor control. The results also showed that the lev-
els of hexosamine and sialic acid showed similar tendency 
(Table 3). The reduction in the level of glycoprotein activity 
in stigmasterol and β-monolinolein treated animals as com-
pared to the tumor-bearing confirm its anti-tumor activity.

Fig. 8  Effect of plant com-
pounds on growth of mammary 
tumors. a Images show the 
appearance of tumors (encir-
cled) after DMBA treatment 
in female SD rats. b Repre-
sentative images show dissected 
mammary tumors from different 
treatment groups. c The graphs 
show effect of stigmasterol and 
β-monolinolein on tumor weight 
and volume in treated ani-
mals compared to control and 
doxorubicin-treated animals
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Fig. 9  Immunohistochemistry analysis for detection of apoptosis and 
cell proliferation in tumors. a Histological features of tumors with H 
and E staining extensive tissue damage in tumors treated animals 
(arrow). b TUNEL staining on paraffin sections from solid tumor tis-
sues and c Ki-67 staining of tumor tissue sections (×10 magnification). 

d, e The graph represents the quantitative estimation of increase in 
number of TUNEL-positive and decrease in number of ki-67-positive 
cells upon treatment with stigmasterol and β-monolinolein, respectively
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Estimation of lysosomal enzymes

During the tumor progression, high levels of lysosomal 
enzymes are released from the tumor cells which serve 
as tumor biomarkers. In this regard, activities of vari-
ous lysosomal enzymes such as acid phosphatase, β-D-
glucuronidase and cathepsin-D were analyzed in plasma 
and liver of control and experimental animals to assess 
the rate of tumor progression (Fig. 10). The activities 
of lysosomal enzymes were found to be significantly 
increased in DMBA-treated animals compared to animals 
without tumors. The enzyme activities were significantly 
reverted to near-normal levels upon treatment with stig-
masterol and β-monolinolein, indicating a reduction of 
tumor burden in these animals.

Estimation of tumor marker enzymes

The analysis of tumor marker enzymes can be used as an 
indication of neoplastic condition and therapy. The effect 
of stigmasterol and β-monolinolein on the levels of gamma-
glutamyltransferase (γ-GT), lactate dehydrogenase (LDH) 
and alkaline phosphatase (ALP) in plasma and liver showed 
similar values with normal animals (Table 4) kept as group 
A. DMBA-treated animals have shown an increase in levels 
of these tumor marker enzymes compared to normal (with-
out DMBA) rats. Stigmasterol and β-monolinolein (group 
B) did not show any toxic side effects on rats and this was 
indicated by similar type of enzyme response seen in the 
normal rats. Hence due to the treatment of stigmasterol and 
β-monolinolein in tumor bearing rats, the levels of these 
marker enzymes were significantly reduced, suggesting 
the suppression of mammary tumors in stigmasterol and 
β-monolinolein treated animals.

Table 3  Effect of stigmasterol and β-monolinolein on glycoprotein components in plasma and liver in control and experimental animals

Values are expressed as mean ± SD
a When compared with Group C, Group D and E showed significant difference

Parameters Group A (normal rats) Group B (stigmasterol 
and β-monolinolein)

Group C (DMBA 
alone)

Group  Da (DMBA and stigmas-
terol and β-monolinolein)

Group  Ea 
(doxorubicin)

Plasma (mg/dl)
 Hexose 122 ± 9.2 119 ± 8.3 167 ± 11.4 135 ± 7.8 129 ± 7.7
 Hexosamine 30.6 ± 3.14 30 ± 3.0 46 ± 4.6 37 ± 3.5 34 ± 3.6
 Sialic acid 8.9 ± 4.2 44.7 ± 3.7 112 ± 8.3 78 ± 4.7 69 ± 4.8

Liver (mg/g of 
defatted tissue)

 Hexose 3.11 ± 0.56 3.16 ± 0.76 7.56 ± 0.82 4.33 ± 0.86 3.87 ± 0.64
 Hexosamine 2.98 ± 0.43 3.05 ± 0.79 9.12 ± 0.47 4.07 ± 0.44 3.31 ± 0.90

 Sialic acid 2.47 ± 0.38 3.51 ± 0.6 5.23 ± 0.66 3.17 ± 0.54 2.83 ± 0.73

Fig. 10  The activity of acid phosphatases (ACP), β-glucuronidase 
(β-GLU) and cathepsin-D (CAT-D) in the plasma and liver of various 
experimental groups. Compared to Group C, Group D and E show 

prominent decrease in the levels of these lysosomal enzymes that was 
similar to normal rats
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Discussion

Breast cancer is known to be one of the primary causes of 
death among women worldwide. The breast cancer mor-
tality was recorded to be around 23% (1.38 million) cases 
worldwide and hence poses a major challenge to human 
health (Jemal et al. 2011). The high mortality rate among 
cancer patients is due to lack of efficient cancer diagnostics 
and therapeutics. This necessitates search for novel meth-
ods and molecules for treatment and prevention of cancer. 
In this regard, plants offer a diverse source of compounds 
with varied biological activities for development of novel 
therapeutic agents (Kellof 2000). A large number of drugs 
that are currently in clinical use are of plant origin. Some 
of these molecules are either directly obtained from plants 
or exist as a modified form of plant compounds. Hence, the 
present investigations were undertaken for bioassay-guided 
isolation, identification and characterization of cytotoxic 
molecules from the leaves of A. precatorius for their poten-
tial use in cancer treatment.

The bioactivity-directed strategy was adopted for puri-
fication and characterization of active compounds in EAF-
AP. Column-chromatographic fractionation using petroleum 
ether: ethyl acetate as a solvent system yielded eight frac-
tions in the EAF-AP (fraction A to H). Among these, only 
fraction C showed significant cytotoxic activity on MDA-
MB-231 cells in a concentration-dependent manner. This 
fraction was further subjected to column-chromatographic 
fractionation to isolate specific cytotoxic compounds in pure 
form. Gradient column chromatography of the fraction C 
produced six sub-fractions. Among these, only sub-fractions 
C3 and C4 were found to be significantly active with an  IC50 
value of 74.2 and 13.2 µg/ml, respectively. Both fractions 

C3 and C4 were subjected for further spectroscopic analy-
ses. Fractions C3 was recrystallized in dichloromethane and 
colorless needle-shaped crystals were harvested and used 
for X-ray crystallographic analysis. This identifies C3 frac-
tion as stigmasterol hemihydrate with molecular formula 
as  C29H48O.0.5H2O with molecular weight as 412.6908 g/
mol. The fraction C4 was elucidated as 9,12-Octadecadi-
enoic acid (Z, Z)-2-hydroxy-1-(hydroxymethyl) ethylester 
or (β-monolinolein) with molecular formula was deduced as 
 C21H38O4 with molecular weight as 354.5310 g/mol. Stig-
masterol has been isolated from various medicinal plants 
such as Croton sublyratus (De-Eknamkul and Potduang 
2003), Akebiaquinata (Liu et al. 2005), etc. Stigmasterol is 
known to have anti-cancer activity against various types of 
cancer cells. Gomez et al. stated that stigmasterol isolated 
from chloroform extract of Achillea ageratum has shown 
significant cytostatic activity against Hep-2 and McCoy 
cells (Gomez et al. 2001). These results are in concord-
ance with Rashed and Fouche 2013; Sudha et al. 2013, that 
stigmasterol is known to contain anti-cancer activity. The 
β-monolinolein is a long-chain unsaturated fatty acids. It 
was previously reported that fatty acid esters are known to 
exhibit cytotoxicity against HeLa, HepG2 and MCF-7 cells 
(Aziz et al. 2009; Lee et al. 2009).

Animal experimental systems are particularly useful in 
the study of human mammary carcinogenesis, since the rat 
mammary gland is highly susceptible to the development 
of neoplasms, which closely mimic human breast cancer 
(Samy et al. 2006). In the present study, 30 female Sprague 
Dawley rats were used for the evaluation of anti-cancer 
activity of stigmasterol and β-monolinolein, as a combi-
natorial drug therapy for the treatment of breast cancer. It 
has been demonstrated that oral administration of various 

Table 4  Effect of stigmasterol and β-monolinolein on tumor marker enzymes in plasma and liver tissue of control and treated animals

Values are expressed as mean ± SD
a When compared with Group C, Group D and E show a significant difference; statistical significance

Parameters Group A (normal rats) Group B (stigmas-
terol + β-monolinolein)

Group C 
(DMBA 
alone)

Group  Da (DMBA + stig-
masterol and 
β-monolinolein)

Group  Ea 
(doxoru-
bicin)

Plasma
 Gamma-glutamyltransferase (IU/dl) 1.13 ± 0.16 1.07 ± 0.11 2.72 ± 0.19 1.69 ± 0.15 1.39 ± 0.18
 Lactate dehydrogenase (IU/dl) 0.29 ± 0.04 0.35 ± 0.07 1.27 ± 0.09 0.59 ± 0.08 0.46 ± 0.10
 Alkaline phosphatase µmol/min/mg 

protein
1.21 ± 0.07 1.32 ± 0.13 2.69 ± 0.09 1.93 ± 0.16 1.61 ± 0.12

Liver
 Gamma glutamyl transferase (µmol/

min/mg protein)
5.16 ± 0.31 5.31 ± 0.27 8.93 ± 0.16 6.25 ± 0.17 5.80 ± 0.19

 Lactate dehydrogenase (µmol/min/
mg protein)

2.95 ± 0.21 3.15 ± 0.27 6.35 ± 0.15 4.11 ± 0.19 3.65 ± 0.11

 Alkaline phosphatase µmol/min/mg 
protein

1.19 ± 0.11 1.26 ± 0.19 3.07 ± 0.27 2.09 ± 0.21 1.63 ± 0.23
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phytochemicals in combination significantly protected 
tumor formation in DMBA-induced mammary carcinogen-
esis in SD rats (Pugalendhi and Manoharan 2010). This is 
because the tumor cells develop resistance to single drug 
molecules more easily than multiple drugs given simulta-
neously. Hence, combinations of drugs are tested for better 
tumor regression. In this direction, combined use of stig-
masterol and β-monolinolein derived from A. precatorius 
leaves were tested in DMBA-treated female SD rats for 
its use as a chemotherapeutic agent. This was determined 
by checking various parameters such as the body weight, 
levels of various tumor biomarkers, tumor weight/volume 
and histopathological examination of paraffin-embedded 
tumor sections. A severe loss in body weight was observed 
in cancer-bearing SD rats compared to normal rats due to 
the carcinogenic effects of DMBA. The loss in the body 
weight of the plant compound treated animals was recov-
ered significantly after oral administration of stigmasterol 
and β-monolinolein. Significant reduction was observed 
in the tumor weight and volume of stigmasterol and 
β-monolinolein-treated animals compared to DMBA tumor-
bearing animals. Further, stigmasterol and β-monolinolein-
treated animals does not show any toxic side effects. This 
showed that stigmasterol and β-monolinolein treatment was 
effective in controlling the tumor growth in vivo. The data 
also suggested that in comparison to doxorubicin (standard 
drug), stigmasterol and β-monolinolein treatment was also 
efficient in inducing tumor regression.

The histopathological examination (H and E staining) 
revealed extensive tumor cellular damage in rats treated 
with stigmasterol and β-monolinolein. To evaluate extent 
of apoptosis, TUNEL assay was performed on stigmasterol 
and β-monolinolein-treated tumor sections. The results indi-
cated relatively high-apoptotic index of the treated tumors 
(indicated by high-nuclear staining intensity) in comparison 
to control (DMBA-treated) SD rats. Cell proliferation, which 
was reflected by immunohistochemical staining in Ki-67, 
was compared with the control, doxorubicin alone and stig-
masterol and β-monolinolein-treated SD rats. Mammary 
tumors in the tumor control (group C) showed an intense 
staining for Ki-67 in the nucleus, suggesting a high rate of 
proliferation in these cells. In contrast, the expression of 
Ki-67 from the stigmasterol and β-monolinolein treated SD 
rats (group D) exhibited lower staining indicating reduced 
number of proliferating cells in these tumors. Collectively, 
immunohistochemical data suggests chemopreventive effi-
cacy of stigmasterol and β-monolinolein treatment in mam-
mary carcinoma-induced animal models.

Glycoproteins are the potential tumor markers (Dacre-
mont 1972), when the cells undergo neoplastic transforma-
tions, the activities of glycosidases increase two to three 
times as compared to normal tissue (Bossmann and Hall 
1974). Thus, the combined evaluation of hexose, hexosamine 

and sialic acid residues of glycoproteins might help to estab-
lish a useful aid in strengthening the diagnosis and treatment 
of mammary cancer patients (Dube and Bertozzi 2005). The 
expression of glycoprotein components in DMBA-generated 
mammary tumors was significantly increased compared 
to normal rats. On stigmasterol and β-monolinolein treat-
ment, glycoprotein component levels were reverted back 
to near-normal levels. Similarly, high levels of lysosomal 
enzymes were released from the tumor sites (Beem et al. 
1987). The expression of lysosomal enzymes in DMBA-
generated mammary tumors in group was significantly 
increased when compared to normal rats. On stigmasterol 
and β-monolinolein treatment, expression of these lysoso-
mal enzymes were reverted back to near normal. In addi-
tion, increase in the activities of marker enzymes such as 
gamma-glutamyltransferase, lactate dehydrogenase and 
alkaline phosphatase can be attributed to over expression of 
enzymes and higher rate of glycolysis by proliferated cells 
in various types of cancers (Lippert et al. 1981; Perumal 
et al. 2015). On stigmasterol and β-monolinolein treatment, 
expression of these tumor marker enzymes were reverted 
back to near-normal levels suggesting the tumor-suppressive 
effect of stigmasterol and β-monolinolein. This showed that 
the stigmasterol and β-monolinolein acts as a safe-positive 
pharmacological agent in treating breast tumors in female 
SD rats. In conclusion, the combinatorial drug therapy with 
stigmasterol and β-monolinolein can be very useful for the 
treatment of breast cancer.
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